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Investigations of mobile ion transport processes in thin layers upon bias-temperature stress

Abstract

Mobile ions are well known to cause severe problems in the semiconductor industry. Incorporated by
numerous sources during and after chip production these ions can alter the properties of a MOSFET
device e.g. by contamination of the gate oxide. Mobile sodium ions (Na™) are thereby a particular
danger, since encountered in comparable large amounts. In order to investigate mobile ion incorporation
from an external source, deliberately and defined contaminated with mobile ions, into an underlying thin
insulating or conductive material film and the subsequent transport therein, a developed methodology
is presented. This approach comprises the preparation of a sample including the attachment of an
appropriate host matrix for mobile ions onto the specimen with the material layer of interest being the
topmost layer, a subsequent stressing procedure by applying a bias voltage while keeping the sample
at a constant temperature (B-T stress) and a final physical analysis by time of flight - secondary ion
mass spectrometry (ToF-SIMS). But the determination of mobile ion distributions in insulating samples
by means of ToF-SIMS depth profiling has always been a challenge. This is in particular true for thin
insulating films on conducting substrates when O™ is used as sputter species. Such depth profiles exhibit
severe artifacts in the mobile ion depth distribution, due to the appearance of an electric field within the
insulator, arising by means of sample charging during the sputter process. This problem is addressed by
investigation of the temperature dependence of Na migration. The here obtained results enables data
processing in order to gain artifact free and thus reliable ToF-SIMS depth profiles, e.g. of Gaussian shaped
Na implantation profiles. By the acquisition of depth profiles at different sample temperatures it is also
possible to analyze mobile ion distributions in samples after B-T stress application in a reliable manner.
With this feature, the presented methodology enables the assessment of thin material films on mobile ion
incorporation and their permeability against mobile ion transport under different B-T stress conditions.
Insulating and conductive films of high importance for the semiconductor devices are investigated: silicon
dioxide (SiO5), silicon oxynitride (SiOxNy), silicon nitride (SizNy), boron-phosphosilicat glass (BPSG)
and an aluminum-silicon-copper alloy (A1SiCu), a common material for metalization layers. In particular
Si0, is examined in detail, both qualitatively and quantitatively: For the example of Na™, a comparison is
given between the calculated provided amount in the host matrix with potentiostatic data from B-T-stress
and spectrometric data from quantification of ToF-SIMS depth profiles. Appropriate physico-chemical
models are adapted on the present samples and thus parameters describing mobile ion transport in SiOs

are condensed out of potentiostatic data (activation energy, incorporation rate and diffusion constant).
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Untersuchungen von Transportvorgdngen mobiler lonen in diinnen Schichten aufgrund

Bias-Spannung und Temperatur

Kurzfassung

In der Halbleiterindustrie kénnen mobile Ionen schwerwiegende Folgen beziiglich der Zuverldssigkeit der
erzeugten Produkte verursachen. Es gibt unzéihlige Moglichkeiten Mikrochips und andere Bauteile mit
mobile Ionen zu kontaminieren. Ursachen dafiir findet man wihrend und auch nach der Produkterzeu-
gung, die alle potentiell dazu fithren kénnen die Eigenschaften von Bauteilen zu verédndern. Metall Oxid
Halbleiter (MOS) Transistoren sind dabei iiberaus empfindlich auf Kontamination mit mobilen Ionen im
Gate Oxid. Eine besondere Gefahr in diesem Bezug sind mobile Natriumionen (Na't), welche in ver-
schiedensten Verbindungen und in vergleichsweise grofier Haufigkeit auftreten. Die Untersuchung von
Transportvorgidngen mobiler Ionen in diinnen Schichten leitender und nichtleitender Materialien liefert
daher wichtige Informationen fiir die Halbleiterindustrie. Um die Inkorporation von mobilen Ionen aus
einer definiert kontaminierten Quelle in diese Schichten und den darauffolgenden Transport darin zu
analysieren, wird eine dafiir entwickelte Methodik vorgestellt. Diese beinhaltet die Herstellung einer
Probe, bei welcher eine mit mobilen Ionen kontaminierte Polymermatrix auf den zu untersuchenden
Probenkdorper aufgebracht ist. Transportvorgénge mobiler Ionen werden dann {iber eine extern angelegte
Spannung (Bias-Spannung) erméglicht, wihrend die Probe auf konstanter Temperatur ist. Die Verteilun-
gen der mobilen Ionen nach dieser Belastung werden mittels Flugzeit - Sekundarionenmassenspekrometrie
(ToF-SIMS) Tiefenprofilerung untersucht. Dies ist bis heute problematisch, da insbesondere der Sput-
terprozess mit O™ wihrend der Messung Artefakte in Tiefenverteilungen mobiler Ionen verursacht. Ziel
einer detailierten experimentellen Studie ist der Einfluss der Probentemperatur auf Artefakte wahrend
der Aufnahme eines ToF-SIMS Tiefenprofiles. Es wird gezeigt, dass diese Mafnahme Tiefenprofile von
Proben nach Belastung mit Bias-Spannung und Temperatur zuverlissig auf auftretende Artefakte iiber-
priift. Desweitern kann man dadurch aber auch artefaktfreie ToF-SIMS Tiefenprofile von Proben mit
bekannter Verteilung, wie z.B. einer gaussformigen Na Implantation, durch geeignete Methoden der
Datenverarbeitung ermitteln. Resultate von Untersuchungen von Transportvorgidngen mobiler Ionen in
den folgenden Materialien werden présentiert: Siliziumdioxid (SiO3), Siliziumoxinitrid (SiOxNy), Siliz-
iumnitrid (Si3Ny), Borphosphorsilikatglas und einer Aluminium-Silizium-Kupfer Legierung. SiO, dient
dabei als Material fiir detailierte qulitative und quantitative Untersuchungen von Nat Transportvorgsin-
gen und fiir die Anwendung physikalisch-chemischer Modelle, um Parameter zur Beschreibung von Trans-
portvorgéngen mobiler Tonen in SiOs zu berechnen (Aktivierungsenergie, Inkorporationsrate und Diffu-

sionskonstante).
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Chapter

Introduction

M obile ions display a permanent and present danger for the reliability of semiconductor products. A
well known problem is the instability of metal oxide semiconductor field effect transistors (MOSFET) due
to contamination of the gate oxide by mobile ions. In order to avoid such harmful effects, crucial device
regions are protected by barrier layers, hindering the transport of harmful species. A detailed knowledge
on ion transport phenomena in materials, commonly appearing in device structures, is of utmost signifi-
cance. But also the exchange of contaminants between material layers in terms of incorporation processes
are important issues in this context. All these effects are governed by driving forces of thermodynamic
nature, as reflected by diffusion and drift processes as two prominent candidates. Since nowadays im-
purity levels in materials used for device fabrications are extremely low, the potentially biggest danger
arises from mobile ion contaminations on interfaces or surfaces. Conditions in actual use of a device, thus
electric fields or temperature, may trigger transport processes. Device batches get deliberately contam-
inated and tested under extreme stress conditions, in order to ensure the quality of a product prior to

shipping to the customer.

The initial point of this thesis was to study and discuss the effects mobile ions have on MOS transistors,
thus the basic structures of this technology dominated the concept of presented investigations. In general,

the following fundamental considerations have to be mentioned:

e Silicon (Si) was taken as the semiconductor substrate material. Si therefore typically represents the

semiconductor within the term "metal oxide semiconductor" (MOS).

e Due to its outstanding importance in terms of potentially harmful effects for MOS transistors, the
role of sodium (Na) and thus its ionic form Na™ in transport processes was the main focus of

research. Comparison to other mobile ions are given in the respective passages of the thesis.



2 1. Introduction

Chapter 2 contains an overview of the effects mobile ions have on the reliability of MOS transistors,
but also common electrical approaches for their detection and quantification are discussed. How-
ever, such approaches suffer from some disadvantages as for instance the lack of direct physical ev-
idence of the presence of mobile ions within device structures or the basic restriction to conduc-

tor(semiconductor) /insulator /conductor(semiconductor) sandwich systems.

On this point the core issue of this thesis comes into play: Thin layers of materials were deliberately
contaminated with mobile ions on the surfaces, and probed under extreme stress conditions. The term
thin film (= thin layer), in general, describes hereby thicknesses of up to 1 pm. The insulating and
conducting materials were chosen due to the significance in MOSFET devices for various application
purposes as e.g. gate oxide, barrier layers, metalization. A polymer host matrix for mobile ions was
elaborated, containing a defined and adjustable dose of the respective contaminant. Attached on the
material layer to be investigated in the form of a thin film and covered by an electrode, the application of
bias-temperature (B-T) stress enabled mobile ion transport processes within both the polymer and the
material layer below. Thin gold (Au) layers were deposited on the host matrix, representing the metal in
the MOS structure. Subsequent to the stressing procedure, physical analysis by means of time of flight
secondary ion mass spectrometry (ToF-SIMS) provided unambiguous detection of mobile ions in terms

of their spatial distribution within the investigated material layer.

In Chapter 3, the methodology for B-T stress is presented systematically. Due to its outstanding rel-
evance for experiments a detailed overview on ToF-SIMS and its fundamental technique will be given.
A substantial part of Chapter 3 is devoted to ToF-SIMS depth profiling. Appearing measurement arti-
facts for insulating samples are shown and discussed, with mobile ion migration processes as the most

dominating one.

Reasons for mobile ion migration and possibilities to counteract this effect during ToF-SIMS depth
profiling are discussed in chapter 4, with the emphasize on Na migration. Results of experimental
investigation on the influence of the sample temperature during ToF-SIMS depth profiling are presented

and discussed.

Chapters 5 and 6 describe the experimental results on transport processes of mobile ions within thin
films of insulating and conductive materials. Again, special attention was laid on Na™ incorporation
from the polymer host matrix into the investigated material. In Chapter 5 a physico-chemical model for

the quantitative assessment of Na™ incorporation into SiO, and transport therein is presented.



Chapter

Mobile ions in MOS transistors

2.1. Industrial relevance of reliability

One of the most crucial features of semiconductor high tech products is their reliability, for its major
relevance in terms of quality, confidence, reputation and of course success of the manufactured item. Under
specified conditions a manufacturer has to guarantee reliability, i.e. maximum product lifetimes with a,
from a statistical point of view, negligible failure probability. Unrestricted operation must be ensured
within this specified time period and any kind of malfunctions must be excluded. An application field
where this can be illustrated in a proper way is the automotive industry. A modern car contains a huge
number of semiconductor devices e.g. for the use in airbag systems , for power supply integrated circuits
or as a sensor. One can easily imagine that instabilities, malfunctions or failures of these components
can have severe consequences. Since the beginning of modern semiconductor technology reliability issues
have been the reason for huge effort and investigations in terms of research on device second order effects
and failure mechanism. In industry, numerous monitoring tools and reliability tests are employed in order
to inspect the products on possible sources of errors. These measures are carried out at extreme stress
conditions (such as high temperatures, increased bias, high humidity,...) for an accelerated failure rate
with appropriate models to be applied for a subsequent extrapolation to actual operation conditions.
Only device batches that pass the broad spectrum of tests can be shipped to the customer. Fig. 2.1
depicts a prominent graphic for a hazard function, the so called bathtube curve [1], which displays the
failure rate of a semiconductor product in terms of its status. In the initial state, the production of the
chip, the thorough screening for faulty devices and systematic malfunctions is of utmost significant in
order to enable full functionality of the product during the specified lifetime. Usually, a comparable high

infant mortality is the consequence, in order to restrict the failure rate in the useful device lifetime on
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a ultra low level of statistically occurring random failures. Towards the end, due to factors as material

fatigue, the failure rate commonly increases again in the wearout.

infant random wearout
mortality failures failures

failure rate

useful device life time /

\j

time

Figure 2.1.: For reliability illustration the bathtube curve is widely used as a hazard function representing the
stages of device lifetime

The reasons for possible device failure and degradation are versatile and it is not the aim of this introduc-
tion to go into detail with this topic. However, it is important to distinguish between different categories:
(i) Induced during device fabrication, intrinsic failures occur during operation within the specified use
conditions by means of internal causes [2]. Examples are point defects in crystal lattices, void formation
in the metalization, unwanted chemical reactions, inter-diffusion between material layers and many more.
Getting detected by device tests after fabrication, such failures explain comparatively high failure rate
in the infant mortality period of 2.1. (ii) On the other hand during their useful life period, devices in
actual use, although passing all device tests, may also suffer from extrinsic failures by various external
influences as contaminations but also from misapplications, as for instance electrical overstress [2]. In

literature there are numerous references, which covers all these topics (e.g. [3, 4]).

One issue with significant relevance is the influence of contaminations on the reliability of semiconductor
products, potentially leading to both internal and external failures. The term contamination concerns
foreign atoms, molecules and particles, different from the chemical state of the actual material, which
gets impacted. Every possible physical aggregate state is thereby included with the ability to end up as a
surface contaminant or as an impurity within a matrix. Intrinsic contaminations are potentially possible
at each stage of device fabrication from early stages as silicon crystal grow processes until assembly
steps by process-induced factors, operators, environmental influences or equipment. Clean rooms are

therefore a stringent requirement for device fabrication. Despite this measures extrinsic influences during
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operation may also exhibit sources of potential contamination. Extensive care in form of barrier layers
or protections are ensuring contaminant free and hence secure operation during the warranted device life

time.

The spectrum of possible contaminations is broad and it is not possible to go into detail on this point.
Though, some examples are worthy to mention here, in order to communicate consequences due to their
impact on semiconductor devices: A first problem concerns tungsten (W) introduced by chemical vapor
deposition (CVD) as is in use for interconnecting plugs, metalizations or in WSi, as gate metal. Since
tungsten hexafluoride (WFg) is used as a precursor for this process, contamination with fluorine (F) is a
frequently encountered problem. Owing to its high reactivity with other elements as titanate (Ti) and
aluminum (Al), this could give rise to increased resistivity between W plugs and adjacent conductive
layers [5]. Furthermore F~ is well known for its ability as a fast diffusor at elevated temperatures as used
during some process steps may lead to gate oxide degradation [6]. A second example subjects organic
substances, contaminating the surface of Si wafers. For instance wafer transfer using transport boxes
can be a reason for contamination, since such boxes may tend to release organic additives which attach
on the wafer surface [7]. Typical substances found are butyl hydroxy toluen (BHT), an antioxidant for
polypropylene, or dibutyl phtalate (DBP) and dioctyl phtalate (DOP), plasticizer for polymer produc-
tion. Moreover, some outgassing organic volatiles may arise from operation in clean room facilities,
originating e.g. from sealants, panels or electric cables. Amongst other problems, these compounds could
be disadvantageous to the integrity and thus the quality of thermally grown gate oxides in metal oxide
semiconductor (MOS) structures [8, 9, 10] or lead to deviations in the thickness of CVD films [11]. But
also weakening of gold (Au) wire bond adhesion has been reported due to contamination of the respective

Al pads with organic compounds arising from epoxy resins [12], as in use for die attachment on lead frames.

2.2. The impact of mobile ions on MOS transistors

A further contamination type, that has particular significance are metal contaminations. There are
numerous elements all across the periodic table of elements which are potentially harmful to device
operations as e.g. iron (Fe), copper (Cu), nickel (Ni) and many more. Alkali metals display an outstanding
position in this context. Appearing in compounds and thus in its respective ionic forms, these elements
have, compared to other metal ions, small ionic radii (Tab. 2.1). In the semiconductor technology
community these elements are commonly referred to as mobile ions and hence having the ability of being

fast diffusors in a broad variety of materials.
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Table 2.1.: Ionic radii of relevant alkali and earth alkali elements

Ton Tonic radius [A]
Lithium (Lit) 0.76
Sodium (Na™) 1.02
Potassium (K ™) 1.38
Magnesium (M g*+) 0.72
Calcium (Ca*+) 1.00

Additionally, one can add hydrogen ions (H™) to the group of mobile ions, with significantly influencing
device stabilities [13]. Since amongst alkali metals sodium (Na) in its ionic form Na™ has an outstand-
ing position, for its small ionic radius and comparable high abundance as a contaminant, the discussion
of mobile ions in terms of reliability emphasizes on this species. In particular, metal oxide semicon-
ductor field effect transistor (MOSFET) devices are extremely vulnerable to mobile ion contamination
[14]. For didactic purposes it is helpful to show the assembly of a MOS structure in a graphical way
(Fig. 2.2(a)), whereas the focus lying on nMOS transistors due to its outstanding position in terms of

Na*t contamination.

The device is hereby in on state, hence a positive gate source voltage Vs is applied in order to build-
up an electric conductive path, the n-channel, in the p-doped Si substrate on the interface towards the
gate oxide. A detailed description on the basics and functionality of MOS transistors can be found
in respective literature (e.g. [15]). In Fig. 2.2(b) a typical nMOSFET transfer characteristic with the
drain current Ip as a function of Vgg, is displayed. An crucial parameter for MOSFET design is the
threshold voltage Vip, the Vizs value where the MOS structure goes into strong inversion and a n-channel
arises below the gate oxide, determining whether the transistor is in off state (Vgs < Vi) or turned
on (Vgs > Vi). Frequently, transfer characteristics are plotted in the form /Ips vs. Vgg, in order
to emphasize the subthreshold region. Once Na™ has intruded into the gate oxide, transport processes
within the gate oxide may occur in actual use under the influence of the applied Vg, finally leading
to Na® accumulating at the interface of gate oxide and Si substrate (Fig. 2.2(c)). This is of special
importance for nMOS transistors, since a positive Vg is applied to turn the device on. In this case, the
transfer characteristics of the transistor exhibit V;;, instabilities, consequently altering the functionality
of the transistor. In order to analyze this effect, it is necessary to mention the mathematical expression

for Vi, [15]:

Vin = Vrp + 20p + 7V 20F + Vs (2.1)
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Figure 2.2.: (a) nMOS structure in strong inversion with Vgs > Vi, and the n-channel displayed by a blue
region on the Si-faced side of the gate oxide / Si interface. The illustration has been taken over
and adapted from [15]. (b) Scheme of nMOSFET transfer characteristics with expected behavior.
Vin is displayed as an arbitrary value. (c) nMOS structure in strong inversion with Na™ present in
the gate oxide and accumulated at the gate oxide / Si interface, respectively, as marked by a red
shading in the gate oxide. (d) Typical AV;, due to Nat present in the gate oxide and exposure
to extreme stress conditions. The scheme represents the detection of faulty devices on wafer scale.
(a) and (d) are reconstructed from data out of reliability tests (Courtesy of Infineon Technologies
Austria AG) and presented without scale due to industrial restrictions.
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Therein Vg is the flatband voltage of the transistor and ¢ g the potential difference between the intrinsic
Fermi level and the actual Fermi level as determined by Si doping. Thus, in the case of p-doping, ¢r
illustrates the hole density in the Si-substrate. Vsp is the voltage arising from connecting source with
bulk and applied back biasing thereof. As observable in 2.2(a) and (b), Vap = Vgs + Vsp is effectively
biasing the MOS structure. The grade of influence of Vsp on Vi, is governed by =, the so called body
factor. For reasons of simplification in this introduction, however, the effect of Vgp is considered as
negligible, hence assuming Vgp = Vigg. On this point it is necessary to take a closer look on Vg by

considering its definition

$0z + ¢s =0 (2.2)

with ¢o., s > 0 for a nMOS transistor in accumulation. Thus Vpp is determined by the applied Vg
where ¢o,, the voltage drop across the gate oxide, and ¢g, the voltage drop due to majority carrier
accumulation on the Si faced side of the gate oxide / Si interface, are compensated and no distortion of

valenece and conduction band are present reference (Fig. 2.3(a) as adapted from [15]).

(a)

Vas

V¢ V.o

Figure 2.3.: (a) Energy band scheme of a nMOS transistor with Vgs = Vrp. (b) Energy band scheme of a
nMOS transistor including impurity levels within the gate oxide (arbitrary chosen). Fixed charges
and interface traps are marked by blue color. Mobile ions are marked by red color. Vgs = Vpp is
applied , thus Vrp is shifted towards lower absolute values by the presence of mobile ions.

In other words, by applying Vgs = Vep the transistor get into depletion, and by Vs > V4, into inversion
(as given by eq. (2.1)). If the gate oxide / Si interface exhibits intrinsic interface traps or fixed charges in
the quantity Qgs or mobile ions (e.g. Na™ in the quantity Q,, are present the gate oxide), the effective

Vs affecting the generation of an inversion layer in the MOS structure becomes increased by [16]

Qss 1 /w
. = — d 2.
¢$0x + ¢s = Vas — dus + Cou + zon - Con Jo rp(z)dz (2.3)
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with ¢ps representing the work function difference between metal and semiconductor (assuming direct
contact as shown in Fig. 2.2(a) and p(z) the mobile ion distribution within the gate oxide. Co; is the
capacitance of the gate oxide and ¢, its thickness. In order to fulfill equation (2.2) and hence achieve
Vrp, the corresponding Vg is lowered by the 3" (interface traps) and 4" (mobile ions) term on the
right hand side of eq.(2.3). Fig. 2.3(b) illustrated this effect by means of energy band schemes. Interface
traps and fixed oxide charges may arise by various influences (e.g. [17, 18]) and cause an initial offset of
Vrp and thus V;;, towards lower values. The same effect is triggered by mobile ions as Na™* located within
the gate oxide, mobilized by temperature impact and bias application (Vgg), and transported towards
the gate oxide / Si interface. The effective influence on V;, is thus due to induced charges located in
the vicinity of this interface (as marked by the dark red box in Fig. 2.2(c)). The magnitude of the effect
is of course a function of @Q,, (in this context = Qy,+) and hence the Na™ ion dose quantities ¢xq+
at the interface (As potentially given by p(z)). Already ¢no+ — 1-10'° cm™! i.e. the magnitude of
10 ppm per atom of a monolayer per cm?, lead to a detectable shift of the threshold voltage AVy, 2. For
Vs in actual use Ip would be increased, in particular for low Vg values in the subthreshold region as
observable by a gradual decreased sloping in Fig. 2.2(d). For practical purposes, the transistor turns on
at a lower Vg, which is an unacceptable malfunction. A device failure has thus occurred. Fig. 2.2(d)
represents AV, due to extreme stress conditions read at different times up to 20 h. As sufficient negative
Vs values would result in Na™ transfer towards the adjacent metal / gate oxide interface, Ip drops
instantaneously for these conditions. Due to this effect AV;, is manifested by the typical shoulder in
the transfer characteristics. Na™ reliability tests are commonly made on wafer scale containing a large
number of devices. Hence, faulty devices and dies can be detected and mapped as illustrated in Fig. 2.4.

Additionally, the height of the shoulder in Fig. 2.2(d) indicates the number of faulty devices on the wafer.

Additionally to V4, instabilities, effects as enhanced resonant tunneling through silicon dioxide (SiO2) [20]
have been reported as a consequence of Na™ contamination of gate oxides. However, for newer MOSFET
technologies Na™ may influence the device performance even in an enhancing manner as for instance

increased electron mobility in the n-channel inversion layer for SiC substrates [21].

Considering the mentioned physical model for nMOS transistors, pMOS transistors commonly do not
suffer from device degradation due to mobile ion contamination. This is obvious, since the negative Vg,
as applied in actual use, causes ion transport towards the metal / gate oxide interface. Thus the transfer
characteristics are not affected by contaminants as Na™. For such devices only interface traps and fixed

charges in the vicinity of the gate oxide / Si interface harm the device by a Vi, shift towards higher

I The unit [cm™3] represents [at/cm®] and [ions/cm?]
2 Experiment values of ¢+ were delivered from Infineon Technologies Austria AG.
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Figure 2.4.: Wafer map on the detection of faulty devices. The scheme has been adapted from [19]

values. However, under certain circumstances unwanted V;; instabilities have been reported even for

Na™ contaminations [22], due to immobilization at the gate oxide / Si interface.

Possibilities to introduce mobile ions during device fabrication are always present, even in clean rooms of
highest classes [19], with front end of line process steps: The generation of the MOS structure particularly
vulnerable with respect to intrinsic Nat contamination. Components of production facilities may contain
considerable amounts of Na compounds in its gaseous form, due to its remarkable volatility at high
temperature operation. Furthermore, Na from the environment should be taken into account as a possible
source as well. Since in this context the volatility at low temperatures is negligible, gaseous airborne Na
is only a minor contributor. However, Na compounds potentially are present in particle (aerosol) form
emanating from humans for instance by breath or body fluids as well as from necessary disposables as
gloves, masks or overalls [23]. In particular, NaCl is a commonly appearing candidate. All these facts
account for the absolute necessity to exclude potential Na sources as well as to maintain all facilities as
proposed by industrial standards (e.g. as defined by clean room norms ISO 14644-1 and ISO 14644-2).
The trend of a steadily decreasing allowed Na contamination budget has nowadays reached the magnitude
of ¢+ = 1-10° cm™2. However, also back end of line processes themselves in front end fabrication may
induce considerable amounts of Na compounds (e.g. by photoresists [24]), as does back end fabrication.
Eventually, the actual use of the device has additionally to be taken into account, because potentially
leading to extrinsic device failures. Therefore, measures for avoiding Na transport towards crucial device
regions as the gate oxide of a MOS transistor have to be taken. Protection by the use of barrier and

getter layers enables reliable operation of semiconductor devices during the warranted life time. Common
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materials in use for that purpose are e.g. silicon nitride (SigNy4) [25, 26] or boron-phosphosilica glass

(BPSG) [27].

2.3. Approaches to detect mobile ions in MOS transistors

The common approaches for mobile ion detection and quantification in the gate oxide of MOS transistors
and the investigation of the corresponding mechanism rely basically on electrical measurements. Proper-
ties of the MOS structure are utilized for assessing e.g. the quality of the gate oxide in terms of stability
of the transfer characteristics. Commonly, electrical measurements are carried out as analysis approach
for changes derived from the MOS structure by physical, chemical or electric phenomena as triggered by
device stress tests. However, such approaches provides solely information on electrical states. Although
various types of mobile ions may get separated by time resolved response signals, direct evidence on
physical presence of certain ions and elements, respectively, cannot be given. Furthermore, their spatial

distribution within a material layer is not accessible by electrical measurements.

Among various ways a device can be investigated under extreme stress conditions bias-temperature (B-
T) stress has to be mentioned explicitly on this point. It combines the application of a significant
Vies in combination with elevated device temperatures. Mobile ions react on B-T stress by transport
processes and, as discussed in the previous section, alter the transfer characteristics of MOS transistors.
In this context, measuring the transfer characteristics after different times of B-T stress (Fig. 2.2(a))
application exhibits a popular possibility to assess the quantity of mobile ion contamination due to AVyy,.
However, there are much more approaches available for analyzing effects due to device stress by bias

and/or temperature with the most prominent ones briefly discussed in this section:

Capacitance - voltage plots

The use of capacitance - voltage (C-V) plots in combination with B-T stress have been of utmost sig-
nificance in the development of modern semiconductor devices. The work of Grove, Deal, Snow and
co-workers (e.g. [16, 28, 29]) in the mid 60’s is a main contribution for MOS transistor mass productions
as known nowadays. In this time period nMOS transistors reacted very unstable on positive gate stress
concerning influences identified as Na™ contaminations in the gate oxide. Based on these investigations,
awareness for the resulting harmful effects of mobile ions and the necessity for keeping the gate oxide free
of them arose. In general, C-V plots base on eq. (2.3). Here, the term of interest does not correspond
to Vgg, but to the MOS capacitance while biasing the device with Vgg. The capacitance C' of a MOS

structure in C-V plots is screened by a DC ramp, superimposed by an AC signal of defined frequency,
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from a start value for Vizg towards an end value of opposite polarity. Fig. 2.5 shows typical results (the
figure is out of Ref. [30]). Assuming no interface traps or fixed charges at the gate oxide / Si interface
and no contamination of the gate oxide with mobile ions, the theoretical characteristic of C(Vgg) by

varying Vg in a C-V plot obeys [28§]

dQs _ COz/(l + €rox * TDL ) (24)

C(V = —
(Ves) dVas €DL " TOz

with @, being the total charge generated in the semiconductor and Co, the maximum capacity achievable
as described by this equation®. €0z and €, pr, are dielectric constants of the gate oxide and the depletion
region of the MOS structure, respectively (For details on MOS device physics see [15]). In C-V plots the
detected C'(Vgs) equals Co, if 2pr, = 0, i.e. when the MOS structure is in accumulation (Vgs < Vrpg),
thus the gate oxide with thickness o, determines the measured capacitance C(Vgs). However, if a
depletion layer is generated at Vgs > Vep, C decreases gradually until the maximum width of the
depletion layer xpy, is reached (deep depletion), where the ratio C(Vgs)/Cos reaches its minimum.
Fig. 2.5 shows typical results on C-V plots of nMOS transistors. For pMOS transistors the theoretical
curve exhibit vertically mirrored characteristics. C-V plots may distinguish from the theoretical behavior,
enabling the detection of interface traps, fixed charges or mobile ions. In the previous section the shift
in Vrp has been mentioned. With respect to the theoretical C-V plot, initial measurements, i.e. prior to
any stress tests, are able to quantify Qgg. B-T stress triggers mobile ion transport. Thus, subsequent
C-V plots indicate the quantity of mobile ions by a horizontal displacement as given in Fig. 2.5 (Here
QN+ quantifies Na™ present in the SiO, gate oxide). In general, these shifts are reversible by switching
between a positive and negative Vgg. In measurements, C-V plots often exhibit a different characteristic
than shown here, since e.g. the mobile distribution could be spatially inhomogeneous throughout the
gate oxide [30]. Despite the great relevance in terms of MOS technology, the C-V method has some
disadvantages: The detectable shifts in Vg can be too small for thin gate oxides (< 100 nm), which can
be correlated to a possibly insufficient detection limit (1-10'° em™2) [31]. Additionally, it is not possible

to clearly distinguish between different types of mobile ions.

Triangular voltage sweep
Triangular voltage sweep (TVS) overcome some of the limitations of the C-V method [31]. This technique
records the displacement current I(Vggs) flowing through the gate oxide as a ohmic response on Vg [32]

during a a constant DC ramp. Kept on a constant temperature typically above 250 - 300°C [31, 33],

Note that eq. (2.4) is only valid for high frequency capacitance analysis. With these conditions minority carrier transport
cannot follow the signal variation. Thus inversion of the MOS structure cannot be reached and Qs, the total charge induced
in the semiconductor due to application of Vg, is governed by the width of the depletion region xpy (see [28]).
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Figure 2.5.: C-V plots of a nMOS structure using high frequency analysis at a temperature of 300°C. The
horizontal displacements between the theoretical curve and the curve initially recorded enables
quantification of interface traps and fixed charges in the near interface region. The dashed curve
illustrates the displacement due to influences of mobile ions (Na™). As given by the value for AV,
representing the Vrp shift, the quantity of Na™ can be calculated.

the MOS structure gets stressed by Vg for a short period of time. By a constant rate o the Vgg is
subsequently swept towards 0 and further to the previous Vg value, however of opposite polarity. Thus,

I1(Vgs) is given by

I(Vgs) = Q- CVGS (2.5)

At room temperature and without any mobile ions in the gate oxide, I(Vs) characteristics under quasi-
static conditions resemble those obtained from low frequency C-V analysis [28]. Due to the rapid increase
of intrinsic charge carriers in a semiconductor material at elevated temperatures (typically > 300 °C) one

can approximate for the whole voltage sweep with a constant I(Vgg) by

C(Vas) = Coq (2.6)

If the gate oxide contains mobile charge carriers, though, the displacement current varies consequently.
Emphasized by means of elevated temperatures, mobile ions, transported to the respective interface during
the initial bias stress, may redistribute by the oppositely signed bias [32]. Such processes commonly
appear near Vgs = 0 and result in an increased displacement current which superimposes with the above
mentioned low frequency C-V characteristics (which acts as a base line). Adapted from [32], Fig. 2.6
shows typical TVS displacement current characteristics. Note that the ordinate could be assigned to a
capacitance scale as well (e.g. [33]). The area of the TVS peak with respect to the base line determines

the quantity of mobile ions (here Na™) in the gate oxide by [32, 31]
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+Ves
CQNaTL = l / [I(VGS) — Q- COa:]dV (27)

@ J-vgs
From this equation the advantage of TVS is obvious: By the superimposition of two components, the
result is unaffected by influences as interface traps or fixed charge. Their quantity Qs is included in
the base line characteristics and the peaks appearing during TVS can be assigned solely to mobile ions.

Hence the detection limit decreases in contrast to the B-T stress C-V method down to 1-10° cm™2

, and
there is the possibility to separate between different types of mobile ions, since appearing at different
values for Vg during sweeping [34]. In principle, TVS can be applied not only to MOS structures but
to all dielectrics, sandwiched between two conductive layers [35]. High accuracy can be obtained when

a measurement setup is used, that simultaneously acquires the quasi-static and low frequency C-V data

[36].1
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Figure 2.6.: TVS scheme for quantification of Na™ at a sample temperature of 350 °C. The upper curve displays
TVS measurements on an nMOS structure with Vg s sweeping from positive to negative values. Thus
Na™ transport from silicon towards gate metal is recorded. The lower curve displays the contrary
sweep conditions with Na™ transport from gate metal towards silicon. The detected I(Vgs) is
typically in the magnitude of 10° A. Differences in the peak areas indicate different Na™ release
condition from the respective interface. Variation of the temperature may change the peak area
and thus clarify such questions.

Thermally stimulated ionic current
A further method for the detection of mobile ions in MOS transistors is the thermally stimulated ionic
current (TSIC) method, which measures the transit time of mobile ions through an insulating film as the

gate oxide upon temperature sweep while keeping the sample at a constant Vizs [37]. This technique allows

I Attention: In literature, the chosen frequency is often assigned to the high frequency region
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the investigation of kinetic properties as the mobility of mobile ions [38, 39, 40]. In the TSIC method the
displacement current I(7') is plotted as a function of gradual temperature increase at constant Vg as
illustrated in Fig. 2.7 (Adapted from [37]). Typical temperatures range from 0°C up to 500 °C. Based
on these analysis several features concerning mobile ions are accessible. The quantity of mobile ions
can be calculated by integration of the occurring TSIC peak, assignable to a certain mobile ion species.
Additionally, the peak position reveals information on the activation energy F, for mobile ion transport.
Assuming that all mobile ions are initially located on an interface of gate oxide with an adjacent layer
of the MOS structure, the measured current can be assigned, for a certain temperature, to a mobile ion
current I(7T) described by [37]

dnt FE
I(T)——q-f—nt-q-s-exp(—kB.T)

(2.8)

From another point of view, I(T) correlates to the time dependent decrease of n:, the number of mobile
ions still present on the interface at time ¢. ¢ is the mobile ion charge (commonly just single charged ions
are involved, thus g = €), kp denotes Boltzmann’s constant and s a preexponential factor representing the
frequency of mobile ions attempting to leave the interface trap [38]. Eq. (2.8) is valid only for detrapping
controlled transport through the gate oxide, i.e. when the mobile ion release from an interface (either to
the metal or the semiconductor) is the rate determining step. In literature, a continuous distribution of
detrapping energies from the interface has been proposed [38]. If on the other hand the bulk transport
through the gate oxide governs the transfer rate, other models have to be applied [37]. Similar to TVS,
TSIC can potentially be applied to all insulating materials sandwiched between two conductive layers as
well. Different mobile ion species can be separated since they result in distinguishable peaks during the
measurement. The peaks in Fig. 2.7 can be assigned to different types of mobile ions, but also to different

transport or detrapping mechanism.

2.4. Transport processes for mobile ions

Harmful effects of mobile ions on the stability of crucial device parameters and thus on reliability issues
are inherently connected with transport processes of mobile ions in materials, used for fabrication of MOS
transistors. In general, these phenomena are manifested in a flux governed by a generalized driving force

X and can be written by means of a linear flux-force relationship [41]

J=B-X (2.9)
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Figure 2.7.: Scheme of TSIC measurements with mobile ions initially located on the metal / gate oxide interface.
(a) TSIC during positive Vg bias showing mobile ion release from the metal / gate oxide interface
and transport towards the gate oxide / Si interface. (b) TSIC during subsequent negative sample
biasing. The curved marked with I are assigned to I(7") caused by mobile ions. II denotes TSIC
due to electric background (leakage) current.

with £ as a constant of proportionality. Particle transport in any media occurs because of a spatial
gradient, which is the derivative of involved driving force with respect to its spatial distribution. Typical
quantities for driving forces are differences in concentration or electric potential, both of them potentially
causing mobile ion transport. The term "transport processes" includes therefore diffusion processes and
drift processes. A brief description of these processes is given with the restriction to one dimensional

systems with J = J,:

Thermal diffusion

Diffusion in solid materials are the content of numerous sources in literature (e.g. [42, 43, 44]). For
semiconductor devices diffusion has crucial importance with respect to doping processes for the generation
of e.g. conductive regions or n-p junctions [19]. Prominent doping techniques are thermal in-diffusion
of an externally supplied dopant source and ion implantation. However, diffusion is also an important
aspect for the unwanted transport of impurities and contaminations within materials used for device

fabrication!

. Nowadays knowledge on diffusion, a fundamental physico-chemical phenomenon, enables
the prediction and simulation of particle transport of any aggregate state by the knowledge from certain
boundary conditions. Basically, diffusion is a kinetic process: Thermal motion of particles, which get
spatially transported within a system in a random manner. Differences in the chemical potential y and

respective occurring gradients in the system act hereby as the driving force pushing the system towards

thermodynamic equilibrium (Vi = 0). The concentration dependence? is expressed by [45]

1 Compare to section 5.2.3.
2 For higher concentrations ¢ must be replaced by the activity a. For impurities this is not necessary.
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w=po+kp-T-Inc (2.10)

Vi o Ve (2.11)

with po as the chemical potential at standard conditions. In the case of complete ionization of e.g.
alkali metals, ¢ can be replaced by the charge carrier density n for diffusion of charged particles as e.g.
mobile ions. Possible mechanism to be considered are basically interstitial and vacancy type diffusion.
An inhomogeneous distribution of the impurity concentration within a solid material has the ambition to
achieve equilibrium conditions by means of homogenization [42]. This is driven by Ve, the driving force

for particle transport, resulting in a particle flux as given by Fick’s first law of diffusion:

Jdc

J=-D-Ve=-D-(3-)

(2.12)
In the case of complete homogenization Ve = 0, and no particle flux is possible. Further factors are
correlation (memory) effects evolving from particle transport in a non-random fashion. This is due to

interactions between e.g. tracer atoms and vacancies in the lattice [44].

The relation to eq. (2.9) gets immediately obvious with the concentration gradient as the driving force
of particle flux and D, the diffusion coefficient or diffusivity, as a constant of proportionality containing
kinetic aspects. Note that eq. (2.12) may describe various types of thermal diffusion processes, the
diffusivity potentially having different phenomenological meanings': (i) Tracer diffusion describes either
self-diffusion of labeled matrix constituents within the matrix itself or the diffusion of impurities in the
matrix. Tracer diffusion may be governed by correlation effects evolving from particle transport in a non-
random fashion [44]. By correlation factors f, the random diffusivity D can be compared to a correlated

diffusion mechanism as described by means of the tracer diffusivity D*

f= (2.13)

For interstitial type diffusion, as considered for mobile ions, f is considered to equal unity (and D = D*),
i.e. no memory effect due to interactions with neighboring sites is taken into account. However, correlation
effects may occur when charged particles are present in high concentrations (thus f < 1). (ii) If there is the
situation of a binary diffusion couple, e.g. two metals in direct contact, interdiffusion occurs. Kinetically
this is described by the chemical diffusion coefficient D [44]. Using thermodynamic approaches, it is

possible to convert D into D (and thus D*) [46].

Considering mass continuity

1A more detailed discussion on this topic can be found in the reference cited in this section.
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aJ  0Oc

= (2.14)

and substitution of eq. (2.11) Fick’s second law of diffusion, is obtained [42], which describings by a

second order differential equation how thermal diffusion changes the concentration gradient with time:

d%c 1 Oc

92 "D ol (2.15)

Dependent on given boundary conditions, numerous solutions for eq. (2.15) are available (analytically
and numerically) [43]. In case of diffusion of a finite source deposited with concentration ¢y onto an
isotropic medium (i.e. at position x = 0) and spreading into one half-space, as for instance representing
thermal in-diffusion of contamination located on the surface of a material layer, a comparably simple

solution of Fick’s second law of diffusion can be obtained [44]:

CE2

M
i Uiy (210

M is therein the number of diffusion particles (thus the dose) per unit area!. This solution enables the
illustration of the concentration profile in x direction within a system (in this context a solid material)
the as a function of diffusion time. For the case of an one dimensional solution, the term 2 - /D -t
yields the diffusion length, indicating how far the diffusing species propagated into the target material
in a defined time. Graphical examples for this will be given in section 5.2.3. The crucial parameter for
thermal diffusion is the diffusion coefficient D, which quantitatively describes the diffusivity of particles
as e.g. impurities in the target material. In solid materials the temperature dependence of D can be
expressed by an exponential relation [47]:

D=Dyg- exp(kB ;) (2.17)

with kp denoting Boltzmann’s constant and E, representing the required activation energy for a transition
of a particle from one lattice site to another. Dy is a frequency factor and gives the hypothetical diffusivity
at infinite high temperature. The higher the temperature the faster a diffusion process. Tab. 2.2 lists an
overview for values of Dy and E, of different mobile ions in Si [48] (Calculation via ab initio molecular

dynamics).

The notation of eq. (2.16) is according to the given literature reference. In this thesis the dose of transported species is
commonly notated by the symbol ¢ (Not to be confused with the electric potential).
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Table 2.2.: Parameter for diffusion of mobile ions in Si at different temperatures. For reasons of estimation, the
respective value for D at the given temperature was included. The diffusion length was calculated
when keeping the substrate at this temperature for ¢ = 1h.

Mobile ion T |K] Dglem?/s| E,[éV] D [em?/s] 2D -t |um]
Lit 1000 3.72:10°° 0.58 4.46-10°° 5198.42
Nat 500 2.08-10°2 0.95 5.52-.107'3 43.68
1000 1.92-103 0.95 3.13-10°8 719.31
1500 1.79-10°3 0.95 1.15-10°¢ 2440.13
K+t 1000 0.59-102 0.89 1.93-10°8 503.65

Drift and field-assisted diffusion

For insulating materials thermal diffusion potentially can be replaced or accompanied by drift phenomena.
This is true when a e.g. a bias voltage is applied on the insulator and thus an electric filed is acting on
charged particles [44]. For semiconductor devices this scenario is encountered frequently as for instance
in the gate oxide of a MOS transistor during operation. Different to pure thermal diffusion in eq. (2.9),
the driving force here is additionally governed by the electric field [41]. From a thermodynamic point of

view the electrochemical potential [ is responsible for particle transport
p=p+z-e-¢ (2.18)

with z being the charge number of the particle and e the elemental charge. Assuming large bias voltages
applied at thin insulating films (resulting in electric fields E of the magnitude 10°-105 MV /cm), the
electric potential difference V¢ can be treated as the dominating contribution to the driving force. The

bias voltage thus governs the particle flux (by means of E):

Vi=z-e-V¢ (2.19)

Considering eq. (2.19) in eq. (2.9) and o as the mobile ion conductivity in an insulator, one obtains the
electric current density j out of the particle flux J by

oc=2%-¢*8 (2.20)

j=z-e-J=0-V¢ (2.21)

v
I=— 2.22
R (222)
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which is known as of Ohm’s law [41] and can also be written in the more familiar version in eq. (2.22)
with I being the electric current and R the resistivity of the thin insulating layer. Again the relation to
eq. (2.9) becomes immediately obvious. Since drift dominated the particle transport, the flux of mobile
ions can be treated as Ohmic conduction. However, mobile ion drift in an insulator with an initial
homogeneous mobile ion distribution (Ve = 0) would induce a redistribution by ion movement as given
by V. It is thus obvious that drift and diffusion are coupled phenomena, simultaneously causing mobile
ion transport towards the electrochemical equilibrium, when e.g. both phenomena cancel out each other.
Considering this condition, its obvious to equate the particle flux of eq. (2.12) with those of eq. (2.21)

leading to
- k’B -T-o

Dy=—7%5—
" 2262

(2.23)
which is the Nernst - Einstein equation, that relates the field-assisted diffusion coefficient of a mobile ion
(representing an interstitial) with its conductivity in a solid. In eq. (2.23) o describes a directed charge
carrier transport potentially including different types of species, dependent on the present mechanism
(e.g. interstitial type, vacancy type). Basically, D, barely changes the quantity of o into a diffusion
coefficient and cannot directly be equated with D in eq. (2.12) (thus nor with D*). Correlation of
thermal diffusivity with field-assisted diffusivity can be done by Haven ratios [44, 49, 50| or, if possible,
more simply again by respective correlation factors f, [42]. Tab. 2.3 shows examples for D of Na® in

soda lime glass by conductivity measurements:

Table 2.3.: Na* diffusivity in soda lime glass for various temperatures out of Ref. [42], obtained by conductivity
measurements. The Na™' content in the insulating matrix material in this example was > 10 at%,
thus a correlation effect was taken into account. For more dilute contents interstitial diffsion would
be expected in a random manner with fc,, approaching unity.

T[°C] D em?/s| o [ cm|?  feup

200 4210713 5.05-108 0.23
250 4.0-10712 3.25-10°7 0.29
300 2.6-10711 1.51-10°¢ 0.38




Chapter

Methodology and analytical approach

An approach has been developed in order to investigate thin layers of materials, frequently applied
for semiconductor device fabrication. In contrast to electrical measurements, as discussed in section 2.3,
the methodology is based on bias-temperature (B-T) stress in combination with physical analysis. The
idea was to provide an unambiguous detection of mobile ions subsequent to B-T stress in terms of their
lateral and depth distribution in a thin material layer. Information should be gained on the reaction of
a material of interest to certain stress conditions. One issue of special interest in this context concerned
mobile ion incorporation into various materials under these conditions. The term "incorporation" refers
to the transition of mobile ions from an external source into the material of investigation, simulating
situations as for instance contaminations on a material surface. Transport processes of mobile ions
within the investigated material, as discussed in section 2.4, followed the incorporation. The focus of
research laid on the element sodium (Na) and its ionic form Na™. A comparison to other mobile ions will
be given in the according sections. In the following, each single step of the methodology will be discussed
in detail. Fig. 3.1 gives a general survey on the sample process flow from sample preparation to the
B-T stress procedure and finally to physical analysis by time of flight secondary ion mass spectrometry

(ToF-SIMS).
Before presenting each process step, some basic facts in terms of sample production have to be mentioned:

e All samples and the deposited material layers, which have been investigated were produced using
industrial facilities at Infineon Technologies Austria AG in Villach at wafer scale. Due to the
contaminant free conditions in the respective class I clean rooms, an intrinsic Na™ concentration,
below the ToF-SIMS detection limit was assured (Due to their lower abundance in comparison to

Na™, further mobile ion cannot be detected either).
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e As a substrate for the deposition of insulating and conductive layers (up to 1 um thickness) a highly
n-doped silicon (Si) substrate was used (dopant: antimony (Sb)). A backside metalization ensured

the possibility of a proper electric contact. The Si wafer thickness was 380 pum.

e All wafers were cut into 1 x 1 cm? samples again using facilities at Infineon Technologies Austria

AG in Villach.

e The wafers were carefully stored, in order to avoid subsequent contact to any contamination source.

No wafer cleaning procedure was carried out prior to deposition of the host matrix.

deposition deposition
of the of the

host matrix Au electrode
EE—— EE——

removal
of excess
host matrix
from edges

lift - off
process s application
(stripping) - of B-T stress
-

of Au layer

Figure 3.1.: Sample process flow for studying mobile ion incorporation and transport in various materials. The
steps "removal of excess host matrix from edges" and "deposition of Au layer" were abandoned when
the investigated layer had conductive character. Details on electrode contacting for B-T stress in
terms of insulating and conductive layers are given in section 3.2.

deposition

ToF-SIMS
depth profiling

The investigated materials were selected according to their relevance for application in semiconductor
devices: Gate oxide, barrier layer, metalization. Tab. 3.1 gives a survey of the relevant parameters

for each material used for investigations. Due to industrial constrains specifications on stoichiometry
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and density of silicon oxynitride (SiOxN, ) and Boron-phoshosilicate glass (BPSG) cannot be given. The
exact amounts of Si and Cu in the Aluminum-silicon-copper alloy (AlSiCu) are not given either (the

stoichiometric fraction is in the low one-digit % region, though, and thus negligible).

Table 3.1.: Investigated materials and relevant parameters thereof.

Material Layer thickness Deposition process Density Comment
d [nm] p(M) [g/cm?]

S0, 100, 200 thermal 2.27 dry oxide
400 thermal 2.18 wet oxide

SigNy 400 CVD 3.44

SiO.Ny 400 CVD N/A

BPSG 910 CVD N/A

AlSiCu 1000 PVD N/A

3.1. Host matrix for mobile ions

3.1.1. Polymer materials and mobile ion agent

Polymers were considered to be a suitable solution for application as host matrix, due to their wide va-
riety of available categories and being a routine substance group in semiconductor device manufacturing
processes (lithography). Chemical and physical properties of the host matrix had to fulfill several re-
strictions: The choice of the solvent had crucial importance for sample processing. Both the host matrix
material and the hosted mobile ion agent had to be sufficiently soluble for the planned investigations.
Additionally, melting and boiling point were important parameters, in order to define the temperature
range of the experiments. Basically, two substance categories were chosen for experiments containing
samples with insulating and conductive top layers, respectively: PMMA and positive photoresist. The

properties of these substances will be discussed in the following:

Poly(methyl methacrylate) (PMMA)

Generally synthesized by radical polymerization of methyl methacrylate, PMMA (Fig. 3.2) is a rigid,
colorless, and thus transparent polymer with a broad field of applications (Glass substitute, medical
technology, light technology, ...). This makes PMMA one of the major polymers in terms of annually
produced volume. A common field of application to be mentioned separately is semiconductor technology,
where PMMA is used as a resist for structuring processes using electron beams. The properties of the

chosen PMMA made it a candidate for the use as host matrix (Tab. 3.2. PMMA is soluble in common
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solvents, preferably of polar, aprotic character. According to literature [51], thermal degradation of
PMMA begins at 160 °C. Up to 230 °C decomposition is caused by impurities, purified PMMA does not
show this behavior. Finally , above 230°C PMMA decomposes due to random scission. Thermal analysis
(by means of STA?!) of the used PMMA indicated glass transition at temperatures between 121.6°C -
127.7°C and an onset of thermal decomposition at 244 °C. The maximum temperature for applications

was restricted accordingly.

For experimental application two solvents were considered: Acetonitrile and anisole. (i) For reasonable use
at room temperature (RT), PMMA was dissolved in acetonitrile (Sigma-Aldrich, Chromasolv® for HPLC
super gradient grade) to a concentration of 4% per weight (= wt%). At higher concentrations the viscosity
of the solution increased drastically, prohibiting the application as a host matrix for practical reasons
(see 3.1.2). In general, 2 wt% PMMA in acetonitrile was used as the standard solution for experiments.
(i) for solutions with a higher PMMA content than 4 wt%, anisole (Sigma-Aldrich, ReagentPlus® 99%)

was used as solvent.

Table 3.2.: Physical and chemical properties of atactic PMMA used in this work (purchased from Sigma-Aldrich).
The data has been taken from Sigma-Aldrich’s safety data sheet of product no. 182265 and from

[52]
Molecular mass average ~996,000 g/mol
Density 1.2 g/cm?®
Glass transition temperature 105°C
Flash point > 250°C
Ignition point 304°C
Soluble in e.g. acetone, ethyl acetate , anisole,
chloro benzene, acetonitrile
CH 0
ZN o F
n {,O /N |
n + O-5—F
HO 0 = Me o F
PrA MNowvalak OnQ MelTf

Figure 3.2.: Chemical structures of host matrix resins (PMMA, Novolak), the photoresist sensitizer (DQN) and
the mobile jon agent (MeOTY).

I Simulataneous thermal analysis: Combined approach for acquiring data by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC); instrument: Netzsch STM 449 F1 Jupiter®



3. Methodology and analytical approach 25

Novolak based, positive photoresist

Photoresists are a key substance class in semiconductor technology for lithography steps in the course
of e.g. masking processes, material structuring and patterning [19]. In general, positive photoresists
are provided with the resin (usually novolak based) in dissolved state, and get cured by a bake-out step
causing vaporisation of the solvent. Sensitizer molecules, with diazo naphtaquinone (DNQ) derivates as
a common compound class, inhibit the dissolution of the resin component in the solvent. However by
exposure to light, commonly of ultraviolet wavelength, the sensitizer decomposes and the illuminated
resin is rendered soluble. Thus a pattern can be generated in the positive photoresist by the UV light
exposure, with the soluble resin subsequently washed out using a developer [53]. A final hard-bake process

finalizes the deposition process of the positive photoresist.

Tab. 3.3 summarizes the important physical and chemical parameters of the positive photoresist (Fujifilm
OIR 305-22) used as host matrix for experiments. The structures of novolak and DNQ are shown in Fig.

3.2. The temperature range of the resin for applications was lower than that of PMMA.

Table 3.3.: Physical and chemical properties of the positive photoresist used in this work. The data has been
taken out from the safety data sheet of the product: Fujifilm OIR 305-22

Resin novolak based
Sensitizer DNQ derivate
Solvents ethyl-3-ethoxy proprionate

methyl-3-methoxy proprionate
Density 0.96 - 1.04 g/cm®
Boiling point > 145°C

Mobile ion agent

This component had to fulfill two crucial tasks: First, full solubility in the host matrix solution, i.e.
the solvent had to be the same as for the polymer or it had to be completely miscible in the solvent
of the polymer. Second, in dissolved state, the mobile ion agent should be fully dissociated, in order
to quantitatively provide mobile ions. Alkali trifluoro methane sulfonate (Alkali triflate; MeOTf) was
considered to be an appropriate candidate, due to its solubility in acetonitrile and the mesomerism of
the triflate anion, which minimizes attracting effects with respect to the alkali cation. In Fig. 3.2 the
chemical structure of MeOTf compounds is depicted and Tab. 3.4 lists the respective compounds used

for experiments.
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Table 3.4.: Alkali triflate compounds used as mobile ion agents including their respective molar masses Mo s

Compound Abbreviation  Mareor[g/mol] Supplier

lithium trifluoro methane sulfonate LiOTf 156.01 Sigma-Aldrich
sodium trifluoro methane sulfonate NaOTf 172.09 Sigma-Aldrich
potassium trifluoro methane sulfonate KOTf 188.17 Sigma-Aldrich

Each of the MeOTf compounds was dissolved in acetonitrile in a concentration of cyreory = 1 wt% for
the use as stock solutions. Considering narcors = nase+ for the amount of substance of an alkali ion
with the charge number z = 1, one can calculate cpre+ stock, the concentration of alkali ions in the stock
solution for a given cyeors by

Npet CMeOTf * Psolvent

CMe+t,stock = =
rastoc ‘/solvent MMeOTf ‘ (100 - CMeOTf)

(3.1)

with Viorwent and psoivent @s the volume and the density of the solvent. Note the difference between
cmeorf and Cpre+ stock With respect to their units: While, for practical reasons, careory is given in wt%,
CMe+ stock has the unit [mol/ecm?]. Considering z and y for careory of the stock solution (1 wt%) and
the host matrix solution (0 wt%), respectively, one could prepare a host matrix formulation spiked with

cmeorf of z wt% using the calculatin according to Pearson’s square:

JJ\Z iy
y/ \x—z

The necessary parts of stock solution and host matrix solution are given by z —y and = — z, respectively.

Referred to a total initial weight of the host matrix formulation of 3 g, this results in:

3-(z—
Mstock = Jf—yy)
3-(x—2
Mhost = 1('—y) (32)

Mstock and mypes: denote the necessary initial weights in [g] of stock solution and host matrix solution,
respectively. My.csin, the amount of resin in my,s is thus given by the concentration of resin in the host
matrix solution (e.g. 2 wt% PMMA). For the positive photoresist the exact novolak content was not
available and thus m..s;;, could not be given. Assuming the solvents contain a negligible amount of alkali

ions, it is obvious that after solvent vaporization solely PMMA and MeOTf remain as a solid. cpje+ cqic
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denotes the concentration of the respective alkali ion in the remaining PMMA when applied as a host

matrix:
Mstock * CMe+,stock * Presin * Na

CMe*t,cale = (33)
Psolvent * Mresin

Tab. 3.5 lists the formulations used for experiments. For NaOTf formulations, an intrinsic cyq+ caret Of

9.48-10'® c¢m™3 is taken into account for PMMA?.

Table 3.5.: Host matrix formulations. The initial weights are referred to 3 g total weight. The scale (Sanatorius
analytical balance) had an accuracy of & 0.0001 g. cpe+ cqre 18 given in [em™]. careory for the host
matrix formulations is given in ppm per weight (= 10 wt%).

Host matrix solution cMeOTf [ppm] Mstock [g] Mhost [g] Myesin [g] CMe*,calC [Cm_s]
300 ppm LiOTf 0.0910 2.9190 0.0601 5.87-10"°
300 ppm NaOTf 0.0946 2.9164 0.0601 7.62-10°

2 wt% PMMA in acetonitrile 600 ppm NaOTf 0.1825 2.8205 0.0601 1.43-10%°
900 ppm NaOTf 0.2736 2.7314 0.0601 2.15-10%°
300 ppm KOTf 0.0910 2.9090 0.0601 7.62-10"°

9 wt% PMMA in anisole 900 ppm NaOTf 0.2730 2.7330 0.0601 7.62-10%°

Positive photoresist 900 ppm NaOTf 0.2815 2.8460 N/A N/A

3.1.2. Deposition of the host matrix

Prior to this process step, a thorough removal of possibly occurring dust particles or splinters from the
Si wafer substrate on the specimen (1 x 1 cm?) surface by means of purging with N, was necessary.

Deposition of the host matrix was done in two different ways:

(i) Putting one drop of the host matrix formulation centrally onto the specimen. Applied formulation:
900 ppm NaOTf in 9 wt% PMMA / anisole. The sample was subsequently pre-baked for 3 min at 60 °C
(in order to remove anisole), heated up to 190 °C within 1 min and subsequently kept at this temperature
for a 30 min bake-out. In a final step, an 80 nm gold (Au) layer ( 0.3 x 0.3 mm) was deposited onto the
host matrix (description see below). Due to the convex apearance of the resulting PMMA host matrix,

a resonable determination of the host matrix thickness was not feasible.

(ii) Spin coating at room temperature for the fabrication of thin films of host matrix on the specimen

surface. Applied for all 2 wt% PMMA / acetonitrile formulations according to Tab. 3.4 and for the

I The unit [cm3] represents [at/cm?3] and [ions/cm?], respectively.
The quantity of 30 ppm per weight NaT has been measured in 2 wt% PMMA in acetonitrile by means of flame atom
absorption spectroscopy (F-AAS). A confirmation of this is given in section 5.1.3.
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positive photoresist. In the following the important settings and aspects of the spin coating process are

described.

60 pl of the host matrix formulations as given in Tab. 3.4 were spin coated onto the specimen, assigned

to investigations. The settings and post-treatments for the respective host matrix formulations were

o 2 wt% PMMA in acetonitrile formulations:

Ramp: 5 s to 3000 rpm; dwell: 28 sec

e Positive photoresist:
Ramp: 5 s to 600 rpm; dwell: 18 sec = Ramp: 5 s to 900 rpm; dwell: 5 sec = pre-bake: 60°C, 3

min = bake-out 100 °C, 30 min

The amount of PMMA in acetonitrile of course governed the layer thickness, due to increasing viscosity
of the host matrix solution with increasing PMMA content. Fig. 3.3 shows this dependency as measured
by means of ellipsometry!. Higher PMMA contents than 4 wt% were not applicable by spin coating at
RT. For the positive photoresist, a layer thickness of ~10 um was estimated by shifting the focal plane

during light microscopy (Olympus BX 60 using an objective with 100x magnification).

Subsequent to spin coating, a 40 nm Au layer (0.8 x 0.8 cm?) was deposited onto the sample in a centered
fashion, using a sputter mask. This was done by means of Ar induced plasma deposition using a BAL-
TEC MED 020 system. The settings were: sputter current 60 mA, sputter time 64 s (For the 80 nm Au

layer the sputter time was increased to 128 s).

As a final preparation step before application of B-T stress, excess host matrix material was removed
from the vicinity of the specimen edges. The purpose was to avoid conducting paths and thus leakage
currents between the deposited Au electrode and the n-doped Si substrate during B-T stress. For 2
wt% PMMA in acetonitrile formulations the 1 mm strip between Au electrode and specimen edge was
cleaned via acetone treatment. For samples with positive photoresist as the host matrix, thin adhesive
strips (0.5 pm width) were attached on two opposed specimen edges prior to spin coating (Note that the
adhesive strip had to be stable up to 100°C). Subsequently, the strip was removed providing access to

the specimen surface as necessary for conductive surfaces (see section 3.2).

3.2. Bias-temperature stress

The application of a DC bias voltage Viiqs at a constant temperature (bias-temperature (B-T) stress)

was the basic approach to transfer mobile ions from the host matrix to the underlying material layer, i.e.

I Instrument: Plasmos SD 2300
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Figure 3.3.: Dependency of the spin coated host layer thickness on the PMMA content of the host matrix
solution. The data are average values of 4 - 5 ellipsometry measurements. Deviations from these
data are commented in the respective sections.

the mobile ion incorporation step. In the following the B-T stress approach will be described for Na™

incorporation:

The sample was placed in a thermo-chuck (Eurotherm 3200) enabling temperature control via a power
supply unit (Voltcraft® DPS-4005 PFC) combined with a thermocouple integrated in the thermo-chuck.
Since the thermo-chuck was aligned for the use in a temperature range > 400 °C, the temperature on
the supply unit display had to be corrected for temperatures < 200°C. This was done by placing
a thermocouple directly onto the sample surface. In general 30 + 5°C were subtracted from the given
temperature on the display, in order to receive the actual surface temperature on the sample. Application
of a bias voltage was feasible using a source meter unit (SMU; Keithley 2611A) for the simultaneous DC
application and current measurement. The sample was connected to the SMU via tungsten (W) electrode
needles (bent, in order to reduce the pressure on the deposited Au layer) attached on micro-manipulators
(manufacturer: Karl Siiss, Germany). Dependent on the character of the sample top layer (insulating or
conductive), contacting was carried out as shown in Fig. 3.4, in order to achieve a plate capacitor-like

sample setup.

e Insulating top layer:
The sample was placed onto a thin copper (Cu) disk (& 1.5 mm) in a centered fashion, with a direct
electric contact between Cu and Si backside metalization. One electrode could thus be attached
onto the Cu disk, just next to the specimen. The second electrode was attached to the Au layer.

This configuration enabled the generation of an internal electric field acting in the host matrix and
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the insulating top layer. Thus, the voltage dissipated within these two layers. Due to the highly

n-doped character of the Si substrate, its resistivity was taken as negligible.

e Conductive top layer
One electrode was attached to the bare surface of the sample. The second electrode was again
attached to the Au layer. Thus the Vj;,s dissipated within the host matrix, and an electric field

was generated therein.

(a) (b) Vbi,as_h__ll

+
_“__ ‘/bias

Figure 3.4.: (a) Setup for B-T stress on samples with an insulating top layer (respresented by the blue rectangle).
(b) Setup for B-T stress on samples with a conductive top layer (represented by the gray rectangle).
The host matrix and the Au electrode are marked by a red and golden rectangle, respectively.

B-T stress was controlled via Java Lab Software, version 0.991, DC Pot/Gal (©Uwe Traub, MPI Solid
State Research, Stuttgart, Germany). A SMU background signal of 0.1 pA for the measurement setup
was taken into account. Fig. 3.5 shows a typical current characteristic obtained by potentiostatic B-T
stress application for samples with an insulating top layer. Note that for this sample type an initial
electric current I due to capacitor charging has to be considered, due to the character of the sample
setup, resembling plate capacitor:

‘/bias ex (7 )
r “PURC

= (3.4)
with R and C as the resistivity and capacity of the sample setup as given in Fig. 3.4(a). ¢ is the application
time of B-T stress. The capacitor charge up characteristic was acquired by a sample setup without host

matrix, i.e. the 0.8 x 0.8 cm? Au layer was directly deposited onto the insulating top layer.

Subsequent to B-T stress, samples had to be prepared for physical analysis of the top layer by means
of ToF-SIMS. Using a lift-off step (stripping), the host matrix had to be removed by ultrasonication in
acetone for 30 s. If necessary, the samples were eventually rinsed with distilled HoO (MilliQ 18.2 2/cm).

A purge with Ny finalized the lift-off step. For samples with an insulating top layer, the surface was
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Figure 3.5.: Typical current characteristic during potentiostatic application of B-T stress (shown by the red
curve). The blue curve shows the electric capacitor charging of the same sample, with an approxi-

mately one magnitude lo

wer current response.

fully covered with a 40 nm thick Au layer (again by Ar-induced plasma deposition) to enable ToF-SIMS

analysis (discussed in section 3.3.4).

3.3. Time of flight - Secondary ion mass spectrometry

Physical analysis was necessary, in order to determine the distribution of mobile ions, that were trans-

ported during B-T stress of the fabricated samples. Thus, the analytical approach had to fulfill several

tasks:

e Unambiguous physical identification of elements and molecules

Possibility to acquire in-depth

Capability to map elements and molecules in lateral distribution

information

Quantification of identified elements and molecules of interest

e Low detection limit in order to resolve traces of mobile ions within the investigated material layer

e Possibility to analyze both insulating and conducting materials

Summarizing these points, time of flight - secondary ion mass spectrometry (ToF-SIMS) was chosen as

the analysis technique for B-T stres

sed samples. Since this technique exhibits outstanding importance

for this thesis, this section will give an insight into ToF-SIMS.
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3.3.1. Principle

Many surface sensitive analysis techniques use a primary physical reagent (electrons, x-rays, ions, ...)
interacting with the sample surface, thus causing different type of reactions from different depths of origin
(backscattered ions, x-rays, electrons, secondary ions, ...). This can be utilized to get qualitative and
quantitative information from the sample surface, with the surface sensitivity as an important parameter
for the various techniques. From a phenomenological point of view, SIMS is the analysis of secondary
ions arising due to bombardment of the sample surface with primary particles (ions or neutrals). In the
following this procedure will be briefly discussed up to the detection of secondary ions and the information
that can be gained from them. A complete overview of all aspects of (ToF-)SIMS is given in Ref. [54]
and [55].

Accelerated by a voltage in the keV regime, primary ions impinge on the sample surface and cause
collision cascades in the near surface region! (Fig. 3.6(a)). During this cascade, the energy of the
impacting particle is transferred to particles in the target by conservation of momentum end energy as

e.g. given for one target particle:

! ’
mip - U1 = My -V + Mg Uy

1 2 1 2 1 2
5 MU= g —|—§~m2-v2 (3.5)

with m; and ms being the mass of the primary and secondary ion, respectively. v; is the velocity of the
impinging primary ion. 11,1 and 0/2 are the velocity of the primary projectile and the target particle after
collision. Neglecting other factors in a first approximation, mass and energy of the primary ions determine
the penetration depth of the collision cascade, also known as the altered layer or atomic mixing zone.
The spatial extent of collisions in the sample has been computed by different approaches (e.g. [56, 57]):
For projectiles used in SIMS the extent of region is typical in the nm regime. As a result of the collision
cascade a portion of particles, in particular at the sample surface, take up enough energy to overcome the
surface binding energy with adjacent particles within the sample matrix and thus escape from the sample
surface. The number of particles of any constituent sputtered from the surface per incident primary ion
is known as the total sputter yield Y;,; (For the sputter yield of a certain constituent A in the sample
surface one has to consider its concentration by Yi.: - ca) [55]. Most of these secondary particles are
of neutral character (Not taking into account secondary electrons). However, a small portion of these
recoils leave the surface in the form of secondary ions, both of positive and negative polarity, given by the

ionization probability a®(A). Depending on the element or compound, this is typically in the magnitude

L Tt is not intended to go in detail with the collision theory. Details are given in Ref. [55] and Ref. [54].
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of some per mill of the total amount of sputtered secondary particles of constituent A. The depth of
their origin is largely the topmost monolayer (i.e. some A), with an exponential decay for the amount of

secondary ions from deeper layers [54, 58].

(b) reflectron
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Figure 3.6.: (a) Collision cascade in the near surface region, as a result of primary ion bombardment (Marked by
black lines). Secondary recoils are produced, with a small portion of them present as secondary ions.
Particles from the topmost layer are marked by blue color. The spatial dimension of the collision
cascade is marked by a dashed line. (b) Schematics of ToF-SIMS analysis, from the generation
of primary ions to the acquisition of secondary ion mass spectra. Both schemes are adapted from
ION-TOF GmbH application notes and from [54], respectively.

The principle of ToF-SIMS relies on the use of very low ion current densities (in the nA regime and
below) impacting on the surface, by using a pulsing of the primary ion current with pulse widths of
some tens of ns in the time frame of e.g. 100 us. The damage on the sample surface per incident ion
is given by the damage cross section o, corresponding to the mean area where no further secondary ion
can be generated after impact [59]. o is a function of the sample surface properties and the primary ion
properties. Assuming a low primary ion dose density (PIDD) bombarding the analyzed area (e.g 100
x 100 pm), each impact is hence statistically on a virgin surface spot. According to definition this is
the case for PIDD < 1 % of the bombarded surface area (normalized to 1 cm? this equals to PIDD =
10'3 ions/cm?). This threshold is known as the static limit, hence the maximum PIDD to ensure static
SIMS analysis. Above this threshold, sample erosion statistically starts to occur; this regime is used for
dynamic SIMS analysis. ToF-SIMS typically is known as a static SIMS technique [54]. Consequently, the
amount of produced secondary ions is comparable low and the analyzer has to be very efficient. A ToF

analyzer fulfills this requirement.

By applied an extraction voltage, the secondary ions subsequently get collected by the analyzer as shown
in Fig. 3.6(b). Considering an angular distribution of the secondary ion trajectories after their escape

from the sample, this voltage has to be sufficiently high, in order to collect most of the secondaries of a
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certain polarity. The extracted ions, now accelerated to a defined kinetic energy Ey;, get mass separated

in the following electric field free drift path according to

m-v
2

Ekin == =ZzZ-€- Ua (36)
with m being the mass of the respective secondary ion, v its velocity and U, denoting the extraction
voltage. Note that there is also an energy distribution of sputtered particles and hence secondary ions
after the collision cascade [60]. Most of the secondary ions are singly charged, however, depending on
the element there may also occur a small portion of multiply charged ones. Accordingly, ¢ the time for a

secondary ion to travel through the given flight path L, is given by [54]

Ld m
t=—=Lg |7/ 3.7
v d 2-z-e-U, (3.7)

In modern ToF-SIMS instruments a reflectron type ToF analyzer with a 2 m flight path is used [61]
(see section 3.3.2). The advantages of a ToF analyzer in comparison to other analyzer types are a
high transmission and detection efficiency, a high mass resolution and the simultaneous detection of all
secondary ions of a certain polarity. Additionally, a dynamic range of up to seven magnitudes can be
handled. A single ion counting by means of a channel plate makes the detection of low secondary ion
currents feasible with high sensitivity, while maintaining an appropriate signal to noise ratio [54]. The
number of detected secondary ion yield of constituent A, divided by the number of sputtered particles
of constituent A at the surface, defines Y, (A), the useful secondary ion yield of A. This quantity is
governed on the one hand by a®(A) and on the other hand by f*(A), the transmission efficiency of the
ToF analyzer and the detector for constituent A (as given in eq. (3.8)). Typically, for a ToF-analyzer
f* is close to unity. Restricted by the so called cycle time, the time between two primary ion pulses
(e.g. 100 ps), the analyzer is able to separate and detect ions up to a maximum mass (given by L,
corresponding to the respective cycle time). As the next primary ion pulse hits the sample surface and
generates new secondary ions, the analyzer needs to blank out the remaining ions with longer flight times
and to restart the ion detection with the lowest mass (thus with hydrogen(H)). The detected ions get
converted into electrons, which get amplified and eventually enter a scintillator, in order to convert the
signal into light. A time-to-digital converter digitalizes the obtained information, that is visualized on
a computer in the form of ion flight time vs. ion intensity plots. An internal calibration enables the
transition into the common mass-to-charge ratio [u] vs. intensity [cts] plots (sometimes just given by

mass vs. intensity). The intensity of a secondary ion signal is the sum of all detected ions of a certain
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mass. This quantity is proportional to the abundance of the respective element or compound in the
analyzed sample (i.e. on its surface). Basically, this relation can be expressed by the fundamental SIMS

equation [55]:

IF(A) =21, Yigt-ca- Yy =21, Yips - ca-a*(A) - fE(A) (3.8)

with ¥ (A) the detected (positive or negative) secondary ion current of constituent A and I, the primary
ion current. For singly charged secondary ions: z = 4+1. [4, the detected intensity of constituent A in
a mass spectrum is thus the number of detected particles in a certain analysis time frame, i.e. I7(A)
integrated over time. Note that single ion count detectors encounter a problem concerning the detection
of multievents: If one assumes the recovery of a channel on the channel plate after detection of an ion
(i.e the dead time after an event) in the magnitude of some ns, there is no possibility to detect further
events within this time frame. Thus, the detected I*(A) is reduced for high secondary ion currents.
This problem has been solved by the so-called Poisson correction, i.e. mathematical postprocessing on
statistical laws [62]. However, the maximum intensity of a peak in a spectrum is reached, when each
channel on the channel plate has detected an event (i.e. the impact of a secondary ion). Therefore,
constituents within the sample appearing in comparably high concentrations will cause saturation of the
detector. As obvious from eq. (3.8), the saturation level is dependent on various parameters concerning
the respective constituent, with a®(A) as the most important. Regarding constituents exhibiting high
ionization efficiency (e.g. alkali metals) the upper threshold is typically in the one digit %-range. For
elements occuring in high concentrations, the detection of low abundand isotopes is therefore a solution to
avoid detector saturation. Determined by the single ion counting system, the detection limit goes down
to the 0.1 ppm range (Again dependent on the respective constituent). The range between detection

limit and saturation is the dynamic range of the detector.

3.3.2. Historical and technical facts

A short look on the history of SIMS

Based on the discovery of secondary ions in 1910 [63], the fundamentals of SIMS go back until 1949 when
Herzog and Viehbock built the first instrument [64]. Basically driven by the need for a microanalytical
technique to obtain spatial element information from H to U and the isotopic composition of extraterres-
trial material (In the beginning "space age"), Liebl and Herzog released the first commercially available

SIMS [65]. Thereupon, based on the design of the ion optics and the used mass spectrometers, variations
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of further developments became broader [66] [55]. Historically, SIMS instrumentation can be separated

into different concepts:
(i) Ton probe mass analyzers:

This concept was initially developed for trace analysis and depth profiling with a rather poor lateral
resolution from ~10 pym up to 3 mm and thus without imaging capabilities. Designed with bright
primary ion sources, i.e. using high primary ion currents (typically in the pA regime), these dynamic
SIMS systems were aimed to applications in the semiconductor industry, caused by the increasing demand
of a technique to acquire in-depth information of implantations, e.g. B into Si [67]. These systems used
single or double focusing magnetic deflection mass analyzers, but also quadrupole analyzers came into
play. The latter brought the advantage of compact and comparably cheap SIMS instruments for daily
routine analysis to semiconductor industry [55]. Parallel to these developments, a system using low
primary ion currents and a quadrupole analyzer was constructed; a surface sensitive technique was the
consequence: The first static SIMS instrument [68]. Caused by the generation of only a low current of
secondary ions, a crucial feature hereby was the change from the amplifying detector system, commonly

in use for instruments with high current primary ion sources, to a single ion counter.
Basically, ion probe mass analyzers are nowadays of minor importance and have only historical relevance.
(ii) Ion microscopes

These instruments enabled direct stigmatic magnified imaging of the analyzed area by means of secondary
ions on the detector system (e.g. a fluorescent screen), using a double focusing (by means of an electric
and a magnetic field) magnetic deflection analyzer. A high lateral resolution could be achieved and it
was thus possible to generate sample images in terms of lateral elemental distribution by the capability of
selecting a desired mass. Images of different selected masses could be acquired in a consecutive manner

and combined subsequently. Slodzian and collaborators were the pioneers in this field [69].

(iii) Ion microprobes using a primary ion beam, that rasters across the sample surface [70]. As for ion

microscopes, secondary ions were analyzed via a double focusing magnetic deflection analyzer.

With the rising commercial interest in SIMS instruments, many features of the mentioned systems have
been combined. Since quadrupole mass analyzers suffer from poor mass resolution (M/AM leq 1000)
as well as from low transmission, static SIMS systems were equipped with other analyzer types. Since
the late 70’s, the use of ToF mass analyzers have gained increasing importance, for the raising interest
on SIMS analysis of organic substances [71]|, commonly deposited on a solid substrate (e.g. Si) [72, 73].
This is due to the important features of ToF-SIMS instruments: An theoretically unlimited mass range,

a quasi-simultaneous detection of secondary ions up to a defined mass as well as a high transmission of
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the analyzer. These benefits have been attractive, as fragmentation of organic molecules occurs during
SIMS analysis of these substances. In the mid 80’s, the use of reflectron type ToF analyzers was a
further important step forward in terms of mass resolution (M/AM up to 10,000) [61] and towards the
commercialization of ToF-SIMS. Due to the high transmission of ToF analyzers, imaging capabilities by
scanning the primary ion beam across the sample surface area have been introduced for static SIMS
instrument: A full mass spectrum is acquired for every pixel of the selected raster (= scan) and, by
selection of the signal peaks of interest, a lateral mapping of these elements or compounds has become

feasible.

Primary ion projectiles

At this point a brief overview of primary ions for SIMS will be given. Tab. 3.6 lists projectiles that
have been used for SIMS instruments, with the emphasize on those of major importance for static SIMS
and thus ToF-SIMS instruments'. Until the late 70’s noble gas sources were the standard equipment,
because they undergo no reaction with the target surface, hence leaving the sample undisturbed [55].
Concurrent to collision cascade theory [74] the sputter yield of the incident projectile increases with
mass and energy, with the yield decreasing again for high primary ion energies, since implantation effects
begin to dominate. Throughout the history of SIMS, argon (in the from of Ar™) has been the most
prominent candidate for noble gas sources. Primary ion generation was feasible for instance via electron
impact or, resulting in high primary ion currents, a duoplasmatron (commonly used for dynamic SIMS
instruments). However, ArT™ was successively supplemented by projectiles that have been found to act in
an enhancing manner for the secondary ion yield: As theoretically described by the bond-breaking model
[75], a chemical reaction of electronegative primary ions as oxygen (Os") or nitrogen(Ns™) with the
sample surface causes severe enhancement of positive secondary ion yields to several orders of magnitude
compared to noble gas bombardment. Signal enhancements are basically reflected by an increase of
a®(A). The use of electron impact sources or duoplasmatron producing O, or O for the generation
of thin oxide layers at the sample surface has become a routine approach for SIMS instrumentation.
Alternatively, it is possible to provide Oy to the target by a separate stream. The use of cesium ions
(CsT) on the other hand has been shown to act in an enhancing manner with respect to the negative
secondary ions yield, as described by the electron tunneling model [76]. In terms of Cs' generation,
surface ionization sources have been applied with the advantage of obtaining a smaller spot size (down
to ~ 1um) than achievable by means of electron impact sources. A further advantage is the emission of

secondary ion from the surface in the form of cesides (including sputtered neutrals; M + Cs™ — MCs™),

! For details on primary ion sources it is referred to Ref. [55] and Ref. [54].
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as theoretically described by the recombination model [77]. Thus quantification has become simplified

due to a decrease of matrix effects [78].

Table 3.6.: Important primary ion sources and a survey of potential projectiles used for static SIMS and ToF-
SIMS. The commercially relevant projectiles are marked in bold letters. The duoplasmatron is
mentioned separately due to its importance for dynamic SIMS instruments.

Primary ion source Projectiles (primary ions)

Electron impact source ArT, Net, XeT, Krt, 021, Not, SFs T
Surface (thermal) ionization source Cs™, I", CgoT(H)

Liquid metal ion gun (LMIG) GraJr7 Au1_3+, Biy.,T(H)

Duoplasmatron ArT, Net, XeT, KrT, Oz, No ¥, CsT, O, T

Regarding high resolution imaging capabilities of ToF-SIMS using a primary ion beam that scans over
the surface in a defined field of view, the trend in the last two decades has been driven by the gradually
increasing demand for smaller spot sizes of the primary ion beam. This was important since e.g feature
size in the semiconductor industry became smaller and smaller and static SIMS applications in the field
of biology and bioengineering have gained increasing significance. Operating as a low current source for
static SIMS applications, liquid metal ion guns (LMIG; in literature the term LMIS for liquid metal ion
source can be found frequently) enabled primary ion spot sizes below 0.1 pm. Due to its low melting
point (29.8°C), the favorable flow properties in liquid state and the outstanding beam stability, gallium
(Ga) emitter have been become a standard for ToF-SIMS analysis, dominating the market for a long
time [79, 54]. In the 90’s the use of gold (Au) emitters (Using a Au/Ge alloy for decreasing the melting
point of Au to ~ 400°C) have been shown to yield a certain amount of polyatomic cluster ions (Aus
and Aus) in the LMIG emission spectrum [80, 81]. This improves the ion yield of molecules compared to
Ga™ projectiles, since the single Au particles in a Au cluster contains only a portion of the total cluster
energy (divided by the number of particles in the cluster) and thus the resulting impact energy per Au
particle causes a more gentle ionization mechanism. With respect to ToF-SIMS analysis of biomolecules
or polymers this has the consequence of lower molecule fragmentation and thus less complex mass spectra.
The properties of bismuth (Bi) have been found found to be superior in contrast to Au, since the possibility
to generate Bi clusters up to a cluster size of 7 and the additional possibility to condense doubly charged
clusters out of the primary ion current [82, 83]. Spot sizes down to ~ 0.1 um have become feasible under
certain conditions. Based on the need to further simplify mass spectra of organic molecules, the current
state-of-the-art in LMIG emitters is a combined Bi-Mn source [84] for the application of the G-SIMS

algorithm [85].
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Parallel to the LMIG as primary ion source, other polyatomic cluster sources have been developed. In
the late 80’s, the use of sulfur hexafluoride (SFg) for producing primary ions e.g. by electron impact
revealed for the first time that polyatomic projectiles have a benefit in terms of lower fragmentation
of large organic molecules [86, 59]. The use of buckminsterfullerenes (Cgg) have been shown to give
further crucial improvements [87, 88]. With respect to the used ion sources (Tab. 3.6), high primary
ion currents of these projectiles may be applied as primary ion source and for sample erosion. As the
latest development the use of Ar clusters with a cluster size up to Arjggp has been proposed in literature
[89]. Resulting in an effective impact energy on the sample surface of only some eV per Ar particle in
the cluster, almost no fragmentation has been reported with the additional capability to non-destructive

sample erosion [90, 91].

Dual beam depth profiling

15 - 20 years ago, ToF-SIMS was expanded by depth profiling capabilities, similar to dynamic SIMS. Since
the task of the primary ion source has always been the generation of secondary ions in the static SIMS
regime, a second ion gun have been attached to the instrument; the so-called sputter gun. Completely
separated from SIMS analysis, the aim of the second ion source is solely sample erosion using the so-called
dual beam technique [92, 93]. Sputter ions, accelerated to kinetic energies of 0.25 - 2 keV and bombarding
the surface by a continuous beam, are utilized for eroding a crater of dimensions slightly larger than that
of the SIMS analysis. Ionized by electron impact or surface ionization, typical sputter projectiles are e.g.
0,1, CsT or SF5™, thus signal enhancing effects for SIMS analysis must be taken into account. The low
energy sputter process enables a very gentle sample erosion, resulting in a depth resolution in the single-
digit nm regime, depending on the sample type and the surface roughness. For conductive samples, an
interlaced SIMS analysis <+ crater erosion approach has been developed for assuring a short acquisition
time for depth profiles [54]. Thereby, the sputter gun is operating between two primary ion pulses as
shown in Fig. 3.7. However, since insulating samples are prone to surface charging (discussed in section
3.3.4), these samples cannot be depth profiled in the same fashion. A strict separation of the primary
ion gun and sputter gun duty cycles is necessary, creating an alternating SIMS analysis <> crater erosion
sequence, in order to acquire depth profiles. This of course increases the acquisition time consequently.
Note that in SIMS analysis using dual beam depth profiling, Y;,(A) (the useful secondary ion yield of
constituent A in the sample) is reduced, since the amount of sputtered material is drastically increased
due to the sputter cycle and the effective transmission is reduced accordingly (the secondary recoils do
not get analyzed during sputtering). This is considered by Y.;¢(A), the effective useful ion yield of a

constituent A (Eq. (3.8)).
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sputter ion beam analysis ion beam analysis ion beam A

/—\ extraction field /—\

sputter ion beam

Figure 3.7.: (a) Principle of dual beam depth profiling in interlaced fashion as illustrated in Ref. [92]. SIMS
analysis and sample erosion is decoupled by using two separate ion beams. As shown in the timing
diagram, the sputter beam is off during primary ion bombardment, using a pulsed primary ion beam.
Subsequently the primary ion beam and the secondary ion extraction are turned off, the sputter
beam is eroding the surface and the next SIMS analysis is carried out at the crater bottom. A depth
profile is thus acquired by repeating this sequence numerous times. Note that during sputtering,
mass separation of secondary ions occurs in the ToF analyzer; SIMS analysis and sputtering is
interlaced in one duty cycle (here 100 um). Contrary to this methodology, insulating samples needs
a strict separation of primary ion gun and sputter gun duty cycles.

The dual beam approach enables, by selection of the signals of interest, the reconstruction of the respective
depth distribution by means of depth profiles [92]. Furthermore, a full mass spectrum and thus, in
combination with the imaging capabilities of ToF-SIMS, lateral element and compound distribution in
any depth with respect to the total sputter depth are accessible. By the combination of these possibilities

3D reconstruction and signal visualization is possible!.

The data output of ToF-SIMS depth profiling is given in intensity vs. sputter time. In order to receive
depth information, i.e. to convert the x-axis of the profile from time into depth, calibration is required.
This can be done by using one of the following quantities: (i) Sputter yield Y;,?, reflecting the number
of sputtered particles per incident sputter ion. (ii) Erosion rate V(M) (the notation is derived from the

German expression "Vorschub") of the sample matrix as given by

ISP'Mw(M)'Ysp
e-p(M)-Ny-A-n(M)

V(M) = (3.9)
V(M) typically has the unit [nm/s], i.e. the sputtered depth per second of sputtering. I, is the sputter
current, M, (M) the molecular mass of the sample matrix material, p(M) its density and N4 Avogardo’s
constant. A denotes the sputter area, i.e. giving the edge length of the squared sputter crater and n(M)
the number of atoms in a compound (for monoatomic substrates n(A) = 1). It is obvious that E,,, the
energy of the sputter projectile, does not appear in eq. (3.9), however, this value is indirectly present via

I, (The sputter current rises with increasing FE,). Values for Y, are listed in section 3.4.1 (Tab. 3.10).

Details on the different modes of a modern ToF-SIMS instrument are given in ION-TOF GmbH application notes
Note that here Y, is caused by the sputter gun during the sputter cycle, thus sample material that is not used for analysis.
Yiot as given in eq. (3.8) on the other hand refers to the SIMS analysis cycle.
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3.3.3. Used instrument

A TOF.SIMS® instrument, manufactured by ION-TOF GmbH (Miinster, Germany) was used for ex-
periments. The relevant features are listed in Tab. 3.7. The repetition rate of the primary ion source
determines the cycle time between two pulsed primary ion shots and thus the acquisition time of the

analyzer, which in turn determines the maximal detected m/z ratio (e.g 100 us — 880 u).

Table 3.7.: Relevant features of the TOF.SIMS® instrument The angle of incidence with respect to the surface

normal is 45° both for primary ions and sputter ions.

Component

Comiment

Typical operation conditions

Primary ion gun

Ion species
Repetition rate

Biy_7 T, mass filtered
10 - 50 kHz (= 20 - 100 1 s)

Bi; ", Bis™
10 kHz, 20 kHz

Acceleration voltage 25 kV

Emission current 1 pA

Sputter gun

Sputter ions 0.F, Cs™

Acceleration voltage up to 2 keV 0.25, 0.5, 1 or 2 keV

Other features

Analyzer

Extraction voltage
Reflection voltage
Detector post acceleration
Detector dynamic range

Reflectron type ToF-analyzer; mass reso-
lution up to m/Am = 10,000

up to 2 kV

Adjustable range: -200 - 200 kV

8.5 kV

10° - 107 counts (= cts)

2 kV
20 kV, 20 kV

e~ Flood gun e~ acceleration: up to 20 V; e~ current: 20V
up to 10 muA;
Gas valve auxiliary gases can be supplied to the sur- not in use

face (e.g. O21)

Dependent on sample type: 1070 - 1078
mbar

-130 - 500°C

Main chamber pressure

Sample temperature variation

For the primary ion gun, generally two modes were used for experiments [94]:

(i) In high current bunched mode (HCBU), two cross-overs of the beam along the primary ion optical path
enables the conservation of maximum beam intensity (DC: ~15 nA, pulsed: up to ~1 pA, dependent
on chosen Bi-cluster size). A bunching voltage compresses the primary ion pulse to a pulse width of
max. 1 ns. This explains the advantage of HCBU: The high achievable mass resolution of the ToF
analyzer and high Y;,, thus high secondary ion signal intensities. But this includes also some limitations:

The pulse compression induces an energy dispersion of primary ions, causing the ion beam focus on the

sample surface to appear not in a sharp point, but in a certain region along the primary ion beam axis.
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Due to this fact and additional distinctive coulomb repulsion by means of high primary ion density in the
bunched ion pulse, a comparable poor lateral resolution of generated secondary ion images is achievable

from the sample surface (~1 um at its best).

(i) In burst alignment mode (BA), one beam cross-over is generated in the primary ion optical path and
the pulse with of the chopped primary ion package is not compressed. The advantage of BA lies in the

obtainable lateral resolution (~0.2 ym at its best), however with the drawback of a poor mass resolution.

A sputter gun, operating with DC (up to ~600 nA, depending on the sputter ion species and accel-
eration.) was attached for dual beam depth profiling. Note that, since all presented ToF-SIMS depth
profiles contain signals of positive secondary ions, O™ was generally used for sputtering. Additionally,
the instrument was equipped with a secondary electron detector, in order to enable the acquisition of
secondary electron images, corresponding to the chosen field of view for primary ion bombardment. A
low energy electron flood gun could be utilized for charge compensation for the analysis of insulating

samples.

3.3.4. ToF-SIMS analysis of insulating samples

A major obstacle, commonly encountered in surface analysis by an ion beam or electron beam, is sample
charging. ToF-SIMS analysis of insulating samples thus suffer from this problem as well. Considering
a connected current circuit including a primary ion gun, a electron gun (discussed later) and a target
sample, the incident currents arising from the primary ion beam (I,) and the electron beam (I.) on the
one hand and I, the current through the insulating target, on the other hand have to fulfill Kirchhoff’s

first law according to [95]

I=1, (z+6") - I.-(1—~%) (3.10)

assuming I, = Ij for single charged ions (2 = 1). 67 and 4T are effective secondary ion yields arising
from primary or sputter ion and electron bombardment, respectively. The sum of all incoming and
outgoing currents in eq. (3.10) with their respective polarity has to be 0. Secondary ion currents have
been neglected in this comparison,due to their low quantity. Contemplating an insulating sample as
electrically represented by a resistivity and a capacity in parallel (RC circuit), I causes a capacitor
charge up with the maximum achievable charge on the sample surface. Thus the arising voltage V in
the insulator governed by the resistivity in by means of Ohm’s law (eq. (2.22)) [95]. Sample charging
can be of positive or negative polarity, dependent on whether I, or I. is dominating in eq. (3.10) and

on the magnitudes of 57 and y7. The latter is important, since a secondary electron leaving the sample
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surface produces a positive charge in the insulator, that contributes eventually to the charge induced by
the primary ions. In ToF-SIMS analysis, where secondary ions are produced with a primary ion beam
of positive charges, ¥7 due to electron bombardment can be omitted in eq. (3.10). Analog, 67 can be
omitted for SIMS related techniques using electron beams for signal generation at the sample surface
(e.g. Auger electron spectroscopy AES, scanning electron microscopy SEM, electron impact desorption

ESD ...).

In an exemplary static SIMS study of poly(tetrafluoro ethylen) surfaces [96], a surface potential of 10% -
10% V was theoretically achievable. However, due to surface discharge, this value was practically never
reached, potentially resulting in fluctuations in the magnitude of sample charging. This inherently causes
severe limitations and artifacts in the obtained measurement data. Adapted from [97], Tab. 3.8 gives a

survey of typical implications of sample charging during ToF-SIMS analysis:

Table 3.8.: Commonly encountered effects of sample charging of insulators on ToF-SIMS analysis. Not included
are effects due to the properties of surface charges as a potential barrier at the sample surface,
possibly reducing the secondary ion yield Y, (A).

Effect Explanation

Peak shift

Reduced lateral image resolution, peak broadening

Signal reduction up to complete loss of signal

Change of the original depth distribution

Alteration of the effective extractor potential. Fg;, of
secondary ions after extraction changes (Eq. 3.6) causing
a different ion flight time in the ToF analyzer (Eq. 3.7)
Disturbance of emitted particle trajectories (beam defo-
cusing)

Caused by alteration of the effective extractor potential,.
FElin of secondary ions varies and may be out of the ToF
analyzer reflectron acceptance. Partial sample charging
of heterogeneous samples may also lead to such effects
[96]

Mobile ion migration: Sample charging causes mobile
ions within the insulator to migrate away from (or to-
wards) the sample surface, depending on the polarity of
sample charging

Ref. [97] summarizes counteraction for sample charging. In the following, the common approaches

to handle the mentioned effects during ToF-SIMS analysis using positively charged primary ions and
sputter currents are discussed. In such cases sample charges typically have positive polarity and appear
in a heterogeneous fashion. A successful combat or handling of surface charging is reflected in low
fluctuations in the total detected secondary ion current, and thus in stable signals within the obtained

mass spectrum.
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Low energy electron flooding

Taking into account eq. 3.10, positive sample charging is encountered both when a positively charged
primary ion beam or sputter beam irradiates the surface and when secondary electrons are produced
(indicated by 67 and 47). Due to the pulsed character of the primary ion beam, its contribution to
sample charging is negligible in comparison to the DC sputter beam. An auxiliary electron gun with I,
is utilized to compensate appearing charges prior to static SIMS analysis. According to eq. 3.10, v7 has
to be < 1, in order to effectively provide negative charges to the sample surface and hence to enable the
compensation effect. In order to guarantee this, the electron energy preferably has to be very low. This
has the additional advantage of a negligible damaging effect on the sample surface. A detailed description
as well as the timing of this so-called electron flood-gun is given in Ref. [96]. Operation is carried out
in pulsed mode while the extraction voltage of the ToF analyzer is off, in order to avoid extraction of
electrons when negative secondary ions are analyzed and acceleration of electrons to higher energies when

positive secondary ions get extracted.

Deposition of thin conductive layers onto the insulating surface

In dynamic SIMS analysis, approaches have been applied that use a diaphragm or a conductive grid placed
on the sample surface, which acts as a primary ion bombardment induced electron source or electron sink.
For instance the use of a tantalum (Ta) diaphragm has been reported to compensate positive charges
on insulating surfaces [95]. However, the disadvantage of such approaches in static SIMS analysis is the

uncontrolled induced surface contamination.

For the use in ToF-SIMS depth profiling, this contamination issue would solely affect the first scan. After
the first sputter cycle the acquired mass spectra are free of contamination. Deposition of a conductive
layer hence does not inherently alter the resulting depth profile; the respective signal of this layer vanishes
when the actual sample surface is reached. Furthermore a conductive layer electrically connects the sample
holder, set to ground potential, with the vicinity of the eroded crater, accelerating charge compensation.
Furthermore as for diaphragms or grids on the sample surface, the conductive layer serves as an additional
electron source. The use of conductive layers for the analysis of insulating surfaces is also known for other

SIMS related techniques (e.g. Au or C layer for SEM).

Considering the sample set-up for the experiments in this thesis (Fig. 3.4), a Au layer has been deposited
by default, serving as contact electrode for the application of B-T stress. This Au layer was utilized as
conductive layer for counteracting sample charging during ToF-SIMS depth profiling. Fig. 3.8 shows the
difference of signal stability due to surface charges on a SiO, surface without and with coverage with 40

nm Au. The signal in the spot vicinity immediately recovered its full intensity in the 100 x 100 cm? field
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of view. Without Au layer, it takes approx. 5 min until the signal returns to the intensity present before

a ~0.5 s sputter ion pulse was shot onto the surface.

50 pm —i50um 50 pm 50 um . —50pm

Figure 3.8.: Effect of Au coverage on an insulating SiO» surface on signal recovery after 0.5 s sputter ion
bombardment (beam spot size on surface ~50-70 pm), as indicated by secondary ion (SI) images
(total secondary ion intensity): (a) 40 nm Au layer on SiO2. Image immediately taken after sputter
ion bombardment. SI images taken without Au layer on SiO» after (b) 1 min (c¢) 2 min (d) 3 min
(e) 5 min.

Adjustment of the reflecton voltage

After extraction, Ey;, of secondary ions for each mass-to-charge ratio after extraction (given in eq. (3.6))
exhibit a certain distribution. Separating secondary ions solely by an electric field free drift path would
result in signal peak broadening in the mass spectrum and thus in a poor mass resolution. A reflectron
type ToF analyzer enables the compensation of energy dispersion within the analyzer flight path by
using a two-stage ion mirror [61]. After an electric field free drift path and a retarding path, an ion
mirror, adjusted at a defined potential (reflection voltage), reflects the secondary ion beam by almost
180° towards the detector; energy focusing is the result. The drift length into the ion mirror is governed
by Fiin, causing a slightly prolonged drift length for ions with higher E};, than given by Ly, the nominal
length of the flight path. After a second electric field free drift path toward the detector, all secondary
ions of a certain mass-to-charge number ratio get detected simultaneously, irrespective of their Ej;,.
The reflectron voltage (typically 20 V or -20 V, dependent on the polarity of the secondary ions) hence
determines the ToF analyzers acceptance of additional Fy,, thus working like a low-pass filter. Ions
with too high Fy;, get canceled by the ion mirror and cannot contribute to the detected signal intensity.
Sample charging would result in a drastic increase of the extraction voltage U, and thus an inherent
offset of Ey;, is given. The reflectron voltage of the ToF-SIMS instrument can be regulated between -200
and 200 V. An increased energy acceptance may compensate fluctuations in Ey;,. However, although
signal intensity can be maintained in the presence of sample charges, very high mass resolution cannot

be achieved.
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3.3.5. The ToF-SIMS quantification issue

Based on the detected raw-data, the directly plotted output results of ToF-SIMS measurements are:
e Mass spectra — intensity vs. mass-to-charge ratio
e Depth profiles — intensity vs. sputter time

e Secondary ion images: Intensity maps, detected intensity digitalized by 8-bit color depth — color

(or grey) scale in 256 increments.

Thus, ToF-SIMS cannot provide direct quantitative information on element or compound concentrations
present within the sample (surface). Eq. (3.8) gives the correlation between intensity and concentration
of a certain component, with some typically unknown quantities (e.g. a®(A)). A survey of quantification
algorithms based on physical models or phenomenological aspects is given in [55]. In this thesis the
quantitative interpretation of ToF-SIMS depth profiles is of high importance. Thus, this section will

concentrate solely on this aspect.

A linear relation between concentration and I*(A) can be assumed for elements (and the respective
isotopes) or compounds of low abundance within the probed surface area (< 1 %). This range is typically
met by the dynamic range of secondary ion intensities T4 in ToF-SIMS instruments. Thus, eq. (3.8)

simplifies to (for the example of singly charged secondary ions)

IE(A)=1,-S, ca

IA:PIDD~SP-CA-A (3.11)

by considering S, (A), the instruments absolute sensitivity for element A (containing all instrument-related

parameters) [55]

SP(A) =a* (A) ) fpm(A) Yot (3.12)

Both expressions in eq. (3.11) are identical to the formalism in the fundamental SIMS equation (eq.
(3.8)). I, i.e. IT(A) integrated over a certain analysis time, is proportional to PIDD, the cumulated

I,, in this analysis time for a defined analysis area A.

A comparably simple phenomenological approach relates the absolute sensitivity of an element or con-
stituent A to the absolute sensitivity of a reference (usually matrix) element or constituent M of known
concentration cj; within the sample. One can then calculate the relative sensitivity of element A to

element M
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— S, (3.13)

Using the relative sensitivity S, 4 does not require the knowledge of I, and thus simply relates detected
secondary ion currents. If cp; is known, e.g. by taking into account a homogeneous matrix element
within the sample, c4 the concentration of element A (e.g. contamination traces) can be calculated by
considering M as internal standard. For depth profiles, however, the common methodology uses external
standards as reference (Either implantations of given dose (= fluence) ¢4 or homogeneous standards with

1

known c4) [98, 99, 54]. Using implanted standards the relative sensitivity factor RSF4 p' can be given

by

/I]\/['dl‘
RSFa = 4 !

7 d /IA-dJJ—/IBg-d.Z‘ f

with d a length quantity from the depth profile (e.g. sputter crater depth or thickness of a thin film

(3.14)

(see section 3.4.1), I4 the signal intensity of the chosen element to be quantified, I; the signal intensity
of the reference element within the sample matrix and Ipg the background of element A in the sample
not originating from implantation (but from e.g. surface contaminations). Commonly, the reference
signal is represented by the material of the implanted sample. However, it is usually advantageous to
choose a low abundant isotope (e.g. 3°Si representing SiO,), in order to avoid errors due to excessive
Poisson correction or even detector saturation effects (see section 3.3.1). f considers the abundance of
the respective isotopic within the matrix material. The intensities in the depth profiles get integrated
over a certain sputter depth (for sputter time to sputter depth conversion in ToF-SIMS depth profiles see
section 3.4.2), covering the implantation profile of element A. Thus, the integration limits in eq. (3.14)
have to be chosen accordingly. For thin films, the layer thickness can be used as integration limits. Since
the matrix and the measurement conditions of the external standard and the sample to be quantified
are the same, cjps is not considered in eq. (3.14). Using RSF4 a, and considering the linear relation
between c4 and I4 (see above), the intensity scale in ToF-SIMS depth profiles can thus be converted into
a concentration scale. Among numerous publication concerning SIMS quantification issues Wilson et al.
published RSF4 s values for all major elements of significant importance in various matrix materials

measured with both positive and negative polarity [100, 101, 102, 103]*. However, due to differences in

Note that S, 4 and RSF4 pr are related in a reciprocal fashion, due to the respective definition as given in [55] and [98].
For ToF-SIMS depth profiles, RSF4 s values are commonly is use for quantification.

The values published by Wilson et al. are determined using a CAMECA IMS-3f SIMS instrument using a magnetic sector
analyzer
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instrument specifications, tabulated RSF4 s values cannot be used for every type of SIMS instrument

[104].

Table 3.9.: RSFa, um according to eq. (3.14) for Na in different matrix materials as obtained by ToF-SIMS depth
profiling using implantation standards. The value for Na in the SiO» matrix has been obtained by
averaging over 3 implantations into SiOz with d = 100 nm, 200 nm and 400 nm, respectively. A
comparison to literature values from [100, 102] is given

Matrix material ~Reference signal M ¢4 [cm™] RSFyna [cm™] RSFnq . [em™]

(this thesis) (literature)
Si 30gj 1-10% 8.19-102%° 3.60-102°
SiO, 30gi 1-10% 2.99-10%' + 0.25-10% 4.00-10%*
SigNy 305 1-10* 2.67-10%* 1.00-10%!
AlSiCu 2TAl 8.75-10'° 1.09-10%? N/A

RSFnq n values for quantification of ToF-SIMS depth profiles in this thesis have been obtained using
external standards (here implantation profiles). The error in terms of reproducibility of depth profiling
on a standard accounts for a deviation of leq 5%, however, the error in terms of reproducibility between
several standards is leq 10%. RSFng, p from ToF-SIMS measurements deviate from the given literature

values by approx. factor 2 - 3.

3.4. Supporting techniques

3.4.1. Digital holographic microscopy

In order to gain informations on the sample topography during sample processing as indicated in Fig.
3.1, digital holographic microscopy (DHM) was employed (instrument: DHM R1000, Lynceé tecPM
Lausanne, Switzerland). It is not intended to go into the details of this technique, which is given in the
related literature (e.g. [105, 106]). Generally, complex holographic data arising from interference of an
optical beam wave, reflected from the object, with a reference wave are recorded by a CCD camera. By
means of numerical processing both real phase and real amplitude information can be extracted from
of these data, enabling the visualization of phase-contrast and intensity images from the sample surface
(an additional feature includes 3D reconstruction). The advantage of DHM lies in its excellent resolution
depth of theoretically below 1 nm. However, transparent samples or transparent layers on reflecting
surfaces may cause artifacts. This drawback has been faced recently by the development of appropriate

algorithms for numerical processing by implication of the involved materials refractive indices [107]. DHM
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surface phase-contrast and intensity images can be investigated on various parameters of interest. Two

of them are of particular relevance:

e Determination of the surface roughness as expressed by R,, the averaged roughness in a certain

field of view (here 500 x 500 pm).

e Crater depth measurement subsequent to ToF-SIMS depth profiling for determining Y;, (acc. to
eq. (3.9)).
DHM revealed R, = 15 + 5 nm after sample preparation, i.e. before B-T stress (see Fig. 3.1), depending
on factors as spin coating conditions of the used formulation (Tab. 3.5; e.g. due to variations in the
viscosity). Fig. 3.9 shows the sample surface appearance after sample preparation (by DHM and light

microscopy) with the typical features causing the measured sample surface roughness.

Figure 3.9.: Images of the vicinity of a ToF-SIMS sputter crater, showing the typical texture of the sample
surfaces due to spin coating. (a) DHM intensity image (field of view ~ 870 x 870 um). (b) Optical
light microscopy image. The scale at the lower left hand corner accounts for 500 pm.

DHM crater depth determination was important concerning the Si-substrate. The thickness of thin
material films, deposited onto Si was known a priori from the fabrication process at Infineon Technologies
Austria AG in Villach. Thus, considering the sputter time in the respective material during ToF-SIMS
depth profiling, V(M) could be obtained! and thus Y, via eq. (3.9). Tab. 3.10 lists values of Y,
ordered by respective sputter gun settings using O»™ as the sputter species, due to the relevance in terms
of positive secondary ion yield enhancement for mobile ion detection (see section 3.3.2). Obtained Y,
values have been compared to theoretical ones, gained from Monte Carlo simulations using the TRIM
(SRIM) code [57]* and the code according to Yamamura et al. [108, 109]|. Y, for SiOxNy and BPSG
can not be given, since the stoichiometry of these materials was not exactly known due to industrial

constrains. For these materials V(M) was directly used for x-axis conversion in depth profiles.

For instance assuming Isp = 254 nA (for Esp = 1000 eV) and A = 300 x 300 pm gives V(M) = 0.45 nm/s for Oz
sputtering in Si.

TRIM (Transport of ions in matter) is part of the SRIM (The stopping range of ions in matter) software; available at
https://www.SRIM.org
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Table 3.10.: Y, values, obtained at room temperature and averaged over 3 - 5 determinations, used for time
to depth conversion in ToF-SIMS depth profiles concerning different sample matrix materials. The
listed values according to E, for O»* bombardment at 45° angle of incidence, were chosen due to
their use in terms of ToF-SIMS depth profiles. SRIM simulation was carried out using FE,/2 for
choosing O as the sputter projectile instead of Os. SiO; is assumed as dry oxide

Matrix material Ej), [eV] Yop Yop Yop
measured SRIM  Yamamura
Si 500 0.53 £ 0.05 0.75 0.65
1000 1.38 + 0.08 1.14 1.07
500 1.01 + 0.09 1.32 N/A
SiO» 1000 2.32 + 0.04 2.14 N/A
2000 3.47 £0.10 2.79 N/A
SizNy 1000 234 +£0.10 2.42 N/A
AlSiCu 2000  1.04 +£0.07 N/A N/A

3.4.2. Impedance spectroscopy

This technique was employed for the following purposes:

e Determination of the sample capacity. Impedance spectroscopy could separate capacities from

different insulating layers within the sample stack.

e Auxiliary studies on transport processes within samples. Different processes, possibly contributing
to ion transport processes, could be separated. Insulating materials could be assigned according to

their contribution to the total sample resistivity.

Basically, electrochemical impedance spectroscopy measures the impedance of a sample by means of
probing it with an AC signal screened over a defined frequency range (f = 1-10% Hz - 1-10"" Hz). It is not
intended on this point to discuss details of this technique (e.g. given in [110, 111]); only facts regarding

data interpretation are of relevance in the course of this thesis. The complex impedance Z reads

Z2=2+j-2" (3.15)

with Z’ being the real part of the impedance and Z” its complex part. Commonly the notation for
Z includes the suffix (w) to account for the frequency dependence by w = 2 -7 - f, with w the circle
frequency. Here the impedance of parallel RC-circuits was of interest, since sequential material layers can

be represented by RC-circuits in series [112]. Z for a parallel RC-circuit is given by
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Z(w) = 1 _ R _j w-R*-C
%—i—jwu-C (w-R-C)?2+1 (w-R-C)22+1

(3.16)

Using a Novocontrol Alpha-A high performance impedance analyzer the AC input signal response got
recorded as a function of frequency. Expanded by a Novocontrol high voltage boost unit, AC amplitudes
of up to 200 V could be coupled into the sample. Impedance spectra were plotted by means of complex
impedance planes (Nyquist plots), i.e. -Z”(w) vs. Z'(w) as recorded for the defined frequency range. Z’
and Z” can be related by

Z'(w) €' (w)

tand = 725 = o) (3.17)

tan @ is the so called dielectric loss factor, relating the heat dissipated energy (given by €¢”(w), the complex
part of the permittivity) with the saved energy (given by € (w), the real part of the permittivity) within
the RC circuit. In Nyquist plots parallel RC circuits are characterized by a semicircle (Fig. 3.10), with
two important attributes as observable in eq. (3.16): (i) At low frequencies Z — Z’ = R: the intercept of
the curves with the x-axis represent resistivities R. (ii) w = Winq, at maximum -Z” (w) indicate capacities

C by

1

max — 1
w e (3.18)

For impedance spectroscopy the same experimental setup was used than for B-T stress (section 3.2), with

the signal source the impedance analyzer instead of a SMU.

—7" [0

7 [9]

Figure 3.10.: Scheme of a Nyquist-plot for a parallel RC-circuit (Adapted from [110]). The respective RC
equivalent circuit is shown separately.



Chapter

Investigation of mobile ion migration during
ToF-SIMS depth profiling

Among various measurement artifacts, that may appear during ToF-SIMS depth profiling (Tab. 3.8
lists the most common ones), mobile ion migration is of utmost significance for this thesis. Therefore, this
chapter is devoted to go into detail with this effect. Mobile ion migration is inherently connected with
the bombardment of an insulating surface with a primary projectile. Obtained Mobile ion distributions
in ToF-SIMS depth profiles are typically distorted and does not display the real distributions as actually
present in the insulating sample. If the investigated sample contains a thin insulating film, mobile ion
migration is even more pronounced. A discussion of a model proposed in literature gives an insight into

involved processes which are considered to release mobile ion migration in insulators.

Investigations on the temperature dependence of the mobile ion migration and its consequence for arti-
facts in ToF-SIMS depth profiles is a substantial part of this chapter. Thin films of different insulating
materials were investigated and assessed on appearing artifacts. In general, two scenarios were assigned

to experiments:

(i) Samples prepared for B-T stress application as illustrated in Fig. 3.1, with a host matrix formulation
containing careors = 300 ppm spin coated on the insulating film to be invesitgated. The only difference
was the deposition of the conductive gold (Au) layer: While for B-T stress application an area of 0.8 x
0.8 cm? was covered with Au, here a full coverage of the host matrix was carried out, in order to achieve
proper electrical contact to the silicon (Si)-back side metalization. This procedure is carried out prior to

ToF-SIMS depth profiling of thin insulating films by default.

(ii) Sodium (Na), implanted into silicon oxide (SiOz) of different film thickness with a dose of

dna = 1-10'* em™ (energy: 25 keV, angle of incidence: 7°). Thus a well defined Gaussian shaped
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implantation profile was given and mobile ion migration, here on the example of Na™, could be examined
systematically. Based on experimental data from this scenario, a mathematical model for data treatment

is proposed that enables the reconstruction of an artifact free Na distribution in SiOs.

4.1. Reasons for mobile ion migration

As discussed in section 3.3.4, insulating samples suffer from sample surface charges, prevalent of positive
polarity, arising from ion bombardment. In ToF-SIMS depth profiling, ion sputtering is the predominant
reason for this, since carried out using DC (I, in the magnitude of 10> nA), contrary to primary ion
bombardment (pulsed I, in the magnitude of 10! pA ). These charges may interact with positive charged
mobile ions within the sample, leading to migration effects. In literature, especially Na migration and

the connected artifacts have been reported (e.g. [113])

i BOMBARDING
(a) ‘ Si0; 10N (b)
Ec ~ [evV CONDUCTION BAND S=—— —

| +
Ar + —Si-O0 + Na

VALENCE BAND |
STRUCTURE

Figure 4.1.: (a) Band scheme of SiO> surface during ion bombardment as taken out of [114]. Each single
process and situation is explained in the text. (b) Release of Na® from interaction with SiO» by
neutralization of Ar" as sputter ion projectile.

In the 70’s the impact of positively charged ions on insulators and the effect on mobile ion migration
was investigated by several groups. McCaughan and collaborators proposed a mechanism, that involved
neutralization processes of the impacting ion at the insulator surface [114, 115]. Fig. 4.1 shows the band
scheme of an insulator containing impurities during ion bombardment. Two different situations may
occur when bombarding the surface with ions, having a high ionization potential E; (e.g. Ag™, NT or

N> ™) or ions having a low ionization potential (e.g. BT, Si* PT):
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(i) For ions with ionization potentials E7, this potential at impact changes to E; This changed value
is a function of the distance to the surface (E; = E,(z)), due to interaction with image charge effects
induced by polarization of the sample surface by means of the approaching ion. The ions of this class

exhibit

E, > Eg+ Ec (4.1)

with Fg being the energy band gap between valence and conduction band and E¢ the energy width of
the conduction band. According to eq. (4.1) several processes get energetically favorable. Transitions
1 and 3, as given in Fig. 4.1(a) are Auger transitions, including a "down" electron coming from a bulk
(1) or impurity (3) level, respectively. This requires excitation of a second electron (transition 4) into a
surface state level. If Ei is large enough, this second electron can be entirely excited into vacuum level.
Transition 2 arises from resonance processes without involving an electron excitation. The consequence
of these transitions is the neutralization of the impacting ion by electron transfer at the surface. After
this event, the ion travels further as a neutral particle. However, due to these transitions either holes are
generated at the surface of the bulk material or positive charged impurities arise as illustrated in Fig.
4.1(b). In SiOs, Na get released in the form of Na™, since there are no free electrons available to provide
another binding electron [114]. The positive surface charges, i.e the generated holes at the SiO, raise the
electric potential of the surface. With respect to a counter ground potential, an electric field evolves. As
shown in Fig. 3.1 the samples for B-T stress experiments in this thesis exhibited thin films of material
at a conductive Si-substrate. Thus when an insulator is present as a thin film (with the thickness up to
400 nm), already minor potential shifts at the surface induce huge electric fields, since the voltage drops
within a very small distance. These arising electric fields are the major driving force for inevitable mobile
ion migration from the surface towards the counter electrode, as represented by the ground potential,
where mobile ions finally accumulate. NaT, frequently appearing in high abundance, is very prone to
migration, since exhibiting high mobility in SiOs [116, 40, 117]. When the bombarding ion exceeds a
certain energy, the time spent in the surface near region is supposed to be very short due to the high ion
velocity [114], neutralization by Auger or resonance processes do not take place anymore and migration

does not occur. However these energies are rather high (e.g. 20 keV for Ar™).

(ii) Tons with values of Eo exhibit low ionization potentials and thus

E, < Eq + Ec (4.2)
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This implies that transition as present for F; class ions , cannot occur using F class ions, since transitions
as 5 are energetically forbidden. The consequence is that no neutralization will occur at the sample
surface and thus the ion travels into the insulator in charged state and no impurities (i.e. mobile ions)

get mobilized.

Sputter processes during ToF-SIMS depth profiling using both O™ and Cs* have been shown to belong
to ion bombardment with E; class ions. Thus, from these assumptions neutralization of the sputter
projectile and mobilization of mobile ions were expected. In literature, mobile ion migration have also
been reported for other surface analytical techniques using ion beams for analysis or sputter processes
as for instance X-ray photon spectroscopy (XPS) or AES (e.g. [118, 119]). In Ref. [120] the increase
of the non-bridging oxygen has been reported to be increased due to Ar™ bombardment, resulting from
hole generation as illustrated in Fig. 4.1(b). The big problem is that, according to the mechanism of
McCaughan and collaborators, neutralization processes occur directly during ion bombardment. Thus
all measures to handle with surface charges or to neutralize them as listed in Tab. 3.8 are not effective

in terms of mobile ion migration.

In Fig. 4.2 the effect of mobile ion migration is illustrated by means of a ToF-SIMS depth profile of a
Na implantation in a 100 nm SiO film on Si-substrate (the sample is shown in the second last step of
Fig. 3.1). This effect is well known in literature [121]. For reasons of comparison, the simulated Na
implantation profile is included (obtained by using SRIM [57]). The depth profile illustrate properly the
migration artifact as discussed above: Initially distributed in an Gaussian shape as given by the simulated
data, Na is localized entirely at the SiO5 / Si interface, due to Na migration during sputtering both by
using O»™ and Cs™ as the sputter species. This fact classifies both ions to the group of E; projectiles

[122].

Using the same sample, but without Na implantation, the magnitude of the surface potential was esti-
mated as generated by sputtering. The aim was to deliberately cause peak shifting due to the appearance
of positive surface charges originated from sputtering. The Au layer was removed by sputtering, in order
to uncover the SiOs surface. Subsequently, the surface was exposed to electron flooding for a few seconds
(acceleration 20 V). In order to visualize the peak shift effect on the example of the 28Si signal, the
following sequence was applied: Acquisition of a static SIMS mass spectrum with PIDD = 1-10*! ¢cm™
— Deactivation of the electron flood gun — 2 s O,™ sputtering — Acquisition of a static SIMS mass
spectrum with PIDD = 1-10'! cm™ (repeated 2 times in order to increase the signal intensity). The

result is illustrated in Fig. 4.3, with the spectrum calibrated in accordance to the first scan with activated

electron flood gun.
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Figure 4.2.: ToF-SIMS depth profile of a Na implant (¢na = 1-10** cm™) in 100 nm SiO» using (a) 1 keV Oo™
or (b) 1 keV Cs™ for sputtering. The signals Aus and °Si were added, in order to localize material
interfaces. The signal enhancing effect of O»™" is clearly pronounced.
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Figure 4.3.: ToF-SIMS mass spectrum acquired in static SIMS mode according to the sequence as described in
the text. The larger peak is the 2®Si signal at the expected mass. When sample charging occurred,
a second smaller signal arose adjacent to the first one, due to the appearance of positive charges at
the sample surface caused by the sputter process.
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It was found that the 28Si signal shifted towards higher values, when no electron flooding was carried
out after sputtering, assignable to the sample charging effect. Although generated with the 3 times
higher PIDD the shifted peak appeared magnitudes lower, corresponding to effects as listed in Tab.
3.8. Considering for the larger 2®Si peak m = 27.971 u and ¢ = 17755.2 ns and using eq. (3.7) one can
calculate a flight distance of the secondary 2®Si* within the ToF analyzer of Ly = 2.086 m. Expanding

and rearrangement of eq. (3.7) leads to

AU, = m - m (4.3)

t+At\? t\?
e )

with the second term being the defined extraction potential (here U, = 2 kV). Thus, At as readable from

Fig. 4.3 leads to an alteration of U, to 1998,87 V. This would mean a decrease of the extraction potential,
leading to a deceleration of the secondary ions. The characteristics of the peak shift towards higher masses
is in accordance with this, corresponding to an increase in flight time, which in turn corresponds to an
lower U,. However, positive surface charges accounts to an increase in U, in terms of the extraction of
positive secondary ions. The explanation for this is most probably an inherent offset, due to interactions
on the charged surface with the incident primary bismuth (Bi) ions, which get retarded and distorted in
the surface near region. The starting point of single ion counting in the detector is synchronized with
the primary ion pulses. If a retardation occurs, this offset may occur, leading to an apparent increase of
the secondary ion flight time. Despite this and due to the superior mass resolution in HCBU mode, one
would distinguish between magnitudes of sample charging. This experiment indicated sample charging

of some volts during the sputter cycle for ToF-SIMS depth profiling.

In literature, several approaches have been proposed in order to counteract mobile ion migration, with

the focus on Na migration:

e Magee et al. described a high energy electron beam irradiating the insulator surface in coincidence
with an Ar' analysis beam (using a dynamic SIMS instrument). It has been shown that a 2 keV
electron beam is necessary to produce an artifact free SIMS depth profile of a Na implantation in
a 500 nm SiO, layer on Si substrate [123], with a substantial contribution for charge compensation
assumed from secondary electrons, produced by the Ar™ beam. Lower electron beam energies did
not effectively counteract Na migration. The penetration depth of electrons within SiO» has to
match the SiO- film thickness, in order to avoid Na migration, and no conductive coating was
necessary on the insulator [124]. The aim of this approach is to render the SiO, conductive via the

electron beam. However, slight shifts in the Na implantation profile can not be excluded.
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e Distortion free Na depth profiles have been reported for dynamic SIMS, when a 5 keV Cs™ primary
beam was used (beam current: 50 nA) to analyze SiO» films on Si [125]. A thin conductive Cs™
film, as detected via XPS, was thought to be responsible for effective charge neutralization at the
SiO» surface. However, since Os™ acts superior for signal enhancement of positive secondary ions

(see section 3.3.2), the use of this species for sputtering in ToF-SIMS depth profiling is preferred.

4.2. Temperature dependence of mobile ion migration

None of the approaches mentioned in the previous section are practicable with the instrument used in
this work. Therefore an alternative approach has been considered, on the one hand in order to clarify
whether an artifact caused by mobile ion migration is present in the ToF-SIMS depth profile, and on the
other hand to suppress mobile ion migration as much as possible. Temperature controlled depth profiling
has been proposed in literature to reduce Na migration [121, 126, 113]. In the following this issue will be

discussed in detail, basically driven by two questions:

e Both mobility and diffusivity of ions within a solid substrate have an exponential dependency on
temperature (e.g. [40]; eq. (2.17)). Does a reduction of the sample temperature during ToF-SIMS
depth profiling cause a sufficient reduction of these transport processes, in order to acquire artifact

free depth profiles?

e What type of mechanism is connected with mobile ion migration? Does mobile ions migrate under
the influence of an generated electric field immediately throughout the insulating layer to the
next interface with a conductive layer or does mobile ion migration occur continuously with the

proceeding sputter front?

4.2.1. Mobile ion incorporation into a thin SiO; film

Mobile ion migration was encountered when samples, prepared for B-T stress experiments, were depth
profiled. Host matrix formulations according to Tab. 3.5 containing 300 ppm MeOTf were attached
on thin SiOs. ToF-SIMS depth profiling at room temperature (RT) using O2™ as the sputter species
showed different characteristics for various ions. Corresponding to the increasing ionic radius (Tab.
2.1), the distinctive tailing of the alkali signals towards the SiOs bulk decreased gradually (Lit —
Na™ — KT) (Fig. 4.4). Since, the insulating film was initially free of any mobile ions, the tailing for
alkali ions is unambiguously caused by mobile ion migration during ToF-SIMS depth profiling. Thus

mobile ion incorporation from PMMA into SiO, occurred during analysis. For Li™ and Na™ distinctive
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exponential tailing was observed, with major peaks at the adjacent SiO / Si interface. For K™ comparably
small amounts of ions were incorporated, with just a minor peak observable at the next interface. For
comparison, Mg?" did not show any significant tailing within SiO,! and no Mg peak at the adjacent
interface to to Si substrate. Changing the sputter ion energy did not alter the observed incorporation
characteristics as shown in 4.5 for Na. The use of Cs™ as the sputter species would not avoid mobile ion

migration. (Fig. 4.2(b)).
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Figure 4.4.: ToF-SIMS depth profiles of samples before B-T stress using different host matrix formulations
containing various mobile ions, obtained for a range of sample temperatures from 50 °C down to
-130°C: (a) lithium Li* (b) sodium Na™ (c) potassium K* (d) magnesium Mgt ™. All profiles were
normalized on the same, arbitrarily chosen 3°Si signal.

L An additional host matrix formulation containing 300 ppm magnesium triflate (Mg(OTf)2) in acetonitrile was prepared,
however exhibiting almost no solubility. This formulation is not included in Tab. 3.5
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There are some important features to be considered for RT depth profiles in Fig. 4.4:

(i) The depth resolution is comparably poor, as indicated by the rather shallow incline of the upward and
downward slope of the peaks. This is especially true for sputtering in PMMA, which is considered as a
soft material in comparison to SiOs and Si. This effect is obvious in Fig. 4.4(d), where the whole Mg**
dose is located at the PMMA / SiO, interface (caused by the poor solubility of Mg(OTf), in acetonitrile
and the thus arising precipitates in the host matrix formulation. Secondary ion signals, assignable to
PMMA (i.e. hydrocarbons) exhibited the same characteristics in terms of depth resolution. The initial
part of tailing until the slope of the exponential tailing changes in the log plots of Fig. 4.4(a~c) is therefore

also assigned to caused by the depth resolution (Properly observable for Lit).

(ii) Laterally, a homogeneous intensity was detected for each ion. This confirms a homogeneous distri-
bution of mobile ions within PMMA, at least as long the precursor compound is soluble in the used

solvent.

(iii) A distinctive fading of Li and Na was observed in the Si substrate. This is due to the sputtering
procedure, where the first few nanometers of Si were converted into SiO, by means of O, bombardment
[127, 128]. This means in terms of mobile ion migration the same situation was present as for SiO,, and
the Li™ and Na™, were transported towards the Si bulk, resulting in a shallow decay of the signal. Using
Cs™ as the sputter species would avoid his effect as clearly visible in Fig. 4.2(b) due to the absence of

the exponential tailing in comparison to the O™ sputtered profile in Fig. 4.2(a).
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Figure 4.5.: Na migration effect during ToF-SIMS depth profiling using different E, values for O» . For reasons
of normalization, the x-axis was converted into a depth scale. The positioning of the PMMA / SiO,
interface was difficult, due to the already mentioned poor depth resolution at this position.
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For mobile ions with small ionic radii (Lit and Na') the amount of ions accumulating at the SiOy /
Si interface could be remarkably lowered by successively decreasing the sample temperature, although
migration was still present. The reason is the reduced diffusivity of the mobile species within SiO,
according to eq. (2.17). Obviously, due to the larger ionic radius this effect is of minor relevance for K™
[129], where the characteristics of depth profiles acquired at RT and -130°C are roughly the same, as
illustrated in Fig. 4.4. The proof that mobile ions incorporated during ToF-SIMS depth profiling was
done in the following way: After acquiring depth profiles at various sample temperatures, the host matrix
was removed from the sample and subsequently Au deposited again. Depth profiling of this altered layer
sequence showed no mobile ion signals at all (Fig. 4.6). In summary, the answer for the initial question
of whether sample temperature reduction avoids mobile ion migration is: No, total avoidance of mobile

ion migration is not possible, barely a reduction of this effect by temperature reduction is feasible.
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Figure 4.6.: Mobile ion intensity when PMMA was removed from the sample (Here Na was chosen as the
illustrated signal, due to the highest abundance among mobile ions). No incorporation was observed,
hence the migration effect was proven to arise from sputter ion bombardment during ToF-SIMS
depth profiling.

On this point the second crucial question regarding the transport mechanism during mobile ion migration
arose. 35 years ago McCaughan et al. [115] suggested an immediate drift of Na™ to the SiO, / Si interface
by bombarding the surface with ions of the E; class. However, there is also the possibility, that mobile ions
drift with the proceeding sputter front. SRIM simulations gave a hint on the projected range of impacting
projectiles during the sputter process (Tab. 4.1). The double of these projected ranges coincides with
the in-depth range of the altered layer of disturbed sample surface composition as shown in Fig 3.6(a).
The topmost monolayer of a SiO» film, where the secondary ions during SIMS analysis mainly come from

[58], has a thickness of 0.20 - 0.27 nm [130], hence the altered layer due to sputtering has a much larger
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in-depth expansion for any value of E,,. In order to keep the altered layer due to primary ion impact as

shallow as possible, Bi3™ was generally used for the experiments, presented in this chapter.

Table 4.1.: Projected range R, for O2+ and Cs™, during bombardment of SiOs. For reasons of comparison R,
within SizNy for E,, = 1 keV has been added.

Target FEsp, [eV] R, (O3") [nm] R, (Cs") [nm]

SiO2
250 1.0 £ 0.6 23£0.6
500 14 +£0.38 29 £0.7
1000 22+13 3.6 £0.9
2000 3.3 +20 4.6 £ 1.3
SiaNy4
1000 1.4 +£08 2.7 £ 0.7

In order to detect the present mechanism of migration, depth profiling of the same sample as in Fig.4.4(b)
was started at RT and then stopped within the insulating layer. After reduction of the temperature to
-130°C, depth profiling was resumed. In Fig. 4.7(a), this measurement is displayed and compared to
depth profiles, carried out at constant temperatures. As the temperature dropped, the obtained profile
switched from the trend of the RT reference profile to that of the -130 °C reference profile. Hence, this
gives evidence for Na migration with the progressive sputter front. Performing this experiment vice versa

confirmed this statement (Fig. 4.7(b)).

From these cognitions one can conclude as following: Since the SiOs bulk beneath the altered layer
remains unaffected by O»™ impact, an interface is generated between the altered layer due to sputtering
and the SiO, bulk. This interface progresses dynamically in accordance to the moving sputter front. As
discussed in section 4.1, the Q™ sputter process both releases Na™ from its respective binding partner
and generates positive charges. This occurs at the sample surface. As a result during sputtering, Na™
migrates continuously towards the mentioned dynamic interface. This interface thus is then continuously
enriched with Na*. This statement is in good agreement with studies of Na migration in Si during Oy™
bombardment, where the sub-surface region of the substrate in the range of a few nm (approx. twice the
projected range of impinging O™ ions) was converted into SiO, by O, impact [128]. Thus a dynamic
SiOy / Si interface was created during depth profiling. As already mentioned, this effect explains the

tailing of the Na peak at the SiO» / Si interface towards the Si substrate as observable in Fig. 4.4(a,b).

As it will be presented later in section 5.1.1, the incorporation of Na™ from a NaOTf doped PMMA host

matrix into unaltered SiOs is energetically unlikely at RT despite an external voltage of Vj;,s = 20 V was
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Figure 4.7.: Temperature change during depth profiling of a 100 nm SiO» attached by a PMMA host matrix
containing 300 ppm NaOTf. (a) Start temperature: 20°C — temperature jump to -130°C. The
characteristics were checked by performing the temperature change at two different sputter depths.
(b) Start temperature: -130 °C — temperature jump to 20 °C.

applied (corresponding to £ = 2 MV /cm within a 100 nm SiO3). Accordingly, transition of Na™ from
the altered into the unaltered SiOs layer and Na™ transport therein would not be expected for sample

temperatures up to RT as applied in this work.

This mechanism and the reduced diffusivity of mobile ions at low temperatures explains the gradually
reduced sloping in Fig. 4.4(a,b). Generally, a mobile ion can only be detected when present in the first
monolayer. However when migration occurs this does not happen. The probability of a mobile ion to
remain in the first monolayer is higher when drift and diffusivity are decelerated, i.e. at low temperatures.
Therefore, a higher mobile ion intensity is expected for lower temperatures during migration through the
Si0, layer. In agreement to Tab. 2.1, the difference in sloping between various temperatures in 4.4(a-
c) is the more pronounced, the smaller the ionic radius of the mobile ion. An exponential tendency is
obvious, with minor differences below -70 °C. For K™ no significant difference in sloping can be recognized

anymore.

4.2.2. Mobile ion incorporation into a thin films of SiO.N, and SizN4

The cognitions from SiO, were compared to thin films of materials containing nitride compounds, in
order to investigate the influence of nitrogen (N) on mobile ion incorporation effects during ToF-SIMS
depth profiling. According to common standard procedures at Infineon Technologies Austria AG, the

films were produced with 400 nm thickness. The host matrix contained 300 ppm NaOTf and 40 nm Au
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was deposited as usual. The obtained ToF-SIMS depth profiles are compared in Fig. 4.8. It get obvious
immediately that an increasing nitride content within the insulator shows lower resistance against Na
migration. Compared to the permeable SiO film, the silicon oxynitride (SiO«xNy ) exhibited a remarkable
lower penetrating depth of Na™ within the insulator. Silicon nitride (Si3Ny) showed a negligible amount of
Na™, penetrated into the insulating film, with barely some counts in intensity fading out with progression
of the sputter front. Resembling observations for SiON, have been reported in literature [131]. For both
nitride containing films, negligible accumulation is observed at the insulator / Si interface, assignable to
a change of the sample matrix at this position and its consequences to an altered matrix effect. This led

to a slightly higher signal intensity compared to respective bulks of the adjacent layers.
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Figure 4.8.: (a) ToF-SIMS depth profiles of samples, prepared for B-T stress containing thin films (400 nm)
of either SiO», SiO.Ny or Si3N4 (Sputtering with 1 keV O4?). With increasing N content, the
susceptibility to Na migration and incorporation is reduced dramatically. Due to normalization,
the x-axis has been converted into a depth scale. The profiles were acquired at RT. (b) Molecular
structures of SizN4 and SiOs.

The explanation of the positive effect on Na migration is the increased stiffness, when nitride bondings
are introduced into SiOy successively. O in the SiOs molecule exhibits two covalent bondings to adjacent
Si atoms (Fig. 4.8(b), by means of two sp hybrid orbitals) whereas two non-binding orbitals (py, pz)
remain, yielding a rather flexible molecule with a Si-O bonding length of 1.61 A, with degrees of freedom
in rotation and vibration for the O atom. The SizN, molecule in contrast is a rigid stiff assembly of
atoms with 3 sp? hybrid orbitals making covalent bonds with adjacent Si atoms Fig. 4.8(b), leaving
just one non-bridging orbital (p,). This disables rotation within the molecule and vibration is hindered
severely. The Si-N bonding length has been reported with 1.71 A [132, 133]. The observed effects in Fig.

4.8(a) can be concluded out of the molecular structures. Mobile ions get transported via an interstitial
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mechanism, thus within SiO, vibration frequently opens pathways for these interstitials between the
single molecules, making the SiOs structure a very permeable one for mobile ion transport. Reduction of
the sample temperature, decelerates particle motions within SiO» thus reducing the ability for drift and
diffusion for mobile ions, with this effect dependent on the ionic radius (Tab. 2.1). This results in a lower
migration during ToF-SIMS depth profiling as already shown in Fig. 4.4. In nitride containing materials,
this permeability is not the case. The stiff character of the SigN, molecule impedes interstitial transfer.
The associated profiles in Fig. 4.4 did not show a change on temperature variation, which confirms this
statement. Besides having outstanding mechanical properties (e.g. stiffness, hardness, young’s modulus)
[134], its structural properties make Si3N4 a very prominent barrier layer for semiconductor devices. On
the other hand the resistance against crack propagation is worse than for SiOs. SiOxNy has an improved

protection ability against Na migration, however with a better crack resistance than SizNy4 [135].

Further investigations on these layers using B-T stress and ToF-SIMS depth profiling are presented and

discussed in section 5.3.

4.2.3. Mobile ion incorporation into a thin films of BPSG

A further material, that was examined for Na migration during ToF-SIMS depth profiling is boron
phosphosilicate glass (BPSG). For many decades, the use of phosphorus-doped SiO, have been known
to exhibit a getter effect against contaminations as mobile ions, in order to protect MOSFET devices
against Vy, shifts [136, 137]. Hence, the use of phosphosilicate glass (PSG) has been widely used in
device fabrication. There are different ways to produce a PSG layer, resulting in variations of properties
as mobile ion getter ability or film integrity [138]. Addition of B to PSG has advantages in terms of flow

properties for a proper planarization of the deposited getter layer.

Fig. 4.9 shows the temperature dependence of ToF-SIMS depth profiling of a sample comprising a BPSG
layer, attached by a PMMA host matrix (cyqors = 300 ppm). The specimen consisted of the sequence:
910 nm BPSG / 400 nm SiO«N, / Si substrate. Hence, Na transition at the BPSG / SiOxN, interface
could be examined. A distinctive variation in the Na migration behavior on temperature was detected

for the BPSG layer.

Up to -100 °C hardly any difference can be seen in the profiles. However, according to ToF-SIMS depth
profiles, the Na budget as provided in PMMA, was found after ~30 nm sputtering in BPSG roughly in
the form of a Gaussian peak. Different to Na migration in SiOy using 2 keV O™ for sputtering (Fig.
4.5), a comparable low intensity of Na™ was detected in PMMA. Since in Fig. 4.9 an additional upwards

slope can be observed in PMMA, it is conceivable that the provided Na™ was transferred by means of
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Figure 4.9.: Na migration into BPSG during ToF-SIMS depth profiling. In order to avoid confusion by too
many profiles in one plot, there are two depth profiles including the temperature ranges (a) -130 °C
- -40°C and (b) -10°C - 50°C. 2 keéV O»" was used as sputter species, in order to achieve a
reasonable erosion rate for the present sample. The intensities in the profiles were normalized with
respect to an arbitrarily chosen ®°Si signal.

Na migration into the underlying BPSG in a larger amount than for SiO,. Within BPSG the getter
effect seems to avoid further Na transport towards the BPSG bulk. With the onset at approx. -70°C,
an explicit Na migration effect can be observed in Fig. 4.9. With increasing sample temperature Na™

gradually accumulated at the BPSG / SiOxN, interface.

In Fig. 4.8, a ToF-SIMS depth profile is included, that indicated a minor effect Na migration at RT in
SiOxNy. This characteristic can also be observed in Fig. 4.9, with Na transition from BPSG into SiOxNjy,.
Note that the depth resolution in the two mentioned figures is different. This is caused on the one hand
due to the difference in E, during sputtering (1 keV vs. 2 keV). However, one has to consider a decrease
in depth resolution due to sample roughening after a long period of sputtering until the SiOxNy layer is
reached in a depth of > 1 ym. At temperatures > 20 °C, a second accumulation of Na™ at the SiOxN, /

Si interface can be seen, where finally the Na migration stopped and no further transition was possible.

Regrading the bulk of the BPSG layer, regions of gettered Na™ are visible in Fig. 4.9(b). Considering the
logarithmic scale of the y-axis, these Na™ accumulations were however of low magnitude in comparison
to the accumulation at the interface to SiOxN,. Additionally, the position of the gettered Na™ shifted
when the sample temperature varied. Obviously, BPSG is capable to getter some Na™ when migrating
with the sputter front during ToF-SIMS depth profiling. A reason for the appearance of Na™ gettered at

these certain positions in the BPSG bulk can not be concluded based on these measurements.
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It can be assumed that the deposited BPSG layer has a poor getter ability for Na™ provided in a quantity
of cyeory = 300 ppm. Further experiments with this sample type using B-T stress the assessment of the

examined BPSG and a respective discussion can be found in section 5.4.

4.2.4. Migration effects in Na implanted SiO,

Apart from incorporation mobile ion from the host matrix, the migration effect during ToF-SIMS depth
profiling has consequences on implantation profiles as well. In order to investigate this, Na implanted SiO5
films, deposited on Si and covered with 40 nm Au, were assigned to temperature varied ToF-SIMS depth

profiling. The implantation conditions were: ¢y, = 1-10'* cm2!

, energy: 25 keV, angle of incidence:
7°. Fig. 4.10 shows the typically obtained characteristics for Na implantations in 100, 200 and 400 nm
SiO,. The artifact, obtained at room temperature has already been illustrated in Fig. 4.2, with the
entire implanted Na found at the SiOy / Si interface due to migration. This effect is independent of the

insulating film thickness.

As temperature decreased (temperature steps: 30 °C), Na could be successively detected also within the
SiO, layer. Note that the chronology of profile acquisition was arbitrary without influencing the result.

During depth profiling of Na implantations in 200 and 400 nm SiOs two significant peaks arose:

(i) The maximum of the first peak with R, 1 (R, stands for projected range) corresponded to the simulated
implantation depth. For the present implantation conditions SRIM simulation gave the following R, (thus
the maximum of Na concentration according to the implantation conditions) for dry and wet SiOy with
subsequent addition of the 40 nm Au layer: dry SiO,: R, £ AR, — 90.33 = 21.15 nm, wet SiO,:
R, £ AR, — 93.35 £ 21.97 nm. Note that AR, gives the standard deviation of a Gaussian shaped

distribution.

(ii) The second peak with projected range R, . however shifted with increasing temperature towards
the SiO, / Si interface. No further shift could be observed when R, ~ 2.1 xR, was reached. The
pronounced tailing and the low intensity for the R, > peak made an accurate determination of R, . at
higher temperatures difficult. The resulting characteristics in the ToF-SIMS depth profiles resemble those

reported in literature [126] (obtained by quadrupole SIMS).

For 100 nm SiO, the layer thickness approximately coincided with R, 2, thus R, ; and R, » characteristics
could not be observed. Here the majority of Na was detected at the SiOs / Si interface even at low
temperatures (Fig. 4.10(a)). Thus, for the implantation conditions chosen in this work the thickness of

the insulating layer had to be at least 200 nm in order to exhibit a proper R, and R, characteristic.

I The unit for mobile ion dose is given in [cm2] representing [at/cm?] and [ions/2], respectively.
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Figure 4.10.: Depth profiles of Na implantations in (a) 100 nm (b) 200 nm and (c) 300 nm SiO3, deposited on
Si. Corresponding to Fig. 4.4(b), the migration effect during ToF-SIMS depth profiling is clearly
suppressed at reduced temperatures, revealing R, 1, Ry 2 characteristics. In order to compare
to an artifact free Gaussian shaped Na implantation, the SRIM simulated data (according to
the implantation conditions) were included. (d) Temperature change during depth profiling of
a 200 nm SiO- layer, confirmed the proposed migration mechanism with the proceeding sputter
front.
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In order to discuss the observed profiles, some thoughts on defect formation during implantation in
Si05 should be considered. Especially for electropositive implants (elecronegativity < 2.5) depletion of
oxygen by the implanted species has been found with the consequence of leaving Si-Si bonds [139]. The
stoichiometry locally changed from SiOs to SiO, 5. These silicon clusters have been reported beyond the
projected range of the implanted species R, £ AR, as well, accompanied by the occurrence of negative
bulk charges [140]. At the SiOs / Si there is the same situation, with instantaneous oxygen depletion
and silicon enrichment within a few nanometers. The getter ability of this interface is unambiguously
demonstrated by the migration artifact (Fig. 4.2). In other materials a relative maximum of the implanted
species beyond R, has been reported by means of SIMS depth profiling, which could be explained by the

so-called transR), effect [141, 142].

The appearance of R, sin the depth profiles of Fig. 4.10(b,c) may be attributed to the above discussed
effects. During implantation of Na in SiOs, clustering of Si as well as the appearance of negative bulk
charges may form getter centers in SiO, beyond R, ;. The driving force for Na transport in the form
of migration is the electrical field within SiO,, which arises during depth profiling as by sputter ion
bombardment (see section 4.1). The appearance of R,2 can now be explained by taking into account
the additional getter centers. Consequently, temperature influences the position of R, and hence its
shift with respect to R, . However, obviously corresponding to the range of Si clustering beyond R, 1
there is a maximum possible spatial shift length (until a depth of 140 &+ 2 nm; see Fig. 4.10(b,c)). Note
also in this graph the difference in the tailing characteristic of R, 2, which is less pronounced at low
temperatures. This again is in agreement with the decelerated Na migration at reduced temperatures
as mentioned in section 4.2.1 concerning mobile ion incorporation during ToF-SIMS depth profiling. In
this context it is evident, by comparing R, with the simulated Na distribution, that the R, peak is
the remainder of the respective undistorted, hence artifact free, Gaussian Na distribution with projected
range R,. Estimating the integrated intensity, i.e. the area of the R, ; peak in Fig. 4.10(b,c), a higher
percentage of Na remaining at R, ; can be observed at low temperatures. This can be attributed to the

suppressed Na migration.

Fig. 4.10(d) shows the depth profile of a Na implantation in 200 nm SiOs with the initial temperature
at RT and a subsequent decrease to -130°C at the position of the simulated R,. After the temperature
jump the Na distribution approached the trend for the profile detected at constant -130 °C, which is in
agreement to the profiles in Fig. 4.7. This supports the mentioned mechanism of Na migration throughout
SiOs, i.e. along with the sputter front. However, as for depth profiles at higher temperature, the above

mentioned maximum shift length of R, 2 could be observed in this profile. That means the R, o shift is
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more pronounced than in a profile acquired at constant -130 °C, which is obviously caused by the initial

RT sputter process.

4.3. Approach for the artifact free reconstruction of Na profiles

The findings and cognitions in the previous section initialized contemplations on a removal of the migra-
tion artifact by means of mathematical post-treatment of the obtained data. Thorough examination of
the profiles in Fig. 4.10(b,c) led to the fact, that no distortion of the Gaussian shaped Na implantation
profile, as simulated using the SRIM software, should occur, when the sample temperature would be at
0 K, i.e the absolute zero point for temperature. According to definition, the entropy of a system is
zero at 0 K and thus all particle involved in a system (here SiO, as the sample matrix and Na™ as the
migrating species) exhibits minimal motion. Vibration and rotation within SiOy does not occur in an
extent, necessary to open path for Na™ to get transported in an interstitial mechanism. Additionally,
translation of Na™ in any direction is minimal. At 0 K the processes drift and diffusivity are therefore

not possible.

Fitting the R, peak by a Gaussian distribution and extrapolation towards 7' = 0 K
As it is of course not possible to decrease the sample temperature during ToF-SIMS depth profiling to 0
K, the profiles, obtained for different temperatures, were assessed on their affinity to a Gaussian shaped

distribution (compare to the simulated profiles in Fig. 4.10(b,c)):

:1/=yo+\/2.?77.(72 -eXp(—%) (4.4)

with yo the baseline offset of the Gaussian distribution (taken as 0) and @ the area under the curve. p

denotes the mean of the distribution and o the standard deviation with respect to u.

Taking into account the R, » peak from the depth profiles in Fig. 4.10(b,c), the relation to a Gaussian
shape is obvious, when one keeps in mind that the slope towards the SiO2 / Si interface is affected by
the Na migration artifact. The R, » peak approaches the R, i peak by decreasing temperature with R, ;
remaining at the same position for any sample temperature. Corresponding to the initial contemplation,
at 0 K, where no Na migration occurs anymore, both peaks finally merge to a Gaussian distribution at
the position R, ;. Considering the approach of R, » towards R,, 1, the parameters describing the Gaussian
shape of the R, » peak extrapolated to 0 K should lead to an artifact free Na implantation profile with

the maximum at position R, ;. To achieve this the following procedure was applied:
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The front slope of the R, > peak towards the PMMA / SiO, interface did not exhibit an artifact due
to Na migration until R, 5 is reached. Thus a Gaussian profile could be iteratively fitted into this peak
using a data analysis software package (OriginPro 7.5G SR6, OriginLab Corporation, USA). The fitted

distributions for each temperature are shown in Fig. 4.11 at the example of the Na implantation in 200 nm

Si0s.
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Figure 4.11.: R, », iteratively fitted by a Gaussian distribution by taking R, > = p and considering the slope
towards the PMMA / SiOs interface as not affected by any artifacts from ToF-SIMS depth profiling.

Out of the fitted data the quantities describing the Gaussian shape could be extracted: (i) R, 2, the
maximum of the Gaussian fit (ii) Qg, ,, the area of the fitted R, o peak. (iii) o was accessible from
the fitted data. However, especially at higher temperatures, the accuracy of o was very poor due to the
low intensity of the fitted peak. The maximum peak height y. represented a more precise value, that is

directly related to o via

o= Q. (4.5)
(Ye —vo) V2 7

Yy is given by the maximum intensity of the Gaussian fit at position R, » in Fig. 4.11.

Obtained from depth profiles, acquired at different temperatures, these quantities were plotted versus
temperature and extrapolated to 0 K (Fig. 4.12). The extrapolated values were inserted as the necessary

parameters in eq. (4.4): R,2 — p; 0(y.) — 03 Qr,, — Q.
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Figure 4.12.: Extrapolation of parameters for the description of a Gaussian distribution. The data were obtained
from temperature varied ToF-SIMS depth profiling (Fig. 4.10(b,c)), showing the temperature
dependence of (a) Rp,2; (b) Qr, ., @~a; (c) yc. For reasons of comparison, SRIM simulated data
has been added. Note that the SRIM data was converted from concentration into intensity using
the appropriate RSFnq, M, extrapolated to 0 K.

Temperature dependence of RSFn, i

A subject to be discussed in the course of this section is the temperature dependence of the RSF' value
of Na in SiO;. Due to the different degree of the migration effect dependent on temperature, there there
is a different amount of Na migrated to and accumulated at the SiOy / Si interface (Fig. 4.10(b,c)),
where the matrix gradually changes to a Si lattice. Thus a different matrix effect occurs at this position
in comparison to the SiOs bulk, and the detected intensity decreased with increasing amount of Na at
the interface, thus at higher sample temperatures. As discussed in section 3.3.5, RSFn, v relates the
detected Na intensity (here termed by Qu,) to the detected 3°Si intensity, both integrated over the
SiO4 layer. If there is a change in @, due to matrix effects, it is justified that the resulting RSFnq

according to eq. (3.14) changes with temperature. This relation is plotted in Fig. 4.13.

By comparison with Fig. 4.10(b,c), the exponential fit is justified by a gradual decrease of Na accumulated
at the interface with reduced temperature, until at very low temperatures, the change in RSF becomes
negligible. Extrapolation to 0 K results in (incl. standard error of the fitting procedure and the coefficient
of determination R? from the exponential fits as measure of their accuracy): For Na implantation in 200
nm SiOz: RSFyq n = 1.21:10%! 4+ 0.33-102 em™® (R? = 0.9958). For Na implantation in 200 nm SiOs:
RSFna = 1.25:10%1 £ 0.18:102F em™ (R? = 0.9871). Using these values, the y-axis of SRIM simulated

profiles could be converted from concentration into intensity.

ToF-SIMS depth profile at 7' = 0 K
Apart from using @, ,, there is an alternative value for representing @ in eq. (4.4): Observable in Fig.
4.2 there is no transition of Na™ from SiO» into Si. Hence, the implanted Na dose ¢x, has to be constant

within the SiO, layer, in which the respective cumulated Na intensity @y, has to be detected. The
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Figure 4.13.: RSF factor for Na in SiO» as a function of temperature calculated using the 3°Si signal as reference
matrix signal. The data was acquired using a Na implantation in 200 nm SiO». The dataset was
fit by an exponential function of the form y = T4 - exp(—x/T) 4+ yo. Therein, 77 denotes a pre-
exponential factor and yo the general offset of the fitted function to the x-axis. RSFnq v at 0 K
is obtained by 11 + yo.

variation of the matrix effect at the SiO; / Si interface is mentioned above. Due to this effect and the
increased Na migration at higher temperatures ), varies with temperature and could be extrapolated
towards 0 K, in order to cancel out the changed matrix effect at the interface. The extrapolation is shown
in Fig. 4.12(b) in order to compare the result to the extrapolation of Qg,,. The lower the temperature,
the lower the effect of Na migration, thus the more Na could be detected in the R, o peak until Qg, ,
would match Qn, at 0 K. At higher temperatures (7" > -10 °C), however, a drawback is the pronounced
tailing by the Na migration effect, which made the fitting procedure less accessible. This is avoided by
using @ g, describing a constant value for ¢y, for each temperature. Thus the extrapolated @y, was

preferred for representing @ in eq. (4.4).

Tab. 4.2 summarizes all derived parameter describing the Gaussian distribution at 0 K, in order to provide
a comparison between the extrapolated data to the simulated data, data, showing the good agreement
of both distributions by means of a percental deviation both data sets (referred on simulated data). As
theoretically expected, without any contribution of Na migration the peak height in Fig. 4.11 would
reach its maximum value at R, corresponding to the simulated y.. Fig. 4.14 compares the extrapolated
Gaussian distribution of a hypothetical ToF-SIMS depth profile, obtained at 0 K, with the simulated
distribution. The y-scale of the extrapolated data has been converted from an intensity scale into a
concentration scale using the respective RSFn, y value, extrapolated to 0 K. Note that the deviations
in this comparison originated not only from the here described approach of data treatment. SRIM

simulations contain deviations as well, since this Monte Carlo based approach does not include electrical
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effects between particles in the collision cascade. For Na implantation in 100 nmSiO, film the here
presented approach could not be properly applied. The reason is that, as already mentioned in this

section, the respective depth profile did not exhibit a similar R, 1, R, 2 characteristics for the chosen

implantation conditions.

Table 4.2.: Summary of parameters, describing the Gaussian distribution of implanted Na in SiO». Experimental
values, extrapolated to 0 K by linear regression, are compared to respective SRIM simulated values.
The extrapolated values are given with the respective standard errors from linear regression. The
deviation of extrapolation from simulation is quantified by the difference in %. As a measure of
accuracy of the extrapolation, R? values are inluded in parenthesis.

SiO» thickness ~ Parameter Extrapolated value Simulated value Difference [%]
Rp» 93.82 + 2.88 (0.9905) 90.49 3.68
200 nm QnNa 197873 £ 3707 (0.9935) 201289 1.70
QR , 193216 + 14636 (0.9657) 201289 4.01
Ye 3217 + 111 (0.9921) 3705 13.17
Ry 85.08 =+ 3.18 (0.9924) 93.47 8.98
400 nm QnNa 233378 + 12326 (0.9636) 200219 16.56
QR, . 198271 £ 15467 (0.9632) 200219 0.97
Ye 3260 + 116 (0.9915) 3450 5.51
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Figure 4.14.: Comparison between the hypothetical Na distribution at 0K sample temperature, as obtained
by extrapolation, and the distribution as received from SRIM simulation. The 40nm Au layer,
necessary for ToF-SIMS depth profiling, has been subtracted in this graph. The extrapolated data
intensity has been converted into concentration values. (a) 200 nm SiO, and (b) 400 nm SiO».



Chapter

Mobile ion incorporation and transport in
insulating materials

The behavior of mobile ions in a sample setup as presented at the beginning of chapter 3 (Fig. 3.1)
under the influence of B-T stress is the subject of this chapter. This includes the investigation of response
signals during B-T stress as well as the subsequent physical analysis using ToF-SIMS. The methodology
is presented and discussed in chapter 3. Basically, PMMA was used as the host matrix for MeOTf, added
in a defined amount (Tab. 3.5). Experiments were carried out using samples comprising insulating films
on conductive Si-substrates, with the emphasis on thin SiO, films. The dependence of incorporation and
transport behavior on parameters as bias voltage Vj;qs, Temperature 7' and the mobile ion dose ¢y, (for
Na™) provided in the host matrix were investigated for Na™ as the mobile ion. However, results for other
insulating materials, relevant for the semiconductor industry with respect to mobile ion transport, are also
presented and related to barrier properties prohibiting mobile ion transport. Based on the properties of
SiO, during B-T stress, a qualitative assessment of the potentiostatic data provided parameters describing

mobile ion transport in the chosen sample setup, based on physico-chemical models.

Since conductive paths or possible leakage currents on the sample edges would prevent the application of
Viias or severely disturb the measurement, each sample was checked on resistivity. The samples that did
not pass this test were discarded. Prior to any B-T stress experiments, the capacitance of the insulating
material was measured by means of impedance spectroscopy, in order to proof the properties of the sample
setup as a plate capacitor structure. Tab. 5.1 lists capacitances C for samples passing the resistivity

check, with the defined parameters. The permittivity €, of the material was calculated according to

d-C
60~A

(5.1)

€ =
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A is the area of the Au electrode as illustrated in Fig. 3.1 (0.8 x 0.8 cm?) and d the material film
thickness deposited on Si. € is the vacuum permittivity. If available, a comparison to literature values

is listed in Tab. 5.1.

Table 5.1.: Capacitances of insulating material films, obtained by impedance spectroscopy.

Material ~ Layer thickness [nm|] Measured capacity [nF] Permittivity —Permittivity
(Calculated)  (Ref. [143])

100 22.56 3.98 3.9
SiOq 200 18.84 4.16 3.9
400 5.54 3.91 3.9
SizNy 400 10.32 7.24 7.5
SiOxNy 400 7.55 5.30 5.1
BPSG 910 3.27 5.25 N/A

5.1. Investigations of thin SiO; films

A typical SMU response signal on B-T stress applied on a thin SiO» films has already been illustrated in
Fig. 3.5 with a considerably higher response current than expected for sole electrical capacitor charging.
In the first period (~3000 s) the time dependence of this response signal described an exponential decay
resembling to capacitor charge-up characteristics (Fig. 5.1). Subsequently a more linear decrease was
detected. Already the first 600 s of the SMU response signal contains all information relevant for the
processes appearing during B-T stress. Therefore, B-T stress was basically restricted to 600 s application

time.

Note that large deviations between identical samples produced at different times have occurred (up to a

factor of 5). This can have several reasons

e Differences in the exact viscosity of the host matrix formulation could have effects on the host

matrix thickness and surface roughness.

e The spin coating process was not a completely reproducible during sample production. The exact
moment for attachment of the host matrix formulation with respect to the start point of sample
spinning could not be controlled exactly. It took 5 seconds acceleration time until the spinning
velocity achieved its maximal value of 3000 rps. During this time the host matrix formulation
was attached and variations of 1 - 2 s could have an influence of the condition of the PMMA film.
Additionally, variations in the host matrix thickness may have occurred. For formulations containing

2 wt% PMMA (Tab. 3.5), a range of ~65 - 115 nm was measured by means of ellipsometry.



5. Mobile ion incorporation and transport in insulating materials 77

2.0x10°%

1.6x10° -
< .
= 1.2x10°
C
o
3 o
O  8.0x10" A
‘o

4.0x10° 1

0.0 I ! s
0 3000 6000 9000

time [s]

Figure 5.1.: SMU response current for a sample with a thin PMMA host matrix layer, containing a 300 ppm
NaOT{, on a 100 nm SiO» film, stressed with Vpins = 20 V at T = 150 °C.

As indicated in Fig. 3.5, only a minor part of the response current arises from capacitor charging, i.e. a
second contributor is superimposed. ToF-SIMS analysis allowed unambiguous identification of the species,
possibly incorporated from the host matrix into the underlying SiOs film. Analysis of a B-T stressed
sample is given in Fig. 5.2. The investigated sample had the following features, taken as standard sample
for investigations as further presented: ~70 - 100 nm PMMA (containing 300 ppm NaOTf) attached on
a 100 nm SiOs film, which was thermally grown on Si. B-T stressing was carried out again using Vj;.s
= 20 V (resulting in an electric field of E = 2 MV /cm, i.e. below the breakdown voltage value of a SiO-
film of in this thickness range) and 7" = 150 °C.

The ToF-SIMS depth profiles clearly indicated Na™ accumulation at the SiOs / Si interface, with the
accumulated amount dependent on the chosen B-T stress application time. In order to analyze the depth
profiles on Na migration, profiles were acquired both at RT and at -130°C. Subtracting the amount
of Na™, that migrated into SiOs from the interface with Au (originating from Na™ traces due to Au
deposition), no difference can be seen between Fig. 3.5(a) and (b). This confirms the fact, that Na™ was
really transported to the SiOs / Si interface due to B-T stress and the profiles were not affected by Na

migration due to the sputter process during ToF-SIMS depth profiling with Os™.

These evaluation allow the following conclusions:

(i) Na™, provided by the compound NaOTf in the PMMA host matrix, was unambiguously incorporated
into SiO9 by B-T stress and accumulated at the interface to Si. The driving force for this process is the
electrochemical potential i as discussed in section 2.4 (eq. (2.18)). The chemical potential gradient is

governed by the difference in the Na concentration in PMMA and SiOs. Since the amount of Na in SiO,
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Figure 5.2.: ToF-SIMS depth profiles (sputtering with 1 keV O2") of a B-T stressed sample clearly indicate
Na™ incorporation during the stressing procedure. B-T stress duration was varied: 6 s, 60 s, 600 s.
Comparison to a sample without B-T stress is shown within the depth profiles. (a) Depth profiles
obtained at RT. (b) Depth profiles obtained at -130 °C.

is negligible the approximation Ac = ¢yq+ cqie (Tab. 3.5) is valid and the electrical potential gradient
is governed by the applied Va5 (i.e. = ¢ from eq. (2.18)). The quantitative accumulation in Fig. 5.2
indicates, that the electrical term (i.e. drift) dominates the electrochemical potential. Therefore, sample
resistivity can be approximated by Ohm’s law (eq. (2.22)). The incorporation of Na™ at the PMMA /
SiO interface is in general a Nat exchange flux at this position with a negligible back transition into

PMMA.

(ii) Within the insulator charge accumulation is not possible, as the system would consequently charge
up. An anionic counterpart has to be present for Na™, in order to fulfill charge neutrality. This means
that at each position z, according to the depth scale in Fig. 5.2, mass continuity for Na™ is assumed;

when one Na™ arrives at = one Na™ gets transported further into the sample with respect to V.

(iii) The claim for charge neutrality within SiO. is also valid for the SiOs / Si interface. As given in
Fig. 5.2 no incorporation of Na™ is possible into Si. The tailing of the accumulated peak is due to Na
migration during O2™ sputtering (see section 4.2.1). Since it is unlikely that electrons transit the SiOs
/ Si for neutralization, the appearance of a charge double layer is assumed with one Na™ having one
electron as mirror charge at the interface. Therefore, the amount of Na™ arriving at the interface in a
stoichiometric relation to electrons accumulating at the Si-faced side of the interface. The SMU detects
an electronic current I, which thus represents the ionic Na™ current through the interface. In graphs the
y-scale is therefore consequently labeled with I with units [A]. Integration of the response signal during

B-T stress over time results thus in the cumulated Na™ charge arriving and accumulating at the interface
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(giving transient charge-time (Q-t) plots, Fig. 5.3(a)). Consideration of the elemental charge (for Na® z

dNa+,DC = e A

= 1) and normalization to 1 cm? by

gives the Na™ dose, incorporated by means of potentiostatic B-T stress and accumulated at the interface
at time t. The detected electronic current hence directly relates to Na®™ (Fig. 5.3(b)). Since Nat was
provided as NaOTf, the anionic charge in PMMA is carried by the triflate anion, which in turn have to

be neutralized by positive mirror charges. This is assumed to appear at the Au / PMMA interface.
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Figure 5.3.: (a) The detected electronic current equals the Na™ incorporation current. Integration over time
gives the charge accumulated at the SiOs / Si interface. (b) By eq. (2.18), the Na™ incorporation
current can be converted into ¢n,+ pc, the Na™ dose accumulated at the interface.

Variation of the SiO, thickness resulted in the same exponential response current, when the electric field
E, corresponding to the applied Vi, was kept constant. However, ¢ yq+ pc decreased with increasing
SiO, thickness as shown in Fig. 5.4. According to the fact, that the SMU response current corresponds
to the detected Na™ incorporation current, this variation is assumed to be a function of the SiOs film
thickness, thus on the increasing resistivity, although E was kept constant at 2 MV/cm. In Fig. 5.4;
®Na+,pc in 100 nm SiO, was obtained from a different sample than for the graph in Fig. 5.3(b), showing

a slight deviation. Possible reasons for this have been itemized above.

The following investigations based on the cognitions from the results presented in this section. Thorough

studies were carried out by varying a certain parameter while keeping the others constant. By means of the
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Figure 5.4.: Variation of SiO2> Na' incorporation by means of in B-T stress. Conditions Temperature: 150 °C,
Vbias was adjusted to obtain £ = 2 MV /cm for each SiO, film.

semiquantitative capabilities of ToF-SIMS, the obtained Na™ accumulation in ToF-SIMS depth profiles
after B-T stress could be quantified using RSF values, taking into account only Na™. Potentiostatic data

as given in Fig. 5.3(b) on the other hand, are measured by means of electronic currents.

5.1.1. Temperature variation

The role of sample temperature was investigated, with constant Vj;,s of 20 V for samples containing a
100 nm SiO, layer. The temperature was varied in four steps from RT to 150 °C for B-T stress applications
(Fig. 5.5(a)). In order to enable proper illustration of each potentiostatic B-T stress characteristic, the
y-axis is given in logarithmic scale. Up to a temperature of at least 70°C no distinctive increase of
the response signal could be detected (note the logarithmic scale in Fig. 5.5), corresponding to the
background noise of the used SMU. As also found in Fig. 5.5(b), Na™ incorporation current could be
detected when the temperature exceeded ~100 °C. However, further increase to ~130°C led to a response
signal, ~1.5 orders of magnitude larger than at 100 °C. Note that for reasons mentioned above concerning
sample preparation, a comparison between quantities in Fig. 5.5(a) and (b) was not feasible. However,
it could be shown, that for Vj;,s = 20 V, the temperature must exceed at least 100 °C in order to obtain
a response signal, assignable to Na™ incorporation into 100 nm SiO» and clearly distinguishable from
the SMU background level. Proper signals during B-T stressing could be achieved at 150°C sample

temperature.

In order to examine the role of thermal diffusion of Na™ in SiOs, decoupled from electrical drift, the

following experiment was carried out: A B-T stressed sample, with the incorporated Na™ accumulated at
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Figure 5.5.: (a) Na' incorporation current as a function of temperature at Viias = 20 V. (b) Temperature
increase during Na™ incorporation gave response peaks with subsequent exponential decay.

the interface (Fig. 5.3(b)), was prepared for ToF-SIMS depth profiling as usual. The initial acquisition
resulted in a profile characteristic shown in Fig. 5.2. Thereupon, the sample was heated several times
in-situ using the heating/cooling capabilities of the ToF-SIMS instrument. After each heating cycle,
the sample was cooled down to -130°C, for the acquisition of a ToF-SIMS depth profile. Thus, several
"read-outs" were obtained, showing the effect of each heating cycle on the profile characteristics. The
measurement sequence was as follows. A heating cycle had the duration of 30 min with the first cycle at
100°C and AT = + 50 °C for each ensuing heating cycle until 400 °C were reached (maximum temperature
for longer in-situ heating cycles in the used ToF-SIMS instrument), i.e. seven read outs were achieved.

Three of them are presented in Fig. 5.6.

Na™ accumulation at the SiO, / Si interface disappeared with increasing in-situ heating. Simultaneously
a peak appeared at the adjacent Au / SiO, interface until, at temperatures > 300 °C, the profile charac-
teristics resembled those of Fig. 4.4(b). As discussed in section 4.2.1, the profile shapes were affected by
an artifact due to Na incorporation caused by migration during ToF-SIMS depth profiling. It is obvious
that Na't, as detected at the Au / SiO, interface in the read-outs of Fig. 5.6, migrated into the bulk
during depth profiling!. This implies that on thermal impact, Na® changes its location with respect to
the adjacent interface. As assumed from the B-T characteristics (Fig. 5.3), no Na™ was present within
the SiO» independent on the conditions (temperature, V4;,5) predominant in the sample. Hence, thermal
back-diffusion, according to Fick’s law (eq. (2.12)) was not possible for Na™ in SiOs. Arguably, the

reason is the absence of an anionic binding partner, which would be necessary for ambipolar diffusion

I The small peak at the Au / SiOs interface in the initial profile origins as already mentioned from Na traces due to Au
deposition in the course of sample preparation
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Figure 5.6.: ToF-SIMS in-situ heating of a B-T stressed sample. The 2"¢ read out is doneafter keeping the
sample at 150 °C for 30 min. 3" read out: 200°C / 30 min. 7" read out: 400 °C / 30 min.

in SiO,. It is therefore indispensable that Na™ is present at any interface, either with Si or with Au.
The Au faced interface is energetically favored, so that Na™t get transported across the SiOs film during
thermal stress. An induced voltage within SiOy can be excluded, since the experiment shown in Fig. 5.6
was carried out with an electrical conductive path between Au and Si as well as with an isolated Au

electrode (0.8 x 0.8 cm?). Both variations gave the same result.

In order to check, whether Na™ left the SiO» film during in-situ heating, the obtained data from the read
outs were quantified according to eq. (3.14) and thus checked on the conservation of ¢, (Tab. 5.2). The
data indicate that no amount of Na™ was lost during in-situ heating. Deviations in ¢n,+ srars (denoting
the Na™t dose, as detected by quantification of ToF-SIMS depth profiles) were recognized at a read-out
number > 7. Since, these depth profiles showed a large amount of Na* present at the Au / SiO interface,

the changed matrix effect is assumed to be the reason for this deviations.

5.1.2. Bias variation

This section deals with effects, arising upon sample bias Vj;,s variation while keeping the temperature
constant at 150 °C. Fig. 5.7 shows the results of this variation as ¢x,+ pc vs. time plots. Higher values
than Vs = 40 V were not feasible, since dielectric breakdown of the SiOs film occurred at slightly
higher values. Applying 40 V caused a drop-out rate for samples of~50% by short-circuits due to SiO,

breakdown. Some effects were obvious immediately:
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Table 5.2.: Quantified read-outs after in-situ heating in the ToF-SIMS instrument and subsequent depth profil-
ing.

Read-out Heating cycle parameter  ¢nq+ srars [cm™?|

initial profile 5.12.1
1 100°C / 30 min 5.82.1
2 150°C / 30 min 5.43.14
3 200°C / 30 min 5.18-14
4 250°C / 30 min 4.08-1
5 300°C / 30 min 6.29-14
6 350°C / 30 min 5.89.1
7 400°C / 30 min 7.30-1

(i) The initial slope increased drastically at higher bias voltage. This implies a higher Na™ transfer rate
at the PMMA / SiO; interface. The exponential decay of the SMU response signal (Fig. 5.3) was more
rapid at higher Vj;,s, finally approaching a steady state corresponding to the SMU background level. The

process observed in Fig. 5.1 was accelerated at Vi, = 30 V or 40 V.

(ii) The initial slopes did not follow a linear function. However, for a steady incorporation of Na™ at
the PMMA / SiO; interface a linear behavior would be expected. Taken into account the electric drift
predominant in the electrochemical potential (eq. (2.18)), a possible depletion of Na™ in PMMA would

not explain this curved characteristic of ¢nq+ pc-
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Figure 5.7.: V4,45 variation during B-T stress application on a sample comprising a 100 nm SiO» layer. Thus
E =1,1.5,3 and 4 MV /cm took effect in SiO» for Na™ drift towards the interface to Si.

Considering accumulation of Nat at the SiOs / Si interface after incorporation, it seems plausible that

the electrical potential at this position got increased with increasing ¢y ,+ pc at the interface. Hence, the
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externally applied potential difference (thus Vj;,s), with the Si-substrate set at ground potential, would
be diminished, leading to a gradual decrease of Vi as given in eq. (2.19). In other words, an internal
electrical counter-field would decrease the effective driving force responsible for the transport of Na™. The
diminished effective V45 is reflected in the mentioned curved characteristic in Fig. 5.7. The resembling
appearance of the Na™ incorporation current to capacitor charge-up characteristics, interpretable as the
charging of an internal chemical capacitor, supports this assumption. Fig. 5.8 illustrates the scheme of

this process.

(ili) For higher values of Viias, ¢na+ pe reaches a steady state after a certain incorporation time. De-
viations between upper thresholds in ¢y,+ pe for Viies = 30 V and 40 V are assignable to sample
preparation as mentioned in section 5.1. Two possibilities are conceivable for the appearance of a steady
state: The first one assumes the internal counter-field diminishing the external applied bias to the whole
extent, thus completely canceling the effective electric field within SiO,. In this situation the driving
force would be Vi — 0 and no further Na™ incorporation and transport would be possible. The other
possibility emanates from the fact, that the provided Na™ dose within the host matrix was consumed

quantitatively. Investigations on this question will be presented in the course of the next section.
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Figure 5.8.: Process scheme of Na™ incorporation and transport from PMMA into SiO2, resembling the charging
of a chemical capacitor. (a) Situation before B-T stress. (b) Incorporation of Na™ into SiO» and
transport towards the SiO» / Si interface. (c) Accumulation of Na™ at the SiO2 / Si interface. The
assumed increase of the potential at the SiO2 / Si interface as mentioned in the text is marked by
a red line, resulting in a decrease of the effective Viiqs.

Quantitative aspects

Na™ intensities in the ToF-SIMS depth profiles, obtained after B-T stress using a certain Vj;qs, were
quantified and compared to potentiostatic data. This gives an idea on the amount of secondary currents
detected during B-T stress and superposing the Na™ incorporation current. Tab. 5.3 lists this comparison
for various bias voltages. Additionally, a time dependent quantification is included corresponding to Fig.

5.2. ToF-SIMS quantification was hereby carried out using RSFnq, s values, obtained at RT. The reason
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is the resemblance of the depth profiles after Nat incorporation with that from the implanted sample at
RT (Fig. 4.2), that is severely affected by Na migration. The quantification error is therefore assumed to
be minimal. Quantification using RSFy,,ar values, obtained at -130°C led to ¢ g+ srars values, which

were up to 30% lower than quantification using RSFngq a values, obtained at RT.

Table 5.3.: Comparison of the number of Na™, incorporated into SiO»,obtained by potentiostatic data ¢y .+ pe
and spectrometric data ¢pn,+ srars, respectively.

- D Na*t -
Vbias [V]  Incorporation time ¢ [s] etected Na© dose [em™]

¢Na+,Dc ¢Na+,SIMS
15 600 2.49-10'2 3.34-10'2
20 600 3.99-1014 3.11-10%4
30 600 3.99-10'4 3.11-10'4
40 600 6.41-10*4 7.20-10%4
20 6 8.79-10'2 4.35-10*2
20 6 7.78-10%2 9.11-10*2

A good agreement between ¢4+ pc and ¢4+ srars Was observed in the data of Tab. 5.3 with a deviation

of up to factor 1.5 - 2. The deviation could arise from both types of quantification:

e Potentiostatic data contains secondary contributions as electrical capacitor charging, electrical leak-
age currents or contributions by other mobile ions (e.g. Lit, K*, HT, ...) comprised in ¢ .+ pc-
These superimposed components could not be separated from Na®™ currents. An exception is elec-
trical capacitor charging, that could be subtracted from the total SMU response signal (compare

Fig. 3.5).

The response signal and thus the total detected charge @ is therefore assumed to be slightly higher

than the signal barely assignable to Na™ incorporation currents.

e ToF-SIMS quantification by means of RSF factors may cause certain deviations. As given in
eq. (3.14), there are some quantities included, all possible sources of error (e.g. integrated Na™ and
matrix signal intensities, ---). Additionally, as mentioned in section 3.3.1 high intensities at the
single ion detector may cause statistical errors (e.g. observable in the ratio of natural abundances

of Si isotopes) even if the data was Poisson corrected.

5.1.3. Variation of the Na* dose in the host matrix

In order to address the question on the reason for the appearance of a steady state during Na™ incorpo-

ration in SiO, at higher values of Viiqs (Fig. 5.7), host matrix formulations with a varying cn.ory were
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used (see Tab. 3.5). Doing this some deviations were expected, due to the slightly different viscosity
and final host matrix condition. Since, a maximal amount of Na™, should be incorporated from PMMA
into SiOa, Vs = 40 V was used for a 100 nm SiO film (i.e. E = 4 MV/cm). The temperature was
kept constant at 150°C. Fig. 5.9(a) shows the results of B-T stress application in terms of ¢n.+ pc
vs. time plots. Subsequent ToF-SIMS depth profiling revealed a Na™ free PMMA layer (Fig. 5.9(b)).
Only a background signal could be detected (note the logarithmic scale); comparison to Fig. 4.4(b), the

respective ToF-SIMS depth profile before B-T stress, confirmed the complete depletion of Na™ in PMMA.
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Figure 5.9.: (a) Variation of cyaors in PMMA and its effect of the detected ¢n,+ pc- (b) ToF-SIMS depth
profile representing the state of the Na™ distribution within B-T stressed samples (Viias = 40 V).
In order to check the PMMA layer on remaining Na, host matrix lift-off as given in the process
flow scheme in Fig. 3.1 was skipped. The C4H507 signal represents the PMMA layer. The profile
corresponds to cyq.ory = 300 ppm in PMMA. All other host matrix formulations resulted in the
same profile characteristics after B-T stress.

From Fig. 5.9 it can be concluded that the stopping condition of Na™ incorporation is the depletion of
the Na precursor within PMMA. However, as mentioned above, the curved initial sloping is assigned to

a diminished effective Vj;,s, due to internal charge-up of a chemical capacitor.

An interesting side effect was the appearance of electrostatic discharges at the sample surface, leading to
damages at the surface ( Fig. 5.10). These phenomena could cause dielectric breakdown of the SiO2 film,
as for Vyias > 40 V (for 100 nm SiO-) due to a short-circuit between Au and Si. Basically, each discharge
could potentially lead to SiOs breakdown, with the probability for this being higher at increased cyq.o75-
The appearance of these electrostatic discharges was however only observed in the first 1 - 2 seconds of
B-T stress application. Due to the relation the frequency of occurrence with cyq07y, it is obvious that
Na™ was involved in these discharges. Because of this limitation, the upper threshold for feasible B-T

stress application at Viias = 40 V for 600 s was cnq,ory = 900 ppm.
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Figure 5.10.: Light microscopy images of the sample surface after B-T stress using Viies = 40 V. () ¢neoTs =
0 ppm (b) cnaory = 300 ppm (c) cyaors = 600 ppm (d) cnveory = 900 ppm (e) cnaory = 1200
ppm. (f) displays a 20x close up of a damage at the sample surface as visible in the other images.

Quantitative aspects

Based on the fact that the total provided amount of Na was incorporated into SiOs when applying
Viias = 40 V, a quantitative comparison between calculated, potentiostatic and spectrometric data was
carried out. An overview on this comparison is given in Tab. 5.4. dppspra, the thickness of the PMMA
host matrix was determined via ellipsometry. Note that for ¢ g+ .4 an offset was considered, accounting
for the intrinsic Na™ concentration in PMMA (30 ppm, see 3.1.1). ¢nu+ cate fOr cneorys — 0 ppm reflects

this quantity.

Table 5.4.: Comparison of detected Na® doses with calculated values from cnaoTs as obtained by ToF-SIMS
and from potentiostatic B-T stress response data sample processing.

cNaoTf APMMA  PNat.cale PNat,siMS PNat.pc  ¢-ratio DC/SIMS

[ppm] [nm] [em™?] [cm™?] [cm™?] [%]
0 67.1 6.33-10"3 6.29-10'3 5.54-10'3 88
300 77.6 5.91-10% 9.83-10 1.85-10%° 188
600 116.9 1.67-10%° 1.79-10%° 5.09-10%3 284
900 63.1 1.36-10%° 1.83-10%° 7.71-10%° 421

The values for ¢n,+ srpms are in the same order of magnitude as @4+ cqic; Which is a good agreement

for this low quantities. The excess of ~60% can be assigned to sytematic errors in ¢y,+ cqic due to the



88 5. Mobile ion incorporation and transport in insulating materials

preparation processes of the host matrix formulations, and due to uncertainties from ToF-SIMS quantifi-
cation, which is considered as the way larger error source. The comparison of ¢n+ srms With dne+ pe
showed a different behavior than in Tab. 5.3, though. Up to c¢y.orf = 300 ppm a consistensy between
the data of Tab. 5.3 and 5.4 is given, however at higher values of cy,07f the ¢-ratio of potentiostatic
and spectrometric data increased dramatically. Due to reasons of illustration, this relation is plotted in
Fig. 5.11 as a bar chart. The reason for this increase is assumed to lie in the appearance of electrostatic
discharges at the sample surface during B-T stress (mentioned above; Fig. 5.10). Such processes are
consuming energy, provided by means of an electric current. This additional current superimposed to the

Na™ incorporation current and could not be seperated.

The data in Tab. 5.4 emphasize an important advantage of the used approach for experiments as presented
in this thesis: Spectrometric data out of quantified ToF-SIMS depth profiles solely contain informations
on Na™ incorporation, without any contribution to secondary sources, whereas quantification of the SMU

response signal, also contains a lot of secondary currents.
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Figure 5.11.: Bar diagram showing the data of Tab. 5.4. The good agreement between calculated and ToF-SIMS
quantification and the increasing ¢-ratio DC/SIMS with increasing cnqors are shown.

5.1.4. Variation of the mobile ion

The influence of the ionic radius of mobile ions on the response signal during B-T stress and the subsequent
ToF-SIMS depth profiling analysis is presented in this section, with the results set in comparison to the
findings of Na™* incorporation experiments. Fig. 4.4 gives an idea of the respective ion mobility of Li™,
Na™ and KT in terms of mobile ion migration during ToF-SIMS depth profiling. A similar relation was

expected during B-T stress. In the previous sections it became clear, that potentiostatic data could solely
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give informations on mobile ion incorporation into SiO5, when transported all the way through the SiO4

film and thus set in relation with a stoichiometric number of electrons at the SiO / Si interface.

Lit incorporation and transport

A 400 nm SiO, film was chosen as the material to be examined, with the attached host matrix containing
criory = 300 ppm, in order to achieve a proper comparison to Na™ incorporation as shown in Fig. 5.4,
Vbias was set to 80 V (E = 2 MV /cm) with the sample temperature at 150 °C . Converted into ¢+ pe,
Fig. 5.12(a) compares SMU response signals, assignable to Li™ and Na™ incorporation. As expected, Li™
incorporation also yielded curved characteristics, assignable to charging of the internal chemical capacitor
(as already described for Na™ incorporation). The deviation between the achieved values of ¢pse+ po
are assumed due to differences in the host matrix condition (see section 4.1). Fig. 5.12(b) compares
the respective ToF-SIMS depth profiles after B-T stress application, confirming the resembling behavior
of Li* and Na't during incorporation: Both mobile ions accumulate at the SiO, / Si interface and no

distinct difference could be determined with the used conditions.
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Figure 5.12.: (a) Comparison of the ¢,/.+ pc arising from Lit and IonNa-+, respectively, during B-T stress

application of a 400 nm SiO» film with Viies = 80 V. (b) Comparison of the ToF-SIMS depth
profiles (acquired at RT), obtained after B-T stress.

K7 incorporation and transport

Fig. 4.4(c) gave the hint, that K™ was supposed to get incorporated in a lower quantity than Na™ at
similar conditions (Vj;4s, temperature, SiOs thickness). Negligible KT accumulated at the SiO / Si
interface by means of K migration, which indeed has shown to be a process of minor relevance compared

to mobile ions with a smaller ionic radius. Thus, in order to obtain any signal, distinguishable from
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the SMU background noise, harsher B-T stress conditions were chosen with £ = 4 MV /cm within the
Si0, film. Fig. 5.13(a) illustrates the obtained response signal on B-T stress. Despite the rigorous
B-T conditions, the detected signal (converted into ¢x+ pc) was half a magnitude lower than for even
more moderate conditions in terms of Li* and Na' incorporation. Corresponding to Fig. 4.4(c) and
taking into account the larger ionic radius of K™ in contrast to Na™, K* accumulation at the interface in
ToF-SIMS depth profiles is negligible as expected (Fig. 5.13(b)). The potentiostatic signal as converted
into ¢+ pc arose in major parts from secondary effects as for instance leakage currents. In ToF-SIMS
depth profiles, K™ was unambiguously detected within the SiO» layer. The profile was checked on K
migration by obtaining profiles at different sample temperatures (RT; -70°C; -130°C). Accordingly KT,
initially hosted in the PMMA layer, was pumped into SiOs, but did not get transported through, in order
to accumulate at the interface and thus did not give a potentiostatic signal assignable to K™ transport
through SiOs during B-T stress. Still considering K migration even at -130°C sample temperature,
the incorporated K™ front proceeded ~100 - 110 nm into SiO» in 10 min under B-T stress. Note the
electrical field of E = 4 MV /cm, chosen for B-T conditions, is slightly below the breakdown voltage of

the insulating film. At more moderate conditions no significant amount of K™ could be found.

Since, K™ was transfered into SiOs, but did not proceed to the interface with Si, positive charges were
introduced into the insulator and the question on conservation of the charge neutrality arose. ToF-SIMS
depth profiling with detection of negative secondary ions did not unambiguously reveal a possible anionic
binding partner of K™ within the first ~100 nm in SiO,. A minor detected signal in this region could be

assigned to CF-, that possible could be fragmented from the triflate anion of the K™ precursor KOTY.

5.2. Kinetic aspects of mobile ion transport in SiO»

The findings of section 4.1 enables a closer look on a quantitative description of the incorporation behavior
of mobile ions into SiOs in terms of kinetic parameters. In section 5.1.2 it has been demonstrated, that for
moderate bias conditions (E < 2 MV /cm), the detected response current during B-T stressing could be
set in direct relation to Na' transition at the PMMA / SiO interface. It has been shown in Fig. 5.3(a)
that the SMU response current resembled the charge up of a capacitor. This includes a non-steady mobile
ion incorporation behavior at the PMMA / SiO- interface with time. Considering only the first second
of the response signal, shorter intervals were not feasible by the used control software, the influence of

the involved secondary effects was assumed to be minimal.
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Figure 5.13.: (a) Detected ¢+ pc as response on rigorous B-T stress (Viias — 80 V, temperature — -130°C,
ckors = 300 ppm in the host matrix). (b) ToF-SIMS depth profiles of the B-T stressed sample,
obtained at different sample temperatures. For reasons of comparison the depth profile according
to Nat incorporation using Viias = 80 V and -130 °C for a host matrix comprising cnq.orr = 300
ppm is given.

5.2.1. -V characteristics

Limiting the bias voltage by a maximum value corresponding to E = 2 MV /cm, current - voltage (I-V)
characteristics were acquired, by ramping Vj;qs in 20 steps up to the maximum, with a dwell time of 1
s. This procedure was examined in temperature steps of AT = 10°C, thus simultaneously investigating
current - temperature characteristics. Electric capacitor charging, as illustrated in Fig. 3.5, had to
be subtracted from the response signal, since having a severe influence on the initially detected signal.
Therefore, "blank" samples were ramped with the same parameters as the samples to be investigated.
For the blank samples the Au electrode was directly attached on the SiOs layer, i.e. without an attached

host matrix in between, in order to solely account for electric currents charging the MOS structure.

Fig. 5.14 exemplarily shows I-V and I-T plots for Na™ incorporation into 100 nm SiQ,. Further I-V
and I-T plots for varying SiOs film thickness and other mobile ions are given in Appendix A. Tt is
unambiguously illustrated that a threshold for B-T stress for triggering mobile ion incorporation into
SiO, existed, for obtaining a response current, which was significantly higher than the SMU noise level.
In Fig. 5.14 the parameters Vi;us ~ 8 V (= E ~ 0.8 MV /cm) and ~ 130 °C?! could be identified as the
minimum B-T stress, necessary to obtain a response signal, significantly distinguishable from the SMU
background noise. A proof was given by ramping Vj;.s and the temperature in reverse direction, i.e.

starting at Vs = 20 V. Once one of these parameters fell below the mentioned threshold values, the

For Lit, thus a mobile ion with smaller jonic radius than Na™, a lower threshold temperature was detected (= 100 °C; see
Fig. A.3 in Appendix A).
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significant response current stopped. Note that for the data presented in Fig. 5.14, blank values from

capacitor charging were subtracted.
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Figure 5.14.: (a) I-V plots obtained by ramping Viias, recording Na™ incorporation into 100 nm SiO» (cy.orf
= 300 ppm). For each data point a dwell time at the respective Vjiqs was chosen. (b) I-T plots
obtained by temperature ramping, carried out for temperatures in a range between RT and 170 °C.

As verifying technique impedance spectroscopy was applied. Fig. 5.15 shows typical Nyquist plots
recorded with increasing amplitude, representing Vj;.s applied as AC signal, at a sample temperature
of 150°C. In the low frequency region (f = 1-10!-1-10' Hz), a process could be recorded at higher
amplitudes (> 8 V = threshold of Vj;4s in Fig. 5.14(a)), that could be assigned to a RC circuit, which did
not get captured in its whole extent by the chosen frequency range. Comparison of Nyquist plots in mid
frequency region (Fig. 5.14(b); f = 1-10'-1-10® Hz) indicated the onset of this process at Z’' ~ 1-10* €.
No further significant differences between the various curve characteristics could be observed at higher

frequencies (towards the origin of the axes.), as implied in Fig. 5.14(b).

At low Vj4s, impedance spectroscopy suggests bare capacitive behavior. This is in agreement with Fig.
5.14(a), where no response current was detected in this region of bias voltage regime. The decreasing
resistivity of the RC circuit, that was recorded at higher amplitudes, could be assigned to an increased
conductivity within SiO, as caused by incipient NaT incorporation at the mentioned threshold B-T
conditions. Temperature variation showed a resembling behavior as observable in the high frequency
range of Fig. 5.16. An inconsistency was detected in the temperature range of 90 °C - 130 °C. This might
be connected with the glass transition of PMMA, occurring at ~125°C (see section 3.1.1). Further two

Nyquist plots, obtained at RT are shown for reproducibility reasons.
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Figure 5.15.: Impedance spectroscopy plot showing Na™ incorporation into 100 nm SiOs with varying amplitude

at a constant temperature of 150°C. (a) low frequency range f = 1.10-1-10' Hz. (b) mid
frequency range f = 1-10*-1.10® Hz.
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Figure 5.16.: Impedance spectroscopy plot showing Na™ incorporation into 100 nm SiO» with varying the tem-
perature at an amplitude of 20 V. (a) low frequency range f = 1-10'-1.10" Hz. (b) Mid frequency

range f = 1-10%-1-10" Hz.
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Summarizing, impedance spectroscopy indicated a process in the low frequency region by variation of
Viias and temperature. This process exhibited a rather high resistivity in the magnitude of 1-10'° Q (low
Viias, low temperature) down to 1-108 © (high Vi, high temperature). Only the SiO layer could be
connected with such a high resistivity (with resistivity Rg;0,). Applying Viias and temperatures above
the detected threshold values, caused an increased conductivity, indicating Na™ incorporation into SiO,
and transport therein. The driving force of this process is the gradient of the electrochemical potential
Vi (eq. (2.19)) within the sample. Since the electric drift was the dominating contributor in transport
processes, Rg;0, could be obtained from mobile ion conductivities by Ohm’s law (eq. (2.22)). Tab. 5.5
lists values for Rg;0, as given by the detected process in Fig. 5.15(a). Taken into account 100 nm for the
thickness of the insulator, the obtained values are in good agreement with the resistivity of SiOy from
literature [144]. Further values for Rg;o, for different samples (varying SiO, thickness and mobile ion)
are given in Appendix A. The PMMA / SiO, interface should exhibit an additional resistivity R,;;. It
was not possible to unambiguously fit the results from impedance spectroscopy by means of a reasonable
equivalent circuit, and thus no second resistivity, assignable to R;¢ could be extracted. Though, since
the interface is a very thin region in comparison to the SiO, film, R;s was supposed to be by magnitudes
lower than Rg;0,. The impedance spectra for thicker SiO5 films (200 and 400 nm) give similar results to

those than presented. During the next section a short estimation will proof this cognitions.

Note that quantitative calculations, based on Fig. 5.14 were only feasible for the case that the insulating
film exhibited full permeability for mobile ions, as observed for Li™ and Na™ in SiOs. As indicated by

means of ToF-SIMS depth profiling (Fig. 5.13), this was not the case for K™ transport.

Table 5.5.: Values for Rs;0, and the respective capacities of a 100 nm SiO» layer as indicated by impedance
spectroscopy (Fig 5.15(a)).

Amplitude [V]  Rsio, [?)] Capacity [nF] | Amplitude [V] Rsgio, [2] Capacity [nF]

3 1.81-10'° 21.72 12 2.24-10° 22.22
4 1.67-10'° 21.75 13 1.61-10° 22.32
5 1.61-10'° 21.75 14 1.10-10° 22.45
6 1.40-10%° 21.75 15 7.29-108 22.86
7 1.10-10%° 21.78 16 5.04-10% 23.38
8 9.16-10° 21.76 17 3.73-10% 24.08
9 6.87-10° 21.80 18 2.61-108 25.36
10 4.96-10° 21.84 19 1.91-10% 27.06
11 3.16-10° 22.14 20 1.48-10% 28.90
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5.2.2. Physico-chemical description of mobile ion transport

The characteristics of Fig. 5.14, enabled the application of physico-chemical models, in order to describe
the incorporation of mobile ion into SiO, kinetically. This lead to calculation of the activation energy E,,
necessary for mobile ion transport within SiOs as well as to insights into the quantity of the transfer rate
at the PMMA / SiO, interface and with the knowledge of these values to calculations of the respective

diffusion constants D.

Butler-Volmer kinetics based approach

The concept of Butler-Volmer kinetics is commonly applied to describe charge transfer currents and
electrode kinetics of electrochemical cells [145, 146]. Thermally, the mobile ion transfer current density
(= mobile ion transfer flux) j;j, is determined by E, (For equations in this section singly charged mobile

ions are discussed with z = 1. z is therefore not include in the equations):

]'th:J'o:%:F'CMa'k (5.3)
with I being the incorporation current as measured for instance in Fig. 5.5 or 5.14, A the area of the
Au electrode (0.8 x 0.8 ¢cm?) and F denoting Faraday’s constant. cj;.+ is the mobile ion concentration
difference between different sites, separated by E,, for the present sample setup being equivalent to the
provided mobile ion concentration in PMMA, which can related to cpre+ cqic @s given in Tab. 3.5 for
each cyeory. Considering transfer of mobile ions from the host matrix into SiO, this is because the
Si04 layers of the investigated samples contained no significant amounts of mobile ions. k represents the
incorporation rate at the interface given in [cm/s|. Fig. 5.17(a) illustrates the transfer flux at the PMMA
/ SiO interface. In electrochemical cells, the thermal net flux at an interface is considered as jy being
the difference between forward and backward flux. Thus the difference in the chemical potential Vu is
the driving force for the ion flux, represented by thermal diffusion as discussed in section 2.4. No mobile
ions in SiO- justifies a zero backward flux. jy, in eq. (5.3) can thus also be given as a thermal net flux

Jjo from the host matrix into the SiO. layer.
As expected, jo has a dependency on temperature, which is governed by a temperature dependency of k

k=ko- eXp(—RE%a) (5.4)
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Figure 5.17.: (a) ju, at the PMMA / SiO; interface, determined by E,. (b) jin,er (with the negative pol at
the SiO» faced side), with a reduced activation energy under the influence of the applied external
ﬁeld ‘/bias~

comparably to D in eq. (2.17). Phenomenologically, ko can be considerede as the attempt frequency of
mobile ions to overcome th energy barrier with height E, as shown in Fig. 5.17(a). One can immediately

get k as the fraction of successful attempts to overcome E,,.

The application of an external voltage V3,4 acts accelerates mobile ion transitions from PMMA into SiOs
as observable in Fig. 5.17(b). The electrochemical potential difference Vi governs hereby the mobile ion

flux!. Vs is responsible for a reduced activation energy, given by a modified version of eq. (5.3):

Ea_a'F'%ias
R-T

) (5.5)

. I

Jthel = A = F - cpper - ko - exp(—
a denotes a symmetry factor considering the position of the energy barrier maximum. Usually, o = 1/2.
Since singly charged mobile ions are the species of interest, jip, ¢; Will be termed as jyze+. It is obvious that

the accelerating effect of V4 results in an increase of the appearing mobile ion incorporation current I

by means of an increase in k by

a-F-A¢
R-T )

k= ko - exp(———=) - exp(

= (5.6)

Vhias 18 therein replaced by the electrical potential difference A¢. As mentioned above, any backward
transition from SiO, into PMMA is neglected in eq. (5.5). This equation is known as Butler-Volmer
equation, usually applied for the calculation of kinetic parameters of the electrode / electrolyte interface

in electrochemical cells.

L Tt is referred to the discussions of drift and field-assisted diffusion in section 2.4
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Combining the Butler-Volmer approach with hopping dynamics

For the response current on B-T stress, eq. (5.5) could not be directly applied, since Vj;qs did not
instantaneously drop at the PMMA / SiO, interface. In case of mobile ion incorporation into SiOs, the
electric potential decreases across the SiO, film of certain thickness. Thus, only a fraction of Vj;,s acted

in a reducing manner on F, at the interface.

Figure 5.18.: Scheme of an asymmetric double well potential under the influence of an electric field, adapted
from [145].

On this point, the concept of hopping dynamics came into play. For solid materials, the mechanism
of mobile ion transport by means of hopping dynamics has been described in detail on a microscopic
level [145, 147, 148]. According to this theory, one can phenomenologically consider the solid material as
potential landscape with ions preferably located in potential wells of minimum relative energy, separated
by energy barriers (Fig. 5.18). In the one-dimensional case, one can introduce an average hopping
distance a between these sites of minimal relative energy. Under the influence of an electric field F, the
jump rate of ions I'y from one well of minimum energy into the adjacent one is described by (for a singly
charged ion)

e-a-F

F+ = FO + eXp(m

) (5.7)
with o+ the ion jump rate without assistance of E. Again, backward transition is not of interest and
thus I'_ (the jump rate against E as given in Fig. 5.18), is neglected. Note that in amorphous materials,
a is not a constant physical parameter, which can be found, e.g. in the lattice [145]. Under certain
circumstances, mobile ions are able to jump into adjacent potential wells, resulting in a jump cascade
throughout the solid material. The application of V4,5 results thus in a distortion of the potential
landscape with the result of a lowered energy barrier towards the cathode. Macroscopically, an ion
current results parallel to the electric field. Comparing eq. (5.7) with eq. (5.5) suggests a correlation of

'y with £ and by insertion one receives
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) 1 E, F.a-F
Jmer = 3 = F - cppet - ko - exp(———=) - exp(

R-T 2-.R-T) (58)

Eq. (5.8) is a Butler-Volmer based equation, modified for the investigation of mobile ion transport as
plotted in Fig. 5.15. Other than indicated in Fig. 5.17(b), where the Vs drops during one transition
step, the modified Butler-Volmer approach considers Vj;,s to drop successively within the SiOs film. This

is illustrated in Fig. 5.19.

F-.a- dvb'ias
SiOg

F.a- Vbias

dsio,
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Figure 5.19.: Ilustration of eq. (5.8) by means of the first three jumps of mobile ions from PMMA into the
bulk of SiOg, resulting in a mobile ion current I and the respective density jj o+.

Phenomenologically, mobile ions, initially located in PMMA, incorporate SiO» and are hopping through-
out the insulating film of thickness dg;0, until finally reaching the interface to Si and accumulating there
as detected via ToF-SIMS depth profiling. Thus each jump, between two sites of minimal relative energy
is favored in forward direction in terms of lowering E, by an amount governed by the jump distance a,

the applied V3.5 and dg;0, (as indicated in Fig. 5.19).
There are two simplifications, that were made for applying eq. (5.8) on measured data:

(i) The electric field acts solely parallel to the interfaces with potential wells within SiO» separated by a
constant value for F,. In literature, a within SiO, has been reported to be 20 - 25 A [145, 149]. We thus

consider a = 25 A and the same distance for the first jump, i.e., the transition from PMMA into SiOs.

(ii) Two different activation energies were taken into account for mobile ion transport from PMMA to the
SiOs / Si interface: E, 1 assignable to the PMMA / SiO, interface (with resistivity R;;) and E, o for n
successive jumps within SiOs (Rg;0,) to the interface to Si. It is assumed, that E, ; could be larger than
E, > (Fig. 5.21). Impedance spectroscopy was not able to distinguish between these values. With a = 25

A, a 100 nm SiO, layer comprises 25 jumps of an activation energy E, o within SiOs. In contrast, there
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is only one jump at the PMMA / SiO; interface with E, ;. Taking into account two arbitrary activation

energies with E, ;1 > E, 2 one can estimate

( 1.8 )
ex
Ry _ “Php T ~ 10 (5.9)
Rsio, 1.3 ’
.95
exp(kB.T )

Under this assumption R;;y would be way larger than Rg;0,. This was obviously not the case according
to the values in Tab. 5.5. The rate determining step for mobile ion transport towards the SiOy / Si
interface is therefore assumed to be the mobile ion jump cascade within SiOs with activation energy E, o
and not the mobile ion incorporation from PMMA with activation energy E, 1. Therefore one can claim
E,1 < Eq 2. Data analysis according to the modified Butler-Volmer approach, are considered to provide
quantitative values for E, 2, which in the following will be termed E, for the rate determining step in

B-T stress experiments.

Calculations based on the modified Butler-Volmer approach
Putting the data of Fig. 5.14 in an Arrhenius plot, (i.e. In(I) vs. 1/T) gives a relation as displayed in
Fig. 5.20 1. Between 140 °C and 170 °C, thus in the temperature range where a significant SMU response

signal was detectable (as obvious in Fig. 5.14), a linear relation is observable.
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Figure 5.20.: Arrhenius plot of the data in Fig. 5.14 (Na™ transport in 100 nm SiO2, cxeory = 300 ppm)
according to the modified Butler-Volmer approach for the temperature range 140°C - 170 °C.

L Further Arrhenius plots for Na™ transport in 200 and 400 nm SiOs as well as Lit transport in 100 nm SiOs are given
Appendix A
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The data in Fig. 5.20 could be fitted by a linear regression, whereas the slope of the function and the

intercept points with the y-axis correspond to eq. (5.8), rearranged in the Arrhenius-type form

—E,+F-a-E
ln(I):—2~R-T

+In(A - F-cpre+ - ko) (5.10)
with cpre+ in [mol/cm?| as derived from ¢n,+ care in Tab. 5.4 by considering the host matrix layer
thickness. Eq. (5.10) represents the mathematical expression of linear regressions in Fig. 5.20. The
activation energy FE, for mobile ion transport within SiO> is thus obtainable from the slopes and the
attempt frequency kg for transitions between sites of minimal relative energy within SiOs can be read
from the intercept points (compare to Fig. 5.19). Based on the data plotted in Fig. 5.14, Tab. 5.6 - 5.9
give the according analysis for obtaining E, and kq for Na™ transport in 100, 200 and 400 nm SiO, as
well as for LiT transport in 100 nm SiO;. As mentioned in the previous section, a reliable analysis for

K™ transport in SiO, was not feasible.

Table 5.6.: Quantities from Arrhenius plot (as displayed in Fig. 5.20) from Na® transport in 100 nm SiO»
(enaors = 300 ppm). Calculations are according to eq. (5.10).

Viias [V] R? Slope Incident point FE,—«-F-a-E [eV] E, [eV] ko [cm/s]

15 0.99676 -19771 28.01 1.71 1.88 1.88-10%!

16 0.99564 -19839 28.56 1.71 1.90 3.27.10"

17 0.99780 -19734 28.74 1.70 1.90 3.89-10"*

18 0.99407 -18734 26.78 1.62 1.82 5.47-10'°

19 0.99469 -17901 25.22 1.54 1.76 1.15-10%°

20 0.99441 -17161 23.85 1.48 1.71 2.94-10°
Average E, 1.83 + 0.08

Table 5.7.: Quantities from Arrhenius plot of data obtained from Na* transport in 200 nm SiO2 (cyaoT; = 300
ppm). Calculations are according to eq. (5.10).

Viias [V] R? Slope Incident point FE,—«-F-a-E [eV] E, [eV] ko [cm/s]

30 0.97233 -16017 19.09 1.38 1.55 2.52-107
32 0.98180 -16103 19.53 1.39 1.57 3.90-107
34 0.98758 -16072 19.69 1.39 1.58 4.56-107
36 0.98941 -15421 18.45 1.33 1.54 1.32:10°
38 0.99702 -15270 18.31 1.32 1.54 1.15-10°
40 0.99886 -14674 17.14 1.27 1.50 3.55-10°

Average F, 1.55 + 0.03
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Table 5.8.: Quantities from Arrhenius plot of data obtained from Na* transport in 400 nm SiOs> (cyaor; = 300
ppm). Calculations are according to eq. (5.10).

Viias [V] R? Slope Incident point FE,—«-F-a-E [eV] E, [eV] ko [cm/s]

64 0.98349 -22340 33.44 1.93 2.11 4.28-10'2

68 0.98450 -21868 32.73 1.89 2.08 2.11-10"3

72 0.98022 -21772 32.80 1.88 2.09 2.25-10'3

76 0.98200 -20681 30.63 1.78 2.00 2.57-10%2

80 0.98178 -19333 27.75 1.67 1.90 1.44-10
Average E, 2.04 £0.09

Table 5.9.: Quantities from Arrhenius plot of data obtained from Li* transport in 100 nm SiO2 (criors = 300
ppm). Calculations are according to eq. (5.10).

Viias [V] R? Slope Incident point FE,—«-F-a-E [eV] E, [eV] ko [cm/s]

60 0.99630 -10958 7.48 0.95 1.12 227

64 0.99860 -11029 7.87 0.95 1.14 335

68 0.99948 -11039 8.09 0.95 1.15 418

72 0.99962  -10902 7.95 0.94 1.15 366

76 0.99956  -10808 7.90 0.93 1.15 346

80 0.99956 -10715 7.84 0.92 1.16 327
Average Eq 1.14 £ 0.01

An average over values of F,, obtained by different Vj;,s is added at the end of each table. The results

from the calculations as listed in Tab. 5.6 - 5.9 can be commented in the following:

e Values for E, are in a reasonable range, with E, for Na™ transport being higher than for LiT, as
it has been expected, due to the difference in the ionic radius. Comparison with literature is not
easy, since comparable values of F, may vary dependent on the technique of determination. Tab.
5.10 refers to different sources in literature. FE, as obtained by Neuhaus et al. showed the best
agreement with the presented data [150]. The sample setups are comparable, whereas Neuhaus
used Na™ doped polyimide as host matrix. One can easily claim, that the value from [150] and
from this thesis, accounts for £, of Na¥ incorporation at the PMMA / SiOs interface. Though, as
mentioned in section 5.2.1, the measured sample resistivity clearly indicated SiO, itself as the rate

determining step for Na™ transfer.

e Variations of F, between different SiO2 film thicknesses may have various reasons. Apart from
simply caused by errors due to the data fit by means of a linear regression, the blank sample could

have contributed in a too high or too low manner. Additionally a difference in the Na™ transport
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behavior in dry oxide (100 nm, 200 nm) and wet oxide (400 nm), as given in the material description

in Tab. 3.1, may have an effect on E,.

e The obtained values for ky did not allow any physical conclusions, as the different samples vary
within orders of magnitudes. Even within a set of analyzed data according to eq. (5.10) there is
an unacceptable deviation of approximately one magnitude. The apparent reason for this deviation
was the linear regression as illustrated in Fig. 5.20. Extrapolation to the incident point with the

y-axis led to large errors, which disabled any reasonable data interpretation.

Table 5.10.: Comparison of E, for mobile ion transport in SiO2 with literature values.

Reference E, [eV]  Temperature range [ °C] Approach
Na™ transport in SiOs
This thesis 1.55 - 2.04 130 - 190 Butler-Volmer
This thesis 0.87 - 1.45 130 - 170 Nernst-Einstein
[16] 1.38 70 - 200 C-V plot
[13] 0.75 - 1.10 250 - 300 positive B-T stress; radiochemical analysis
[150] 1.90 200 - 300 Transient charge-time plot
[117] 0.44 100 - 300 Isothermal transient ion current
[47] 1.30 N/A N/A
Li" transport in SiO»
This thesis 1.14 130 - 190 Butler-Volmer
This thesis 0.99 130 - 170 Nernst-Einstein
[117] 0.47 100 - 300 Isothermal transient ion current

5.2.3. Diffusion of mobile ions in SiO,

Nernst-Einstein equation

As discussed in section 2.4 drift and diffusion are coupled phenomena. Considering Nernst-Einstein rela-
tion (eq. (2.23)) with c taken from @n o+ care, the conductivity of the SiO, during B-T stress experiments
gave the diffusion coefficient D,, a quantity which however does not relate directly to thermal diffusion
according to Fick’s law. Specific conductivities could be obtained from B-T stress data by reciprocal
resistivities. According to eq. (2.17), the temperature dependence of D, can be plotted in an Arrhenius
plot, thus in an analog manner that it has been done in Fig. 5.20. Rearrangement of eq. (2.17) to a

linear function gives

In(D,) = Ea + In(Dao) (5.11)
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For representative purposes, Fig. 5.21 shows an Arrhenius plot including linear regression of the data for
Na™ transport in SiOs, using the data from the I-V and I-T ramps in Fig. 5.14. Further Arrhenius plots
of examined samples are given in the Appendix A. Again, from the slope of linear regressions F, could
be obtained and D, from the intercept points with the y-axis. Tab. 5.11 lists the acquired values of
E, and D, for different types of samples. Additionally, for reasons of comparison with values obtained

from the modified Butler-Volmer approach and with literature values, the obtained F, is included in Tab.

5.10.
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Figure 5.21.: Arrhenius plot of the data in Fig. 5.14 (Na't transport in 100 nm SiOa, ¢nveors = 300 ppm)
according to Nernst-Einstein equation for the temperature range 130 °C - 170 °C.

Table 5.11.: E, and D, for mobile ion transport in SiOs out of data analysis according to Nernst-Einstein
equation for different samples. Each data entry is an average over 6 linear regressions as given in

Fig. 5.21.
dsio, [nm] E, [eV] Dy [em? /s
Na™ transport in SiOs
100 1.45 £+ 0.05 15.6 4+ 9.76
200 0.87 + 0.02 1.01-10°® + 0.70-10°°
400 0.95 + 0.01 4.22.10°°% + 2.58.10°°

Lit transport in SiOs
400 0.99 + 0.03 7.47-10° + 4.66-10°

D, values for Na™ transport in 100 nm SiO, gave a D, o, 7 magnitudes higher than for the other
samples. This arises from a slightly different Rg;0, characteristics between the single temperatures for

the SiO2 100 nm layer.
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Butler-Volmer vs. Nernst-Einstein
As given in Tab. 5.10 calculations by means of Nernst-Einstein, resulted in slightly lower values for E,
than obtained via the modified Butler-Volmer approach. In order to examine the calculated E, values

on their reliability, some comparisons were carried out.

In the following the results from section 5.2.2 (modified Butler-Volmer approach) and the from Nernst-
Einstein equation based calculations are compared with regard to diffusivities. On atomic scale k in eq.

(5.4) is connected to the Diffusion coefficient D, according to Fick’s law (eq. (2.12) by

D=a-k (5.12)

with a assumed to be 25 A as mentioned in the previous section. k can be calculated by the Boltzmann
relation in eq. (5.4) using the data from Tab. 5.6 - 5.9 with ko taken as average over 6 values. As already
mentioned, kg is not a reliable physical quantity, due to the large error of the obtained values. However,
since that error arose mainly from extrapolation, k-values in the temperature range of ~ 100°C - 200°C
did not exhibit that large deviation. A qualitative comparison of D derived from Butler-Volmer data
with data from Nernst-Einstein equation seems therefore reasonable. Fig. 5.22 shows Arrhenius plots
of diffusion constants for Li™ and Nat in SiOs, with additionally attached plots from literature values.

Note that values acquired by Nernst-Einstein equation actually account for D,,.
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Figure 5.22.: Comparison of diffusivities, obtained from modified Butler-Volmer approach and Nernst-Einstein
equation. (a) Na™ diffusion in SiO (plotted from values obtained from sample comprising 100
nm SiO»). (b) Li* diffusion in SiO»2. A plot from literature values [47] is included.
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The agreement of the two applied approaches was quite good for Na™ (Note the logarithmic scale in Fig.
5.22(a)). However, the diffusivity from Ref. [47] was way faster. Li* diffusivities from the two approaches
differed more than for Na™. This was mainly due to significant differences in Dg while E, had a fairly
good agreement. A possible reason for this deviation of the two plots of Li™ diffusivities is the difference
of D to D, which is not considered in Fig. 5.22. A better comparison could be possible by knowledge

of the respective Haven ratios (e.g. [44]).

In order to check, D and E, values on their reliability, a calculation according to the appropriate solution
of Fick’s second law (eq. (2.16)) was done. Thus, a situation with the diffusing species of dose ¢na+ caic
deposited onto the surface of SiO- and spreading into one half-space was assumed [44]. Therefore, mobile
ion incorporation for an external source into SiOs and pure thermal diffusion could be illustrated as
diffusion profiles. The respective D values are extracted from Fig. 5.22(a). Basically parameters as
obtained from data analysis with the modified Butler-Volmer approach for Na™ transport in 100 nm
SiOy were used. Three different diffusion times were chosen, with the diffusion length 2 - VD -t as the
important parameter indicating the progression of mobile ion incorporation and thermal in-diffusion:

1 week, 1 year and 10 years. Fig. 5.23(a-c) show the different comparisons from plots of eq. (2.16):
(i) In Fig. 5.23(a), the diffusion time was varied at a constant temperature of 150 °C.

(ii) The temperature impact of diffusion profiles is shown in Fig. 5.23(b) for a constant diffusion time of

1 week.

(iii) In Fig. 5.23(c), a comparison of diffusion profiles with D, obtained by the modified Butler-Volmer
approach, Nernst-Einstein equation and D according to literature, is given. The temperature was set to
150°C for a diffusion time of 1 week. Tab. 5.12 lists the obtained diffusion lengths. A comparison with
quantification of a ToF-SIMS depth profile is given, after keeping at a constant temperature of 150°C
for 1 week (Fig. 5.23(d)).

Calculated diffusion profiles show a significant in-diffusion at temperatures > 100°C with a diffusion
length of > 5 nm. Comparison of calculated diffusion profiles with the ToF-SIMS profile of a real
sample kept at constant temperature gave some hints on the reliability of parameters, describing thermal
diffusion by two different approaches. In this comparison, the literature value as well as the diffusion
length according to the Nernst-Einstein related profile, seems to give too large values (Tab. 5.12). The
calculated diffusion lengths were larger as the SiO layer thickness and could therefore not be reliable
values for the present system. On the other hand, the diffusion length according to Butler-Volmer (39
nm) was more reasonable. The ToF-SIMS depth profile showed however no Na™ incorporation at all. If

there would be incorporated Na™ present within SiOs, a significant peak at the SiO, / Si interface would
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be detectable. The peak visible in Fig. 5.23(d) solely occurs by Na™ traces due to Au sputter process

and accounts for a Na® free sample!. Two reasons for this behavior are considered:

(i) Note that, due to the formalism of eq. (2.16) on each time, the totally provided ¢na+ caic could be
detected within SiO,. This solution of Fick’s second law assumes the external Na' source as infinitesimal
thin sheet deposited on SiO,. Thus integration of the diffusion profiles would always result in ¢nq+ caic-
Real samples contained a host matrix of a certain thickness, though. Therefore M within eq. (2.16) is

certainly larger than the actually Na™ dose present at the PMMA / SiO; interface in real samples.

(ii) For practical purposes it was necessary to remove the host matrix of the sample kept at 150°C for
1 week. This lift-off procedure possibly leached Na™ out of the first few nanometers of SiO. For deeper
layers this was certainly not the case, which confirms that parameters derived from Nernst-Einstein
equation and taken from literature considered a too fast diffusion of Na™ in SiOy for the present sample

setup.

Table 5.12.: Diffusion lengths out of Fig. 5.23(c) and (d).

Profile 2-vD -t [nm]

Diffusion profile acc. to Butler-Volmer 39
Diffusion profile acc. to Nernst-Einstein 141
Diffusion profile acc. to Ref [47] 734

5.3. Investigations of thin nitride containing films: SiO4Ny, Si3Nj4

Different to SiO- films, nitride-containing Si-based materials are well known to be a barrier against mobile
ion transport [26]. But how do these materials react on such rigorous B-T stress conditions with respect
to mobile ion transport as presented for SiO» in section 5.1.3? For Na™ incorporation and transport
two materials were investigated and set in comparison with pure SiO, films: SiOxNy and SigN4. The
nitrogen content increased according to SiOs < SiOxNy < SizN4. All layers had a constant thickness of
400 nm, covered with a ~100 nm PMMA host matrix (cyqory = 300 ppm), and were B-T stressed using
Viias = 160 V (E = 4 MV /cm) at 50°C. Samples with nitride-containing material films on Si showed no
dielectric breakdown even when Vj;4s = 160 V was applied during B-T stressing. In contrast to that, for

SiOs films a 50% drop out was observed as given in section 5.1.3.

I This topic has been discussed in detail in section 4.2.1; compare to Fig. 4.6.
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Figure 5.23.: Diffusion profiles calculated by eq. (2.16) using data from Fig. 5.22(a). The different comparisons

are given: (a) diffusion time variation, (b) temperature variation and (c) different approaches to
calculate D using data from Tab. 5.10 and Tab. 5.11. (d) shows the ToF-SIMS depth profile
after keeping a sample with a host matrix comprising cnq.ory = 300 ppm 1 week at 150 °C. The

top Au layer was not considered in the presentation of the depth profile for reasons of comparison
with diffusion profiles.
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Fig. 5.24 shows ToF-SIMS depth profiles of the B-T stressed samples and comparison to a 400 nm SiOs
film. Due to the enormous bias voltage for the 400 nm SiO» film, it was not feasible to apply Vjies = 160 V
during B-T stress application. For that reason, the 400 nm SiO, film was BT stressed with Vj;,s = 120 V
(F = 3 MV/cm), qualitatively resulting in the same profile characteristics. These more gentle conditions

prevented dielectric breakdown, and a proper comparison could be given.
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Figure 5.24.: ToF-SIMS depth profile of insulating films (SiO2, SiOxNy and SizNy; 400 nm film thickness) after
BT stress using E = 4 MV /cm. The Na™ permeability of the insulating layer was suppressed with
increasing nitride content.

In general, the results of B-T stress application showed the same tendency as already observed for Na
migration during ToF-SIMS depth profiling (Fig. 4.8). In section 4.2.2 the structural properties of SiOs,
SiOxNy and SizNy4 have been discussed. Due to structural reasons, Na™ diffusivity and thus permeability
through the nitride containing insulating layer is severely hindered. From Fig. 5.24 it is obvious that in
contrast to SiOs, SisNy did not exhibit any permeability to Na™ ions during B-T stressing. Thus, no
incorporation took place in SizNy, even at such rigorous bias voltage conditions. This property makes
the SizN4 a material with superior attributes for the use as mobile ion barrier layer in semiconductor

devices in crucial regions of a device.

The SiO4N, film however showed a slight tailing towards the insulators bulk. In contrast to SiOs, the
detected magnitude of Na in SiOxN, was very low, and no Na™ reached the SiOxNy / Si interface in
the chosen time interval, although rigorous BT conditions were applied. A lower Vj;,s or a lower sample
temperature decreased the depth in SiOxNy where Na™ could still be detected (In Fig. 5.24 ~200 nm)

until for Vj;,s = 80 V no difference to a blank signal could be observed anymore (not shown in Fig. 5.24).
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5.4. Investigations of thin BPSG films

Following up Na migration experiments, as presented for BPSG in section 4.2.3, this material was also
assigned to B-T stress. The examined sample consisted of a PMMA host matrix (thickness = 77 nm;
cneoTf = 300 ppm), attached on a specimen with the sequence 910 nm BPSG / 400 nm SiO4N, /
Si-substrate. As usual, a 40 nm Au layer served as anode for B-T stress application. Vjias = 182 V !
was applied for 10 min. This resulted in an electric field of E = 1.39 MV /cm. In Fig. 5.25 the detected
SMU response signal as a function of time is plotted in its integrated form. A resembling behavior has
been shown in Fig. 5.13(a), for KT incorporation transport experiments in SiO, using similar B-T stress
conditions (resulting in £ = 4 MV /cm). Therefore, the detected ¢ .+ pc is assumed to be attributed

to sole secondary effects as leakage currents.
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Figure 5.25.: Detected SMU response current during B-T stress, integrated over time and converted into
®Na+ Do from a sample comprising 910 nm BPSG (on 400 nm SiON). Viies = 182 V.

In section 4.2.3 it was found that Na migration during depth profiling had a strong temperature de-
pendency. Therefore, the profiles after B-T stress were acquired at two different sample temperatures
as given in Fig. 5.26. The incorporated Na™ is located in BPSG, close to the interface to Au. As for
the potentiostatic SMU response this resembles the depth profile of SiO», after KT incorporation (Fig.
5.13(b)). Na™ did not get pumped into BPSG by an enormous electric field. In fact, an effective gettering
of Na™ in BPSG is considered to be the reason of the profile characteristics in Fig. 5.26. Keeping the
sample temperature at RT, an artifact concealed the information in the depth profile. Although even at

-130°C Na migration could not be avoided completely, a much more realistic scenario is considered in the

Note that the used voltage source was could provide a maximal Vj;, of 200 V. E = 2 MV /cm could not be achieved due
to this reason.
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obtained depth profile of Fig. 5.26(a). The maximum of the Na™ peak in BPSG at ~60 nm should not
be severely shifted due to Na migration. However, the tailing towards the BPSG / SiOxN, interface is

considered to be affected by Na migration.
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Figure 5.26.: ToF-SIMS depth profiles of the BPSG film containing sample obtained at (a) -130°C and (b) RT.
For reasons of comparison, depth profiles from a blank sample (i.e. without attached host matrix)
are included by means of a dashed line. 2 keV Os" was used for sputtering.

In Fig. 5.26(b) Na migration caused a transport of Na™ all the way to the BPSG / SiOxN, interface.

However, no significant transfer into SiOxN, was detected?.
The following conclusion can be drawn from these experiments:

(i) BPSG gettered Na™ effectively within the first ~100 nm. BPSG had thus not the property as a
barrier layer during B-T stress experiments as shown for SigN4 and, in a lower efficiency, for SiOxN, in

the previous section.

(ii) Comparison of ToF-SIMS depth profiles of B-T stressed samples in Fig. 5.26, with profiles of sample
before B-T stress (thus with the host matrix still attached on the specimen during analysis as given in
Fig. 4.9) reveals that a larger amount of Na™ was incorporated into BPSG by Na migration than by
B-T stress. This implies that during sputtering with O;™ a higher voltage was induced on the insulating
layers that applied via Vj;4s. The induced voltage on the insulator surface is hence assumed to be higher
than a few volts as given by the estimation in section 4.1. At least, the occurred charge-up was sufficient

to cause effective Na™ incorporation into BPSG solely by means of Na migration.

Note the logarithmic scale in Fig. 5.26. Much more Na™ accumulation at the BPSG / SiOxNy interface is necessary to
cause a detectable NaT transfer into SiOxNy (as given in Fig. 4.9).



5. Mobile ion incorporation and transport in insulating materials 111

(ili) Considering a host matrix containing ¢y .+ care = 5.86-10™ cm™2, the 910 nm BPSG film was capable
to getter the entire provided amount of Na™. However, the getter efficiency is considered to be reduced
when ¢ng+ cqrc Would be significantly higher, hence when the effective getter centers are saturated. In

literature a 12.5 nm PSG layer has been shown to be an effective barrier against 10**> Na™/cm™ [137].



Chapter

Mobile ion incorporation and transport in
conductive materials

In this chapter, a aluminum-silicon-copper alloy (AlSiCu), a material of major importance for device
fabrication, is investigated in terms of incorporation by sodium (Na) from an externally attached host
matrix. AlSiCu is a prominent candidate for metalization to achieve electrical contact between different
components in a device. As given in Fig. 3.4(b), the sample setup was slightly different from those for
samples comprising an insulating top layer. Thin films of PMMA (up to ~130 nm), attached via spin
coating of a host matrix formulation were not appropriate for experiments on samples with a conductive
top layer. As illustrated in Fig. 3.4(b), the host matrix had to endure the complete voltage drop, governed
by Vihias- At an application temperature of 150°C a thin PMMA layer would be rendered to very low
resistivity. Performing the sample preparation step by step according to Fig. 3.1, the sample check at
150°C by means of an ohmmeter would indicate a short circuit between gold (Au) and the conductive

AlSiCu layer by dielectric breakdown. Thus, conductive paths were present in the thin PMMA film.

There were two possibilities to counteract this problem: (i) Application of an alternative host matrix,
which could handle huge electric fields for a long time (i.e. hours) without exhibiting short circuits. As
discussed in section 3.1.1, a positive photoresist was used for this purpose. (ii) The PMMA layer thickness
had to be increased, in order to keep the host matrix resistive, even at high temperatures. Acetonitrile
as solvent in host matrix formulations could only dissolve up to 4 wt% PMMA, with the formulation
remaining at an appropriate viscosity for the application for spin coating (see section. Therefore anisole
was used as PMMA solvent, enabling higher concentrations of the polymer in the host matrix formulation.
In order to keep the PMMA layer thickness as large as possible, the host matrix formulation was not

attached onto the specimen by spin coating, but by putting one drop of the formulation on the specimen
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surface and performing a bake-out procedure for solvent vaporization!. However, one big disadvantage of
both possibilities is that neither enabled the calculation of an exact ¢pse+ cqic as done for the spin coated

PMMA host matrix in the previous chapter.

The used AlSiCu is a polycrystalline material. In semiconductor devices, barrier layers are commonly
used to avoid interdiffusion between the metalization layers and adjacent materials. E.g. titanium
nitride (TiN) prohibits for instance interdiffusion between Al and Si. Usually a thin Ti layer is applied
as adhesion promotor for TiN. For the experiments of this chapter two specimen were manufactured in
order to evaluate possible differences in mobile ion transport due to different materials as present at the

surface prior to AlSiCu deposition:
o Without barrier layer: 1 pm AlSiCu / 200 nm SiO, / Si-substrate.
o With barrier layer: 1 pm AlSiCu / 200 nm TiN / 20 nm Ti / SiOy / Si-substrate.

Fig. 6.1 shows images of the specimen surface prior to host matrix attachment as obtained by scanning

electron microscopy (SEM)?.

Figure 6.1.: SEM images of the AlSiCu surface. (a) specimen: AlSiCu / SiO, / TiN-Ti / Si-substrate. (b)
specimen: AlSiCu / SiO; / Si-substrate.

For Fig. 6.1(a), the polycrystalline appearance of the AlSiCu surface can be properly observed, showing
a distinctive grain boundary structure with a grain size in the one-digit um region. However, a second
important feature are protrusions on the specimen surface, identified as hillock formations. Hillocks arise

due to relief of thermally-induced compressive stress on thin metal films [151]. Both mentioned specimen

1 For details on host matrix deposition see section 3.1.2
2 Instrument: FEI Quanta 200.
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comprising AlSiCu layers exhibited these features. A distinctive roughness had thus to be considered for
AlSiCu surfaces. The diameter of hillocks are in the range of 1 - 3 um. Fig. 6.2 shows a sketch of a
cross-section through the sample setup, in order to give an idea on its structure. Due to the grain size >

3 pm, the grain boundaries were considered to be grown through the entire AISiCu layer.

Au

Na' OTf  Na" OTf OTf Na" Host matrix

NatJr NaJr

AlSiCu
S S SiO,

Si

Figure 6.2.: Cross-section schematically sketched without consideration of real scales. Note the hillock for-
mations on the AlSiCu surface and the indication of the grain boundaries between single AlSiCu
grains.

In the following two sections, B-T stress experiments on the mentioned samples are presented. The way
of sample contacting has already been illustrated in section 3.2 (Fig. 3.4). Note that in a conductive
layer no electrical potential difference exists. Thus the driving force for mobile ion transport according
to eq. (2.18) is the gradient in the chemical potential u, i.e. pure thermal diffusion. The relevant
parameter for this process is the sample temperature. Since, the aim of the studies was to examine,
whether AlISiCu is permeable for mobile ions a host matrix formulations containing a large amount of
Na', ¢nqors = 900 ppm was applied. Experiments were solely carried out using Na™ as the mobile ion,
due to its immense relevance for reliability issues in semiconductor devices. For PMMA, applied as one
drop of the host matrix formulation at AlSiCu and post-processed via bake-out in order to vaporize the
solvent, a layer thickness evaluation did not make sense due to the convex appearance of the attached host
matrix. The generated electric field, which quantity is an unknown value, was therefore inhomogeneously
distributed. Only locally, in the magnitude of some microns an approximation by means of a plate

capacitor was reliable.

As usual, a lift off procedure was used, in order to remove the host matrix prior to analysis by means
of ToF-SIMS depth profiling. Basically depth profiling for the B-T stressed samples in this chapter was
carried out using 2 keV O™ for sputtering. Different to measurements in chapter 5, the BA mode was
used for ToF-SIMS analysis (for the different ion optical modes concerning the primary ion gun see section
3.3.1). This mode is beneficial for measurements on AlSiCu, in order to achieve a proper lateral resolution

of grain boundaries and hillocks on the surface.
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6.1. Positive photoresist for the use as host matrix

As given in the experimental part in section 3.1, a positive photoresist was considered to be an appropriate
host matrix for B-T stress application. Gentle spin coating conditions enabled the deposition of a ~10 um
thick photoresist layer. Protection of a 0.5 mm broad strip at two opposing sample edges by means of
adhesive strips left small blank regions. This was necessary, in order to achieve an electric contact to
the AlSiCu layer. Note that, as mentioned in section 3.2, the use of positive photoresist restricted the
temperature during B-T stress to 100°C. Theoretically also 130°C could be applied, however with
the drawback of rendering the host matrix too brittle. Cracks, both in the host matrix and thus in the
deposited Au layer, would be the consequence, with the result in short circuiting between Au and AlSiCu.
Viias = 200 V were applied by default, in order to achieve the highest achievable Na™ incorporation rate.

This was the highest possible voltage for the used voltage source.

Fig. 6.3 depicts a typical SMU response signal in terms of the detected current and its integrated version
(Q [C]). This characteristic was obtained for samples with both above mentioned setups, i.e. with or
without TiN-Ti layer. This is evident, since the voltage was applied between Au and AISiCu without

affecting the layers below.
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Figure 6.3.: Typical SMU response current and the respective integrated form for B-T application on a sample

comprising an AlSiCu layer beneath the host matrix consisting of ~10 um positive photoresist.
Conditions: Viies = 200 V; 100 °C sample temperature.

Similarly to the data out of B-T stress experiments of insulating samples, the reason for the response

current in Fig. 6.3 is of crucial interest:

(i) For samples comprising an insulating layer deposited onto n-doped Si, the SMU response current is

considered to be equal to the mobile ion incorporation current at the host matrix / insulator surface.
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Analog for the situation of the insulating host matrix attached on conductive AISiCu a resembling scenario
is expected. Considering a low electronic leakage current through the host matrix, there is again the
requirement for charge neutrality at the host matrix / AlSiCu interface. If thus Na™ from the host
matrix bulk approached the vicinity of the interface, the same number of electrons must be delivered
from the AISiCu facing side. This electronic current in turn would be detectable by the SMU ampere-

meter.

(ii) Similarly to experiments with insulating films no conclusion whether Na™ incorporated into AlSiCu

could be drawn solely from potentiostatic data.

6.1.1. Localization of Na* after bias-temperature stress

In Fig. 6.4 the corresponding ToF-SIMS depth profile after 12 h B-T stress at V45 = 200 V is presented.
The profile was quantified, using RSFnqa v — 8.75-10'% (see Tab. 3.9) and is hence presented in con-
centration vs. depth. Profile reconstruction from raw data therein was carried out without the first two
scans, i.e. starting after some seconds of pre-sputtering. This was done in order to avoid the addition of
Na traces at the AlSiCu surface. An exponential decay towards the A1SiCu bulk is observable. This could
indicate the incorporation of NaT from the host matrix into the underlying conductive layer and thermal
diffusion therein. All other signals remained at a constant level during sputtering in AlSiCu (after a short
period, i.e. 1 - 2 scans, of signal equilibration). In order to clarify the assumption of Na™ incorporation,

Fig. 6.4 was examined by secondary ion (SI) images reconstructed from obtained raw data.
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Figure 6.4.: ToF-SIMS depth profile after B-T stress application of a sample consisting of the sequence: 1 ym
AlSiCu / 200 nm SiO» / Si-substrate.
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Fig. 6.5(a) shows the Na SI image, corresponding to the depth profile in Fig. 6.4 (the illustrated image
and thus the displayed Na intensity is the sum of all scans acquired during ToF-SIMS depth profiling).
No laterally homogeneous distributed Na signal could be observed. The signal arose from single spots,
randomly distributed in the 100 x 100 um? field of view. A corresponding secondary electron (SE) image
(Fig. 6.5(b)) was acquired prior to ToF-SIMS depth profiling. The SE image shows the same features as
observed in Fig. 6.2, with the AlSiCu grains appearing in distinguishable gray scales and hillocks properly
observable at the sample surface. A feature of the SE image, is shadowing as observable on the right hand
side edge of each hillock. This is caused due to the 45° incident angle of impacting primary ions during
image acquisition, which leaves a non bombarded region next to the hillock , where no SE signal can be
generated. This problem regarding to sample topography is of course encountered also for secondary ion

generation during ToF-SIMS analysis [152].

An overlay of SI and SE images, revealed that the detected Na signal arose from the hillock positions
(Fig. 6.5(c)). Some additional minor traces were detected from other positions as well. This is attributed
to remnants from surface contaminations at this position, which did not get removed during the first
two scans of pre-sputtering. In Fig. 6.5(d) a cross section in xz direction through the analyzed volume is
shown. Note that the proportions in the cross-section are distorted. The z-size of the image, accounting
for 200 nm, is given by the maximum sputter depth of the profile in Fig. 6.4. The x-size of the image is

the same as for SI and SE images.

Fig. 6.6 shows a 5x close up of a large elevation, arguably a hillock, at the AlSiCu surface by means of a
Na SI image and the SE image corresponding to the field of view, showing a high intensity Na secondary
ion signal arising from the potential hillock. The SE image emphasizes the mentioned shadowing effect

during primary ion bombardment due to surface topography.

From the information out of Fig. 6.5, the following cognitions can be concluded:

e During application of B-T stress, Nat got transported to the host matrix / AlSiCu interface.
According to ToF-SIMS depth profile analysis, the preferred locations for Na™ attachment at the

AlSiCu surface were identified as hillocks.

e Both the depth profile in Fig. 6.4 and the xz cross section in Fig. 6.5(d) are afflicted by an artifact:
In the illustration of ToF-SIMS data, the sample surface was assumed to be totally flat per default
with sputtering beginning at z = 0. l.e. no topography was taken into account. However, the

hillocks caused a certain topography. Assuming the AISiCu layer at z = 0, the hillocks exhibited



118

6. Mobile ion incorporation and transport in conductive materials

F———— 10pum

Figure 6.5.:

(a) SI image, mapping the origin of Na signals at the chosen field of view. (b) Corresponding SE
image. (c¢) The Na spots of the SI image were copied from the SI image, in order to obtain an
overlay with the SE image. A 512 Xx 512 raster was chosen for primary ion bombardment, giving
the pixel resolution of the acquired SI and SE images. (d) xz cross section through the first part
of the sample, acquired by post processing of the raw data from ToF-SIMS depth profiling. A red
rectangle in the SI/SE overlay, gives the projected position of the integrated data for the xz cross
section.



6. Mobile ion incorporation and transport in conductive materials 119
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Figure 6.6.: Close up of an elevation at the AlSiCu surface, emphasizing Nat accumulation at this position. The
field of view is 20 x 20 um? (a pixel resolution of 512 x 512 was chosen for SI image acquisition).
(a) Na SIimage (b) SE image. Note the displacement of the two images in y-direction. In particular
noticeable for very small raster sizes for the field of view, this was due to a slight lateral misalignment
between SI and SE detectors in the used ToF-SIMS instrument.

thus negative z positions. A certain number of sputter cycles were thus necessary to achieve z =
0 at the hillock positions (Fig. 6.7). Due to this fact, an exponential decay is shown in the depth
profile and Na spikes towards the AlSiCu bulk are observable in the cross section, but the detected
Na was actually present on the surface of hillocks in the quantity as given from the depth profile

in Fig. 6.4.

Considering this, the height of hillocks can be estimated from the xz cross section in the range of

up to ~100 nm.

e No significant amount of Na™ was detected in the grain boundaries. Based on the knowledge of the
topography artifact in ToF-SIMS depth profiles, it has been shown that no Na™ was incorporated
into the AlSiCu bulk either. Thus, one can conclude that generally no Na™ transited the host matrix
/ AlSiCu interface even at such rigorous B-T stress conditions with Vj;,s = 200 V. The applied
voltage had barely the purpose of a driving force towards the interface, where an accumulation
of Nat appeared (Na precipitations). The lift-off of the host matrix prior to ToF-SIMS depth
profiling, carried out solely with acetone, left these Na precipitates at the AISiCu surface. Two

scans of pre-sputtering removed Na traces from the solvent.

e In ToF-SIMS depth profiles no significant amount of Na, assignable to Na™ incorporation, was

detected at the AlSiCu / SiO. interface.
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e The detected potentiostatic SMU response signal in Fig. 6.3 cannot be assigned to a Na™ transport
current within the host matrix, with a stoichiometric number of electrons detected by the ampere-
meter in terms of charge neutrality at the interface to AlSiCu. The response signal is therefore
assumed to be affected by a large amount of electric current, that arose by secondary effects as e.g.
leakage currents through the photoresist. The steep linear increase of () with the onset at ~2 h,

corresponding to a steady SMU response signal, emphasizes this.

e The preferred attachment of Na™ at the hillocks is assumed to have topographical reasons. From a
thermodynamic point of view, it is obviously favorable to attach Nat at hillocks rather than at a

flat AlSiCu surface or in grain boundaries.
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Figure 6.7.: Sketch of a cross section through the layer sequence of a specimen after B-T stress application. As
a result of B-T stress Na precipitates are present on hillocks located at the AlSiCu surface.

B-T stress and subsequent ToF-SIMS depth profiling using a sample with a TiN-Ti layer between AlSiCu
and SiO, gave the same results as the sample without TiN-Ti layer. Thus the barrier layer had no
influence on the property of the AlSiCu surface topography in terms of transport and incorporation

behavior of Nat under B-T stress.

6.1.2. Examination of process steps and parameters during sample processing

The aim of the experiments presented in this section was to evaluate the influence of each process step in
the course of sample preparation as well as alterations due to differences in the B-T conditions. A set of
samples was prepared and stopped in the process flow (compare to Fig. 3.1) at the respective step. This
procedure was solely carried out for the specimen with the layer sequence 1 pm AlSiCu / 200 nm SiO,

/ Si-substrate.
ToF-SIMS depth profiling was carried out at different stages of sample processing;:
1. Specimen: 1 ym AlSiCu / 200 nm SiO, / Si-substrate, as-received.

2. After spin coating of the host matrix formulation + bake-out; no B-T stress was carried out.
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3. After keeping the sample for 12 h at a constant temperature of 100 °C. Host matrix lift-off solely

with acetone.
4. After 4.5 h B-T stress (Viias = 200 V; 100°C). Host matrix lift-off solely with acetone.
5. After 12 h B-T stress (Vs = 200 V; 100°C). Host matrix lift-off solely with acetone.

6. After 12 h B-T stress (Vipias = 200 V; 100 °C). Host matrix lift-off with acetone and distilled H,O
(MilliQ 18.2 2/cm).

For each process step quantification of ToF-SIMS depth profiles (similar to that in Fig. 6.4) was carried
out (Again with a field of view of 100 x 100 ym?). As mentioned in the previous section, the quantified
data represents the actual detected amount of Na at the sample surface, although the topography artifact
had to be taken into account. Hence, it was possible to calculate the Na dose ¢+ srarg, present at
the AlSuCu surface. This was done by integration the quantified depth profiles, referred to respective
integrated 27Al signals. In order to be consistent, the integration boundaries were chosen from z = 0
nm to z = 200 nm. In this frame the entire signal was captured by the integration. Fig. 6.8 gives a bar

diagram, comparing ¢n,+ srms of each process step as given in the enumeration.
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Figure 6.8.: ¢y ,+ srars from the AlSiCu surface, obtained by quantification of ToF-SIMS depth profiles, com-
pared for different process steps as given in the enumeration in the text. Except from the "as-
received" sample (process step 1), the data are averages from 3 - 4 measurements, with the standard
deviation indicated by the error bar.

A negligible coverage with Na™ was detected for the "as received" sample (step 1). The signal in the 10!
cm? magnitude arose from contaminations on the A1SiCu surface. For sole spin coating of the host matrix
(process step 2) as well as for additional performed temperature treatment of the sample (process step 2),
®No+ sims had the same magnitude. Large deviations in the data made a precise comparison impossible.

The deviation occurred due to differences in the integral amount of detected Na™ during depth profiling
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for different analysis areas. As soon as Vji,s = 200 V was applied, an increase in the detected ¢n,+ srams
could be observed (process steps 4 and 5), with larger detected amounts for longer B-T stress application
time. This confirms the assumption from the previous section, that the generated electric field is the
driving force for Na™ transport to the host matrix / AlSiCu surface. This is in agreement with other
investigations on mobile ion transport, with basically Vi the driving force (see section 5.2.2). Rinsing
the sample subsequently with distilled HoO caused the removal of Na precipitates from the surface. As
expected due to the hydrophobic nature of the solvent, sole lift-off with acetone only removed the host

matrix without dissolving the Na precipitates.

The cognitions of Fig. 6.8 confirm two observations: First, Na™ was actually attached on hillocks as
observable in Fig. 6.5(c) and second Na™ was unambiguously present solely at the AlSiCu surface, only

removable by HyO.

6.2. PMMA for the use as host matrix

In order to enable higher temperatures during B-T stress than 100 °C, a host matrix formulation con-
taining 9 wt% PMMA in anisole (cyqory = 900 ppm) was applied by attaching one drop at the AlSiCu
surface (for the experimental procedure see section 3.1.2). The Au electrode had a dimension of 3 x

3 mm?

. The specimen for experiments consisted of the following layers: 1 pm AlSiCu / 200 nm SiOs
/ Si-substrate. B-T stress for 12 h was applied with V4,5 = 40 V at a temperature of 190°C. This
conditions were chosen due to industrial relevance. In the previous section it has been shown, that Vs
was responsible for Na™ transport to the host matrix / AlSiCu interface. The value for the applied Viiqs
was thus assumed to be of minor relevance, if a certain threshold was exceeded. 40 V was considered to
ensure Na™ transport in PMMA (compare to section 5.1.2). The relevant issue of this section is the use

of a sample temperature of 190 °C, in order to examine its effect on possible Nat transport by means of

thermal diffusion in AlSiCu.

Fig. 6.9 shows the detected SMU response current (I [A]) and the respective cumulated signal (@ [A]).
The characteristic resemble those obtained for Na™ incorporation into SiO, (section 5.1.2), with Viias
adjusted to obtain electric field of F = 1.5 -2 MV /cm. However, here a large amount of secondary effect
superimpose to NaT transport in PMMA and thus disabled a direct relation to the number of Na™ arriving
at the interface host matrix / AlSiCu. As mentioned in the previous section, the conductive nature of
AlSiCu would imply a stoichiometric number of electrons arriving at the interface from the AlSiCu facing

side. Due to the secondary currents this could not directly be detected by the used ampere-meter.
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Figure 6.9.: Typical SMU response current and the respective integrated form for B-T application on a sample
comprising an AlSiCu layer beneath the PMMA host matrix. Conditions: Viies = 40 V; Tempera-
ture: 190°C.

ToF-SIMS imaging

After B-T stressing, the host matrix was removed by acetone lift-off and analyzed via ToF-SIMS depth
profiling. Fig. 6.10(a) shows the SI image of the Na signal, acquired during ToF-SIMS depth profiling.
The corresponding SE image of the chosen field of view is presented in Fig. 6.10(b). The results were
similar to those from Fig. 6.5, with Na precipitates attached on hillocks, that were located at the AlSiCu
surface. Thus even for temperatures of 190°C, no Na' incorporation into and transport within AlSiCu
could be detected, neither in the AISiCu bulk nor along the grain boundaries. Again, rising the AlSiCu

surface with distilled H,O removed Na precipitates as visible in Fig. 6.10(a).

Examination of the influence of topography on the deposition of Na™ on a AlSiCu surface was done
in the following manner: After attaching a drop of the host matrix formulation, a grid of scratches
was generated at the AlSiCu surface using a pair of tweezers (carefully cleaned before use, in order to
remove contaminants). Subsequently, the host matrix formulation drop was treated by the bake-out
procedure. Apart from generating a distinctive topography at the AlSiCu surface, this procedure had
a second advantage: Native Al,Oy was removed from the specimen surface, without the possibility of
instantaneous regrowth, since the specimen surface was protected by the host matrix formulation. Thus

the influence of the native Al,O» on Na™ incorporation into AlSiCu could be evaluated.

Fig. 6.10(a) and (b) shows the corresponding Na SI image and the SE image, respectively. The topography
of the scratch, deliberately cut in the AISiCu surface, is properly visible in the SE image. Corresponding

to the material protuberances along the scratch, a significant signal is visible in the Na SI image. This



124 6. Mobile ion incorporation and transport in conductive materials

-

(a) Na SI image of the AlSiCu surface after B-T stress of a sample with PMMA, containing cyq.o1f
=900 ppm, attached on AlSiCu. (b) Corresponding SE image. (c) Na SI Image of the same sample
setup including a scratch, deliberately cut in the AlSiCu surface. (d) Corresponding SE image,
indicating the topography of the scratch.

Figure 6.10.:
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supports the findings of section 6.1, with regions of significant topography exhibiting favorable locations

for Na precipitates. The absence of the Al;O» layer did not play a role in this behavior.

OBIRCH measurements

Since this analytical method is barely a complementary technique used for B-T stress experiments at
AlSiCu, there is no basic introduction in the methodology of optical beam induced resistance change
(OBIRCH) in section 3.4. For measurement presented here, a A = 1300 nm infrared laser was used with
a scan duration of 300 s for one scan. A detailed description on this technique can be found in the

respective literature (e.g. [153])

Figure 6.11.: OBIRCH measurements using the same sample type as for B-T stress experiments in this section.
An objective 100x magnification was used (a) horizontal scan direction (b) vertical scan direction.

In order to confirm the favorable precipitation of Na at positions of the AlSiCu surface where hillocks are
located, OBIRCH was employed as a reference technique. Thus, from an projected view in z direction,
spots of attenuated resistance in the host matrix could be detected. These spots were assignable to NaT
transport within PMMA towards the host matrix. Fig. 6.11 shows the result of OBIRCH measurements,
acquired on the one hand in horizontal scan direction and on the other hand perpendicular to the first
scan. Dashed lines in a black and white fashion, indicate that somewhere in the lateral position of
these features, a change in the resistance was detected. By combining thus both scans, the cross-over
of dashed lines in perpendicular directions localizes a spot of different resistance in the chosen field of
view. A comparison with Fig. 6.5 and Fig. 6.10 indicate a resembling distribution of these spots with
Na precipitates found at hillock positions in ToF-SIMS images. Thus a change in the resistivity in
OBIRCH measurements gave a hint on Na™ transport within PMMA, at lateral positions where hillocks

are assumed to be located.



Chapter

Summary and conclusion

Knowledge on mobile ion transport in thin films of materials in use for device fabrication is of major
interest for the semiconductor industry. A manufacturer has to guarantee a defined product lifetime.
Contamination by mobile ions, however, may cause severe damage and performance limitation in terms
of device stability and reliability. For MOSFET devices, especially for those of n-channel type, this is
due to a gradual shift of the threshold voltage as a function of mobile ions present at the gate oxide
/ semiconductor interface. The threshold voltage defines the minimum gate voltage to be applied for
switching the transistor from off in on-state. It is obvious that instabilities of this parameter may have

fatal consequences.

The content of this thesis is the development and presentation of an approach, in order to investigate
thin film of materials used for MOSFET devices, both of insulating and conductive character, on their
properties for mobile ion transport, triggered by electrical and thermal driving forces (Drift and diffusion).
Under the influence of these driving forces, mobile ions have the property of being fast diffusors in a
broad variety of materials. Typical candidates are alkali ions: Lithium, sodium and potassium. Due to
the relevance as a device contaminant or impurity, because appearing in comparable high abundance,
sodium is the mobile ion with major importance for experiments in this thesis. The basic concept is the
following: Thin material films are deposited on a n-doped silicon-substrate using clean room facilities
at Infineon Technologies Austria AG, in order to ensure a negligible intrinsic contamination with mobile
ions. A polymer host matrix is attached on the produced specimen by means of spin coating or in
the form of a drop. This is possible by using host matrix formulations, i.e. solutions, that contained
a certain polymer concentration as well as a mobile ion precursor (various alkali triflate compounds).
Consequently, the host matrix exhibits a defined concentration and, by the knowledge of the host matrix
thickness, defined dose of mobile ions. PMMA and a positive photoresist are hereby used as polymer

materials. After the final deposition of an thin gold electrode, bias-temperature (B-T) stress can be
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applied on the produced sample. B-T stress comprised an external applied voltage while keeping the
sample at a defined temperature. This causes transport processes of mobile ions within the host matrix
towards the interface to the underlying material film. Depended on the type of material, incorporation
and further transport of mobile ions is triggered. Subsequent to B-T stress application, the stressed
samples are analyzed by means of time of flight - secondary ion mass spectrometry (ToF-SIMS) depth
profiling, enabling unambiguous detection of the spatial location of mobile ions within the sample layer
stack. Qualitative and quantitative data assessment of the spectrometric data is able to assess the
permeability of the analyzed material films against mobile ions. As a further consequence, qualitative
and quantitative examination of the potentiostatic data from B-T stress application is possible. When
insulating films are the subject of interest for investigations, a crucial feature of the mentioned approach
is to acquire ToF-SIMS depth profiles at different sample temperatures. An evaluation of the obtained
results from spectrometric sample analysis is thus possible, indicating whether artifacts are present or

not.

The results and achievements of this thesis can be split into two major subjects:

(i) The first issue concerns the analytical approach. ToF-SIMS depth profiling of insulating samples is
often connected with the appearance of artifacts. This is especially true when mobile ions are the signals
of interest. The occurrence of surface charges by the sputter process causes mobile ion migration away
from the surface and a severe distortion of the resulting depth profile is the result. This effect is especially
pronounced for thin insulating films deposited an conductive substrates, as represented by the layer setup
of the investigated samples. Here, an accumulation of mobile ions at the interface of insulating film and
conductive surface can be observed, independent of the initial mobile ion distribution within the insulator.
In chapter 4 a detailed discussion on this effect is given. The used ToF-SIMS instrument employed oxygen
(O2™) and cesium (Cs™) as sputter projectiles, with the further preferably used as sputter projectiles
ToF-SIMS instrument, due to its enhancing effect in terms of the formation of positive secondary ions as

e.g. the mentioned candidates for mobile ions. Both projectiles have shown to cause a migration artifact.

Mobile ion migration was investigated for different mobile ions (lithium, sodium, potassium) in silicon
dioxide. For further insulating films (silicon oxynitride, silicon nitride, boron-phosphosilicat glass) solely
sodium migration was of interest. Two scenarios were chosen for experiments: First, depending on
the type of the insulating film, samples prepared for B-T stress application showed distinctive mobile
ion incorporation from the host matrix into the insulator during ToF-SIMS depth profiling. Different

materials could hence be examined on the appearance of a migration artifact and additionally assessed on
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permeability against mobile ions. Second, a Gaussian shaped distribution of sodium in silicon dioxide was
accessible via implantation. This well defined sodium distribution could be systematically investigated

on sodium migration during ToF-SIMS depth profiling.

Variation of the sample temperature had a strong effect on mobile ion migration. This was mainly due
to adjustment of diffusivities, which exhibit a exponential dependency on temperature. The observed
effect varied with ionic radius of the mobile ion, where, as expected, lithium exhibited the most obvious
migration effect. The experiments in chapter 4 go in detail with this issue. Magnesium, in contrast
to mobile ions, showed no migration effect at all, confirming mobile ion incorporation for alkali ions
during ToF-SIMS depth profiling. By means of sample temperature variation it has been shown that
the migration process occurs with the proceeding sputter front. ToF-SIMS depth profiles of samples
containing sodium implantations showed a systematic pattern of the initially Gaussian shaped sodium
distribution upon sample temperature variation. Based on features of this pattern, a methodology of
data treatment for depth profiles has been presented, enabling the reconstruction of the Gaussian shaped
distribution out of depth profiles, which were affected by sodium migration. The principle of this approach
is to extrapolate parameters describing a Gaussian distribution to a temperature of 0 K. These can be
extracted from real depth profiles obtained at different sample temperatures. At 0 K minimal motion of
all involved constituents, i.e. sodium and the sample matrix, prohibits sodium migration. The comparison

of hypothetical ToF-SIMS depth profiles at 0 K with simulated data showed excellent agreement.

(ii) The second issue concerns investigations of transport processes in different material films, insulating
and conductive ones, upon B-T stress application. In chapter 5 insulating films were probed by the
above mentioned approach. Variation of sample temperature, sample bias, mobile ion concentration in
the host matrix and the type of alkali compound in the host matrix enabled thorough examination of
the involved processes. It could be shown that certain conditions are necessary, in order to enable mobile
ion incorporation. E.g. for sodium a sample temperature of 130°C and a electric field of 0.8 MV /cm
(resulting from the applied bias voltage) had to be exceeded in order to enable significant incorporation
and transport processes in silicon dioxide. Varying the ionic radius of the mobile ion resulted in different
threshold values. Mobile ions could be localized in the insulating film using ToF-SIMS depth profiling.
Acquisition of profiles at different sample temperatures (room temperature and -130°C) gave a hint
whether the results were affected by artifacts due to mobile ion migration. It have been shown that
silicon dioxide is fully permeable for the transport of lithium and sodium when B-T conditions exceeded
the threshold values. Silicon oxynitride and silicon nitride prohibit mobile ion transport by the presence

of nitride bindings, due to missing degrees of freedom in terms of vibration and rotation.
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Quantitative analysis of potentiostatic data was possible, requiring a full permeability of the insulating
film for mobile ions. This was enabled by the assumption of a stoichiometric number of electrons present
at the interface of insulator and n-doped silicon, in order to assure charge neutrality when mobile ions
are accumulating at this position. Comparison of potentiostatic data from B-T stress application and
quantified spectrometric data were in well agreement as long as secondary effects as sample surface
discharge phenomena could be kept on a minimal level. For sodium the dose of incorporated ions as
detected by ToF-SIMS depth profiling has been shown to be in well agreement with the calculated dose,
initially provided in the host matrix. This is independent of the quantity of provided sodium precursor,
which is an important advantage of spectrometric data in contrast to potentiostatic data: ToF-SIMS
depth profiling gave solely information on the quantity of incorporated sodium; secondary effects as
discharge phenomena or leakage currents did not superimpose. Appropriate physico-chemical models
enabled the calculation of parameters describing lithium and sodium transport in silicon dioxide. A
modified Butler-Volmer based approach and calculations by means of the Nernst-Einstein relation were
applied for this purpose. Basically, a reduction of the activation energy for transport within silicon dioxide

by the presence of the bias voltage have been found to enable mobile ion incorporation and transport.

An aluminum-silicon-copper (referred to as aluminum) alloy, commonly applied for metalization layers in
semiconductor devices, was investigated for sodium incorporation and transport in a conductive material.
Owing to the absence of an electric field, no significant incorporation of sodium in aluminum was detected,
independent on B-T conditions. However, occurring topography at the aluminum surface (e.g. hillocks)

have been shown to exhibit a preferred location for sodium precipitation.
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Additional figures and tables
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(a) I-V plots obtained by ramping Viias, recording Na® incorporation into 200 nm SiOs
(cnveors = 300 ppm). For each data point a dwell time of 1 s at the respective Viiqs was chosen.
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b) I-T plots obtained by temperature ramping, carried out for temperatures in a range between

RT and 170 °C.
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Figure A.2.: (a) I-V plots obtained by ramping Viiss, recording Na® incorporation into 400 nm SiOs
(¢cneors = 300 ppm). For each data point a dwell time of 1 s at the respective Vi;as was chosen.
(b) I-T plots obtained by temperature ramping, carried out for temperatures in a range between
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Figure A.3.: (a) I-V plots obtained by ramping Viias, recording Na® incorporation into 100 nm SiOs

(criory = 300 ppm). For each data point a dwell time of 1 s at the respective Vjiqs was cho-
sen. (b) I-T plots obtained by temperature ramping, carried out for temperatures in a range
between RT and 170 °C.
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Figure A.4.: Arrhenius plots of the data in (a) Fig. A.1 (Na™ transport in 200 nm SiO2, cneors = 300 ppm,
temperature range: 140 °C - 170°C). (a) Fig. A.2 (Na' transport in 400 nm SiOs, cneo7s = 300
ppm, temperature range: 140°C - 190 °C).
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Figure A.5.: Arrhenius plot of the data in Fig. A.3 (Na™ transport in 40 nm SiO», criory = 300 ppm) according
to the modified Butler-Volmer approach for the temperature range 140 °C - 170 °C.
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Figure A.7.: Arrhenius plot of the data in Fig. A.3 (Na® transport in 100 nm SiO2, criory = 300 ppm)
according to Nernst-Einstein equation for the temperature range 130°C - 170 °C.
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Table A.1.: Values for Rs;0, and the respective capacities of a 200 nm SiO, layer as indicated by impedance
spectroscopy.

Amplitude [V]  Rsio, [?)] Capacity [nF] | Amplitude [V] Rsgio, [2] Capacity [nF]

6 7.26-10° 19.9 24 3.46-10° 12.11
8 7.19-10° 12.00 26 3.06-10° 12.15
10 6.65-10° 12.00 28 2.56-10° 12.18
12 6.34-10° 12.00 30 2.18-10° 12.25
14 5.79-10° 12.01 32 1.81-10° 12.36
16 5.36-10° 12.02 34 1.46-10° 12.52
18 5.06-10° 12.03 36 1.21-10° 12.68
20 4.63-10° 12.04 38 9.65-10° 12.94
22 4.18-10° 12.06 40 6.71-10° 13.46

Table A.2.: Values for Rs;o, and the respective capacities of a 400 nm SiO» layer as indicated by impedance
spectroscopy.

Amplitude [V]  Rsio, [ Capacity [nF] | Amplitude [V] Rsgio, [Q] Capacity [nF]

12 2.88-10'° 5.84 48 9.76-10° 5.91
16 2.65-10%° 5.84 52 7.85-10° 5.93
20 2.45-10° 5.84 56 6.40-10° 5.94
24 2.28-10'° 5.84 60 5.17-10° 6.02
28 2.08-10'° 5.85 64 4.03-10° 6.09
32 1.92.10%° 5.85 68 3.31-10° 6.17
36 1.63-10° 5.86 72 2.39-10° 6.25
40 1.40-10° 5.87 76 2.35-10° 6.32
44 1.18-10'° 5.88 80 1.81-10° 6.50
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Appendix

B

Acronyms and symbols

In the following relevant acronyms are listed, that frequently appear in the course of the thesis. Chemical

symbols and abbreviations are given in the chapters on their first appearance (an exception PMMA, due

to its crucial relevance).

AC

BA
BPSG
B-T

C-v
CVD

DC
DHM
HCBU
LMIG
SMU
MOS
MOSFET
OBIRCH
PMMA
PVD
N/A

RT

RSF

Alternating current

Burst alignment

Boron-phosphosilicate glass

Bias - temperature

Capacitance - voltage

Chemical vapor deposition

Direct current

Digital holographic microscopy

High current bunched

Liquid metal ion gun

Source meter unit; Signal measurement unit
Metal oxide semiconductor

Metal oxide semiconductor field effect transistor
Optical beam induced resistance change
Poly(methyl methacrylate)

Physical vapor deposition

Not available

Room temperature

Relative sensitivity factor
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SEM Scanning electron microscopy

SE Secondary electron

SI Secondary ion

SIMS Secondary ion mass spectroscopy

SRIM The stopping range of ions in matter
ToF-SIMS Time of flight - secondary ion mass spectroscopy
TRIM Transport of ions in matter

TSIC Thermally stimulated ionic current

TVS Triangular voltage sweep

Symbols

a Hopping distance (typically given in [A])

A Area [cm?|

c Concentration [mol/cm?]

ca Concentration of e.g. constituent A in the sample matrix (typically given in [at/cm?]
CMeOTf Concentration of MeOTf in the host matrix [ppm per weight]
CMe+ stock Concentration of Me™ in the stock solution [mol/cm?|

Chfe+ cater Care+ Calculated concentration of Met in PMMA acc. to caeorys [mol/cm?]
C Capacity [F]

Cox Capacity of the gate oxide (e.g. SiO») [F]

d Layer thickness (typically given in [nm])

D Diffusion constant [cm? /s

Dy Pre-exponential factor, frequency factor [cm? /3]

D Tracer diffusion constant [cm? /5]

D Chemical diffusion constant [cm? /s]

D, Diffusion constant according to Nernst-Einstein relation [cm?/s]
e Elemental charge (1.602-107'° Q)

E Electric field [V /cm]

E, Activation energy [eV]

Eq Ionization potential e.g. of ion 1 [eV]

Ec Energy band gap between valence and conduction band [eV]
Ec Energy width of the conduction band [eV]

Ekin Kinetic energy [J]

Esp Sputter ion energy [eV]

f Represents: Correlation factor [-] or frequency [Hz]

f(A) Transmission efficiency of the ToF analyzer and the detector [-]
F Faraday constant (96485 [C/mol|)

I Electric Current; Mobile ion current [A]

Ia Secondary ion intensity e.g. of constituent A [cts]

Ip Drain current [A]

I*(A) Detected secondary ion current of constituent A [A]

I. Auxiliary electron current [A]

I, Primary ion current [A]
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Isp

J

J

Jtn, Jo
Jthoels I pet
k

ko

kB

Lg

Mstock
Mureors
n

ng
NMeOTf
Na
PIDD

q

Qwu QNa+
Qss
Qr,.»
QNa

Qs

R

R,

R,

Ry, Ry

Ry
Rsio,
RSFar

Sp(A)
Sr,A

t

T

U,

v

Vas
Vin
VrB
Vsp
Ves
vaias
Vsolvent
V(M)
TDL
TOx
Ye

Yp
Yiot
Yu(A)

Z(w)

Sputter current [A]

Particle flux [at/cm? s], [ions/cm” ]

Electric current density [A/cm?]

Thermally driven mobile ion transfer current density [A/cm?]
Thermally and electrically driven mobile ion transfer current density [A/cm?|
Mobile ion incorporation rate at interfaces [cm/s]

Attempt frequency for mobile ion incorporation at interfaces [cm/s]
Boltzmann’s constant (8.617-10° eV /K)

Flight lenght of secondary ions in the ToF analyzer [m)]

mass (e.g. of the stock solution) [g]

Molecular weight (e.g. of MeOTY) [g/mol]

Charge carrier density [cm?]

Number of mobile ions at the SiO2 / Si interface at time ¢

Number of MeOTf molecules in the host matrix [ppm per weight]
Avorgardo’s constant (6.022-10%% at/mol or ions/mol)

Primary ion dose density [ions/cm?]

Charge of a mobile ion charge [C]

Cumulated charge of mobile ions at the SiO2 / Si interface [C]
Cumulated charge of intrinsic interface traps or fixed charges at the SiO, / Si interface [C]
Cumulated Na signal from the fitted peak at position Ry 2 [cts]
Cumulated Na signal within SiO» [cts]

Total charge generated in the semiconductor [C]

used for: Resistivity [2] or Gas constant (8.314 [J/mol K])
Averaged sample roughness [nm)]

Projected range of Na due to implantation (typically give in [nm])
Projected ranges of significant peaks in ToF-SIMS depth profiles
of Na implantations in SiOz [nm)|

Interface resistivity [€2])

Resistivity of SiO» [Q])

Relative sensitivity factor of the constituent A

with respect to a chosen matrix element M [cm™|

Preexponential factor

Absolute sensitivity of the constituent A during ToF-SIMS analysis [-]
Relative sensitivity of the constituent A

with respect to a chosen matrix element during ToF-SIMS analysis |-
Time [s]

Temperature [ °C]

Extraction voltage [V]

Velocity [m/s]

Gate source voltage [C]

Threshold voltage [V]

Flat-band voltage [V]

Source bulk voltage [V]

Gate bulk voltage [V]

Applied bias voltage during B-T stress [V]

Solvent volume [cm?]

Erosion rate of the sample matrix M [nm/s]

Depletion layer width [nm]|

Gate oxide thickness [nm)]

Maximum height of the fitted, Gaussian shaped peak at position R, 2 [cts]
Sputter yield during sample erosion [-]

Total sputter yield due to primary ion bombardment]-|

Useful secondary ion yield [-]

Charge number [-|

Impedance []



138 B. Acronyms and symbols

Z"(w) Real part of the impedance [©]
7" (w) Complex part of the impedance [(]
a In section 2.3: Heating rate [°C™']
In section 5.2.2: Symmetry factor [-]
at(4) Tonization probability [-]
vy Body factor [V]
~T Effective secondary ion yield due to sputter ion bombardment [-]
r; Jump rate with assistance of an electric field [-]
| Jump rate without assistance of an electric field [-]
6T Effective secondary ion yield due to electron bombardment [-]
AV, Threshold voltage shift [V]
AR, Standard deviation of the Gaussian shaped profile resulting from Na implantation [nm]
A Electrical potential difference (= Viiqs) [V]
€r0m Dielectric constant or permittivity (e.g. of the gate oxide) [-]
€o Vacuum permittivity (8.854-107'2 [F/m])
p Chemical potential [J/mol]
In section 3.3.1: Mean of a Gaussian shaped distribution [nm]
n Electrochemical potential [J/mol]
o(x) Mobile ion distribution mobile ion distribution within the gate oxide
Dsolvent Density (e.g. of a solvent) [g/cm?]
o In section 3.3.1: Damage cross section (acc. to literature)

In sections 2.4 and 5.2.3: Conductivity [S]
In section 4.3: Standard deviation of the fitted, Gaussian shaped peak at position R, 2 [nm]|

0] Electric potential [J/mol]
d4a, ONa Implantation dose of constituent A (e.g. Na) in a sample [cm™]
oF Potential difference between the intrinsic Fermi level and the actual Fermi level [V]
oo Voltage drop across the gate oxide [V]
s Voltage drop due to majority carrier accumulation in Si for a MOS transistor in inversion [V]
OMs Work function difference between metal and semiconductor [V]
Drtet Me™ dose at the SiOy / Si interface [cm™]
DMe+ cale Me™ dose in the host matrix calculated according to careory
and the host matrix thickness [cm™]
Dret+, DO Me™ dose incorporating the SiO» layer
as measured potentiostatically [cm™]
Ore+ SIMS Me™ dose detected within the SiO2

by means of quantification of ToF-SIMS depth profiles [cm ™|
w Circle frequency [Hz|
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Presentations and published articles

Parts of the results presented in this thesis were contents for contributions at international conferences and
publications in scientific journals:

Talks

S. Krivec, M. Buchmayr, T. Detzel, M. Nelhiebel, H. Hutter; "Drift and diffusion behavior of sodium in thin

silicon diozide films"; 13" European Conference on Applications of Surface and Interface Analysis (ECASIA’09),
Antalya, Turkey, 18 - 23.10.2009

S. Krivec, T. Detzel, M. Buchmayr, H. Hutter; "On the temperature dependence of Na migration in thin SiOgz
films during ToF-SIMS O™ depth profiling”; SIMS Europe 2010, Miinster, Germany, 20 - 21.09.2010

S. Krivec, M. Buchmayr, T. Detzel, H. Hutter; "Untersuchung von Na™ Inkorporation in dinne nichtleitende
Schichten mittels ToF-SIMS"; 16. Arbeitstagung Angewandte Oberflichenanalytik, AOFA 16, Kaiserslautern,
Germany, 27 - 29.09.2010

Publications

S. Krivec, M. Buchmayr, T. Detzel, M. Nelhiebel, H. Hutter; "Voltage-assisted sodium ion incorporation and
transport in thin silicon diozide films", Surf. Interface Anal., 2010, 42, 6-7, 886-890

S. Krivec, T. Detzel, M. Buchmayr, H. Hutter; "On the temperature dependence of Na migration in thin Si0Oz
films during ToF-SIMS Oy depth profling”, Appl. Surf. Sci., 2010, 257, 1, 25-32

S. Krivec, M. Buchmayr, T. Detzel, T. Froemling, J. Fleig, H. Hutter; "The effect of bias-temperature stress on
Na+ incorporation into thin insulating film", Anal. Bioanal. Chem., 2010, 400, 3, 649-657
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