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Kurzfassung

Gegenstand dieser Dissertation ist die Anwendung von Rasterkapazitdtsmikro-
skopie (SCM) und Spektroskopie (SCS) auf Silizium Proben. Das Funktions-
prinzip von SCM ist eine sehr feine, elektrisch leitfihige Spitze, die iiber die
Probenoberfliche gerastert wird und dabei die Kapazitit zwischen Probe und
Spitze aufzeichnet. Dadurch erhdlt man Informationen iiber die elektrischen Eigen-
schaften der Probenoberfliche. Alle hier untersuchten Proben zeigten Metall-
Oxide-Halbleiter (MOS) Charakteristik und die Interpretation erfolgte entsprech-
end nach MOS Theorie. Alle Untersuchungen erfolgten in Umgebungsluft bei
Normaldruck und Raumtemperatur.

Als erstes wurden die Eigenschaften von mittels metallorganischer Gasphasen-
abscheidung (MOCVD) hergestelltem ZrO; fiir die Anwendung als Dielektrikum
fiir SCM untersucht. Sowohl die niedrigen Abscheidetemperaturen (450°C) als
auch die gute Reproduzierbarkeit und die hohe Dielektrizitdtszahl machen ZrO,
zu einem sehr vielversprechenden Material fiir SCM Anwendungen. Verglichen mit
Si0y bietet ZrO; als Dielektrikum die Moglichkeit wesentlich dickere Schichten
benutzen zu kénnen, was zu geringeren Leckstrémen und einer verbesserten Sig-
nalqualitdt fiihrt. Es wurde herausgefunden, dass ZrOs relativ unempfindlich
gegeniiber Aufladungseffekten ist, die bei Proben mit diinnem SiO; oft die SCM
Messungen storen.

Weiters wurde SCM angewandt um Schiaden nach fokussierter lonenstrahl
(FIB) Bearbeitung zu untersuchen. Es wurde die Intensitatsverteilung des lo-
nenstrahls ermittelt. Dazu wurden SCM Bilder von FIB prozessierten Implanta-
tionspunkten aufgenommen und mit den Topographiedaten verglichen. Danach
wurde der Frage nachgegangen, bis zu welcher Tiefe die einfallenden lonen mes-
sbare Schaden im Material hinterlassen. Zu diesem Zwecke wurden mittels FIB
Beschuss Gréaben in die Probe gemacht, die dann im Querschnitt untersucht wor-
den sind. Wie sich herausstellte, zeigt SCM eine dreimal héhere Empfindlichkeit
fiir lonenschaden im Material als Transmissionselektronenmikroskopie (TEM).

Der wichtigste Teil der Dissertation war jedoch die Enwicklung eines Auf-
baus fiir quantitative Rasterkapazitatsspektroskopie (QSCS). Dabei wurde eine
externe Kapazitétsbriicke an ein Rasterkraftmikroskop (AFM) angeschlossen. Der
Versuchsaufbau wird genau beschrieben und die Unterschiede zu herkémmlicher
qualitativer Rasterkapazitatsspektroskopie werden diskutiert.

Der neue Aufbau zeigte eine sehr hohe Sensitivitat, sodass auch die Energie-
verteilung von Grenzflachenladungen aufgeldst werden konnten. Dies ist ein Vorteil
zu herkémmlicher Rasterkapazitdtsspektroskopie, bei der die angelegten Modula-
tionsspannungen dafiir zu grofl sind. Der Aufbau wurde benutzt um eine auf
Silizium abgeschiedene ZrO, Schicht zu untersuchen, welche periodische Dicken-
schwankungen im Mikrometerbereich zeigt. Diese Dickenschwankungen entstanden
vermutlich durch Selbstorganisation wahrend des Wachstumsprozesses. Die Ver-
teilung der lokalen Oxidladungsdichte entlang der Dickenschwankungen wurde
quantitativ ermittelt.



Abstract

In the framework of this work, Scanning Capacitance Microscopy (SCM) and Spec-
troscopy (SCS) was applied to various silicon samples. In SCM, a tiny electrical
conductive tip is scanned over a sample surface, and the capacitance between the
tip an the sample is recorded. This can be used to investigate the local electrical
behaviour of the sample surface. All samples used in this work showed a Metal-
Oxide-Semiconductor (MOS) behaviour and the data were interpreted by using
MOS theory. The measurements were performed under ambient conditions (room
temperature and ambient atmosphere).

The first project was to explore the properties of ZrOy as dielectric material
for SCM. The low growth temperature (Metal Organic Chemical Vapour Deposi-
tion, MOCVD, at 450 °C) together with the good reproducibility of the MOCVD-
process and the high dielectric constant make ZrOs a very promising material for
SCM applications. Compared with SiO; as dielectric material, much thicker ZrO,
layers can be used resulting in reduced leakage currents and improved signal qual-
ity. ZrO, was found to be quite insensitive to parasitic charging effects, which
often disturb SCM measurements on samples with (thin) SiO; layers.

SCM was also used to investigate Focussed lon Beam (FIB) induced damage
in silicon. The technologically important beam shape was determined by measur-
ing the SCM image of FIB processed implantation spots and by comparison of
topographical and SCM data. Further, the question was investigated how deep
impinging ions generate measurable damage below the silicon surface. For this
purpose, trenches were manufactured using FIB and analysed by SCM in cross
sectional geometry. It turned out that SCM shows a three times higher sensitivity
to ion damage than Transmission Electron Microscopy (TEM).

However, the most important part of this work was to design a setup for quan-
titative Scanning Capacitance Spectroscopy (QSCS), where an external, ultrahigh
precision, true capacitance bridge is used together with a commercially available
Atomic Force Microscope (AFM). A detailed description of the setup is given and
the differences to conventional, qualitative SCM are discussed.

The setup is sensitive enough to resolve the energetic distribution of interface
trapped charges. This is an advantage compared to conventional SCMs, which
have a limited energy resolution due to the large applied modulation voltages.
Furthermore, the setup was used to investigate a ZrO, layer that shows small,
periodic thickness variation (ripples) on micrometer length scales at the edges of
the samples due to self organization effects during the growth process. The local
oxide charge density distribution of this ZrO; ripples was measured quantitatively.
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Chapter 1

Introduction

Ever since the first transistors were integrated into the first integrated circuit
in 1960, continual development and growth in semiconductor technology has
been witnessed and has led to a steady miniaturisation of semiconductor
devices. This has become generally known as Moor’s Law, which states
that the amount of transistors in an integrated circuit doubles about every
18 months. Hand in hand with this exceptional miniaturisation went the
demand for powerful imaging techniques that allowed to investigate the latest
generation of semiconductor devices. (Far-field) optical microscopes reached
the diffraction limit (about 0.5 gm) when the first devices were created with
features smaller than about 0.5 pm between the years 1985 and 1990.

Electron microscopes , invented in 1931 by Ernst Ruska and Max Knoll,
were used to image the small structures. Atomic resolution was reached the
first time in the 1960’s. However, difficult sample preparation (in Trans-
mission Electron Microscopy, TEM), charging effects on insulating samples
(Scanning Electron Microscopy, SEM) and the very expensive equipment
were often annoying.

Then, in the year 1981, Gerd Binnig and Heinrich Rohrer [14] invented the
Scanning Tunnelling Microscope (STM) where a metal needle is scanned over
an electrically conductive sample to investigate the topography of the sample.
Shortly afterwards, they showed the possibility of achieving atomic resolution
with the recently invented STM. In STM, the electric current caused by the
tunnelling of electrons from a conductive needle or tip to the sample is used to
maintain a constant separation between tip and sample. For their achieve-
ments, Ernst Ruska, Gerd Binning and Heinrich Rohrer shared the Nobel
Prize in Physics 1986. Because STM requires that the sample surface be
conductive in order to enable a measurable electric (tunnel) current, atomic
force microscopy (AFM) was developed in 1986 by Binning and Rohrer for
measurements on surfaces that are not a good conductor [13]. To obtain
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nearly the same lateral resolution as in STM, AFM uses a sharp tip formed
on a soft cantilever to probe the interaction (force) between the tip and the
sample surface. If the force between the tip and the sample is increased,
the cantilever starts to bend and a laser beam aimed at the cantilever is de-
flected. This deflection can be detected and can be used in a feedback loop to
maintain a constant force between the tip and the sample. AFM has been de-
veloped as an independent technique and has found much more applications.
Almost all kind of materials can be measured by AFM [36, 68, 91, 116, 94], not
only the morphology but also many surface/interface properties (mechanical,
magnetic, electric, optical, thermal, chemical properties) when using various
derivations of the original AFM [64, 108, 66, 71, 11, 112]. The term Scan-
ning Probe Microscopy (SPM) summarizes all methods based on the original
AFM.

Out of this large number of available scanning probe methods, Scan-
ning Capacitance Microscopy (SCM) and Scanning Capacitance Spectroscopy
(SCS) are some of the most promising tools for failure analysis and quality
control in semiconductor fabrication. In SCM and SCS, the tiny capacitance
between the tip and the sample is measured to obtain capacitance maps of the
sample region (in SCM) or capacitance spectra, that show the capacitance
behaviour of a single sample spot under varying voltage conditions (in SCS).
Conventional capacitance measurements are used routinely in semiconductor
device characterization for decades and yield various important parameters
such as oxide thickness, oxide charges, work functions of metals and doping
levels in semiconductors. In SCM it is tried to combine this useful technique
with scanning probe methods in order to obtain spatially resolved results
with nm-resolution. As it turned out, however, SCM measurements are a
technical challenge.

1.1 State of the Art

Scanning Capacitance Microscopy was invented in 1985 by J. Matey and
J. Blanc [45] as a new mechanical method to image topographic features
(rather than electrical features). Note that SCM was developed before the
invention of the AFM in 1986. In its original design, the probe consisted of
an electrode that was attached to the edge of a diamond stylus which was
in mechanical contact with the sample as seen in figure 1.1. The bottom of
the electrode was about 20 nm from the bottom of the stylus. A capacitance
sensor was used to detect the small variations in the capacitance signal due
to topographic variations. This capacitance sensor was based on the read
out electronics of VideoDisc systems [88]. The probe area and therefore the
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Figure 1.1: Scheme of the capacitance probe of the first SCM system. The dia-
mond stylus is only used as a carrier for the metal electrode. Scheme was taken
from J. Matey et al. [45].

approximate lateral resolution was about 0.5 pm?.

The invention of the AFM and the development of sharp AFM tips al-
lowed an 100-fold increase in lateral resolution. To achieve electrical conduc-
tivity of the AFM tips, either doped Si AFM probes, or Pt or Ptlr covered
AFM probes were used. However, the doped Si tips often suffered from de-
pletion effects inside the tip [120], whereas the the metal coated tips suffered
from abrasion and undesirable variations in SCM data. Around the year
1999, highly doped diamond coated AFM tips were introduced. Refer to
figure 1.2. Due to the diamond coating, these tips are very resistant against
abrasion and give a stable SCM signal. Because of the very high boron dop-
ing (1 x 10%* em™?), these tips do not suffer from depletion effects. The tip
area of diamond coated AFM tips is below 100x100 nm? [2]. Currently, full
diamond AFM tips are under development, which exhibit even smaller tip
areas|6].

The current state of the art of SCM and SCS can be found in the review
article [120, 107], and recent developments, such as SCM measurements at
low frequencies, either by electric force based methods detecting higher har-
monics in the AFM signal or special sensor circuits are outlined in references
[61, 58].

The demand for smaller and smaller semiconductor devices is accompa-
nied by the requirement of high resolution imaging techniques for dopant
and carrier profiling. One of the main competitors in this field is SCM, be-
side Scanning Spreading Resistance Microscopy (SSRM) (for a comparison
of methods for 2D carrier profiling refer to [26]). Several groups are investi-
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(@) (b)

Figure 1.2: (a) Scanning Electron Microscope (SEM) image of a conductive di-
amond coated force modulation AFM tip (CDT-FMR) commonly used in SCM.
(b) A magnification of the tip.

gating pn-junctions in order to determine the local carrier density [19, 54, 48]
using SCM and Kelvin Probe Force Microscopy.

A way to increase the spatial resolution of SCM by many order of mag-
nitudes is to use angle-bevelling [32, 31]. Very narrow doping profiles can be
broadened geometrically by simply bevelling the sample under the correct
angle to create a broadened projection of the doping profile (refer to figure
1.3)

Numerous SCM applications are already reported in the literature. In-
dustrial devices such as MOSFETs [57] and other VLSI structures [81] and
semiconductor lasers [28] are also frequently studied by cross sectional SCM.
Here, the extension of the drain and source areas and the carrier concentra-
tion in the channel area are of special interest [84]. Recent publications report
on SCM measurements on actively operated devices, where the local carrier
concentration was studied under various operation conditions [24, 119, 25].
In this way, effective channel lengths of MOSFETs were determined [111].

Scanning Capacitance Microscopy is also used by some groups to investi-
gate oxide charge trapping properties of SiO; on silicon [72, 41] with high lat-
eral resolution. They exploit the possibility to actively write (inject) charges
locally into the SiOs layer by applying higher voltages between the tip and
the sample than commonly used for capacitance imaging. Afterwards the
charged regions can be investigated by SCM at lower voltages. In most cases,
the charging of oxide layers during SCM measurements is disadvantageous
and is observed rather a parasitic effect. Unfortunately, it is not always pos-
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Figure 1.3: Scheme of an angle-bevelled sample. Differently doped layers appear
broader than their diameter. Image was taken from the PhD-thesis of P. Eyben
[30]

sible to adjust the voltages in commercial SCM equipment to values which do
not lead to charging effects. Other groups try to apply SCM for routine oxide
quality control at ambient temperature [21] or even at variable temperatures
[56]. The variable temperature approach makes it possible to obtain a more
detailed insight into the physical processes that govern the trapping and de-
trapping of electrons or holes inside the oxide or at the interface between the
oxide and silicon.

Besides silicon, other semiconductor systems were also investigated by
SCM. E.g. a Metal-Insulator-Semiconductor (MIS) behaviour was found by
Richter et al. [95] on InP. InAs self assembled quantum dots on GaAs were
investigated by Yamamoto et al. [42] using the same capacitance bridge
introduced in this work for studies of silicon samples. Figure 1.4 shows
the topographic and capacitance images of an InAs quantum dots recorded
by Yamamoto et al. On GalnP, ordered and disordered domains [50] were
imaged.

Although applied successfully for various applications, SCM is not an easy
and strait forward technique to use. In detail, quantitative and reproducible
measurements are a serious problem, since sample preparation has a dramatic
influence on the results especially in cross sectional measurements. In the
literature, many articles can be found on the subject of sample preparation
[33, 51, 100, 110, 119]. In addition to the technical problems with sample
preparation, the physical processes leading to contrast in SCM images are
also not fully understood. It was shown for unipolar doped samples that
the contrast is monotonic only if the tip voltage is adjusted properly (refer
to chapter 3.5 or the articles [98, 105]). In addition to that, other groups
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Figure 1.4: (a) Topographic AFM image of an InAs quantum dot. (b) — (d)
Capacitance images of the quantum dot recorded at different tip voltages (0 V, 0.5
V and 1 V, respectively) with an Andeen Hagerling capacitance bridge. Images
were taken from Yamamoto et al. [42].

have shown that too many surface states can lead to contrast reversal and
that a good oxide quality is essential for this reason [27]. Quantitative SCM
measurements with high spatial resolution are still a challenge for many tech-
nical and physical reasons. First, the capacitance between the AFM tip and
the sample is in the aF regime only. To obtain a reasonable signal size at
reasonable data collection speed for imaging, lock-in techniques are normally
used. Thus, commercial SCM systems usually yield qualitative data only. To
obtain quantitative results, these data have to be calibrated. This, however,
is technically complicated due to large difficulties with the reproducibility
of the reference sample preparation process. In addition, the currently com-
mercially available SCM systems do not operate at small signal conditions,
which further complicates the data evaluation and makes sophisticated sim-
ulation methods almost inevitable [117, 47, 60, 49], especially if structures in
the nm-regime have to be investigated.

1.2 Overview over the Thesis

In this work, Scanning Capacitance Microscopy and Scanning Capacitance
Spectroscopy were applied on silicon samples covered with Si0O5 and ZrOs.
An advanced experimental setup (with the AH2550A capacitance bridge)
was developed that allows for quantitative capacitance measurements, and
which complements the qualitative investigations with the conventional SCM
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module.

The insights and operational experience gained during the experiments
are summarized. This work was also created as a reference for future projects
based on SCM. Some topics already discussed in the thesis, were again sum-
marized elsewhere in the thesis to increase the readability.

Chapter 2 develops the basic theoretical knowledge needed to understand
the measurement principle of SCM. It gives an introduction into 1D MOS
theory and explains the deviations from this oversimplified model due to the
geometry of the SPM tip.

In chapter 3, the equipment for the following investigations is described.
Efforts are made to clearly distinguish between the two experimental setups
for capacitance spectroscopy:

¢ Quantitative Scanning Capacitance Spectroscopy (QSCS) with
the AH2550A true capacitance bridge at 1kHz

e (Non-quantitative) SCM and SCS with the commercial, con-
ventional SCM module at about 1GHz

A summary of the basic measurement principles of both the AH2550A ca-
pacitance bridge as well as the SCM module is given. The various effects
that influence the outcome of capacitance measurements with both setups
are described in chapter 3.4.

Chapter 4 deals with the substitution of the commonly used SiO, layer
with a high-e ZrO; layer (in literature often refered to as high-k layers) as a
dielectric for conventional SCM investigations. The differences in the topo-
graphic structure and in the electrical behaviour are discussed.lt turns out
that ZrO, layers are superior to 5105 layers for many SCM applications.

In chapter 5, conventional SCM is used as a very sensitive method to de-
termine the extent of damage accumulated during the local irradiation of a
Si sample with Ga*-ions inside a Focussed Ton Beam (FIB) system. As it
turned out, conventional SCM is three times more sensitive at imaging ion-
damage than Transmission Electron Microscopy (TEM).

In chapter 6, the measurements performed with the AH2550A capacitance
bridge setup are presented. In the first part, useful measurement parameters
are defined and some parasitic effects are described that are inherent in the
measurement setup. In the second part, the first measurements on SiO, and
ZrQ4 covered Si samples are presented. It turned out that the spectroscopic
resolution of the AH2550A capacitance bridge setup is superior to the reso-
lution of the conventional SCM module. After “the prove of principle”, the
setup was applied to investigate the quantitative distribution of oxide charges
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on a Zr0y covered sample.
Finally, chapter 7 gives some critical remarks on the presented work and

an outlook to possible future projects and applications.



Chapter 2

1D MOS Theory

Due to its many applications, the Metal-Oxide-Semiconductor (MOS) sys-
tem is of tremendous importance in todays microelectronics. MOS systems
are applied mainly as MOS Field Effect Transistors (MOSFETs), flash mem-
ory devices and in Charge Coupled Devices (CCD). A large amount of the
semiconductor industry is involved in the production of the different MOS
based devices.

The principle of the field effect was discovered in 1935 by Lilienfeld[65]
and Heil[40]. An enormous amount of research has been conducted on MOS
devices since the the first proposal of a MOS capacitor as a voltage dependent
capacitor in 1959 [79, 89] and the first implementation of a MOSFET by
Kahng and Atalla [53] in 1960.

As Scanning Capacitance Microscopy on silicon samples lead to the cre-
ation of a MOS capacitor consisting of the AFM tip, an oxide layer and the
silicon sample, a detailed comprehension of the physics of MOS systems is
required for the work presented here. This chapter is meant to impart this
knowledge.

The theory which is presented here and which is applied later in this work is
only valid for large, flat capacitors where so called edge effects due to fringing
electric fields at the capacitor edge can be neglected. Note that an AFM tip
is not a large capacitor anymore and edge effects are an issue. The relevant
deviations of the flat capacitor model that are introduced by the small AFM
tip are discussed in chapter 2.5.

The symbols used in the following equations are most often equivalent
to Nicollian and Brews [83]. Whereas in theoretical calculations it is com-
mon practice to use capacitance and charges per unit area to obtain values
independent of the capacitor- or tip area (which is consistent with Nicollian
and Brews [83]), in experimental analysis it is more advantageous to use

15
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the non-normalised values. To avoid confusions and for an easy distinction,
the non-normalised values are primed. Therefore, e.g. the values C,, C.,,
Q,, Q. ..., mean capacitance or charge in the common sense, whereas the
values Uy, Copy Qs, Qit, ..., mean capacitance or charge per unit area. For
comparison with literature, the oxide charge densities can be calculated in
real charge densities or number densities. Therefore, the interface trapped
charge density Q;; is given in units of C/cm? (Coulomb per area), whereas
the number of charges per area N is calculated by division with the the
electron charge ¢: N;; = Qi/q (in cm™2). Unfortunately, in scientific litera-
ture the various terms (), for oxide charge densities are used equivalently for
charge densities (Coulomb/cm?) as well as for number densities (1/cm?).

In the discussion of the energy band diagrams, the terms energy level,
potential and wvoltage are used synonymously. The exact definition of the
energy levels and when the “conversion factor” ¢ has to be applied can be
taken from the illustrations of the band diagrams. For example, the energy
difference of the work functions of the gate and the semiconductor is ¢- W,
(in eV or Joule) whereas the flatband voltage depends on the work function
difference W,,s measured in Volt. In addition, the terms gate voltage and tip
voltage have the same meaning. However, gate voltage is used throughout
the theory part, whereas in the experimental parts the term tip voltage seems
to be more convenient.

After an introduction into the subject in chapter 2.1, some basic knowl-
edge is delivered in chapter 2.2. Chapter 2.3 schematically describes how the
capacitance of a MOS capacitor can be calculated in the high frequency as
well as in the low frequency case, and derives some other useful expressions
important for this work. An introduction into the different types of oxide
charges and how they influence the capacitance behaviour of a MOS system
is given in chapter 2.4. Finally, the deviations due to edge effects and the
limit of the flat capacitor model is discussed in chapter 2.5. Most of the
deviations presented in these chapters is based on [83].

2.1 The MOS Capacitor

Traditionally, a MOS capacitor consists of an oxide layer usually thermally
grown on a silicon substrate and a gate electrode made by vacuum deposition
of a metal or by the deposition of polysilicon (figure 2.1 (a)). In the case of
this work, the gate electrode of the MOS capacitor consists of the electrical
conductive, diamond coated AFM tip (figure 2.1 (b) ). The back-contact
is also an issue, because under certain circumstances it has an impact on



CHAPTER 2. 1D MOS THEORY 17

(a) (b)
conductive AFM tip

Va
MOS capacitor
gate electrode

S0, —L g,

ov

Figure 2.1: (a) Scheme of a MOS capacitor. (b) In case of this work, the gate
electrode is replaced by a conductive AFM tip.

the behaviour of the MOS system. This will be discussed in chapter 3.3.
In the work presented here, the oxide layer consists solely of SiO4 or ZrO,.
However, the subjects discussed in chapter 2 are valid also for other types of
dielectrics.

Unlike a simple capacitor consisting of two metal electrodes separated by
a dielectric layer, the total capacitance C' of a MOS capacitor varies with the
applied voltage. The total capacitance C' consists of the capacitance C,, of
the oxide layer which is given by:

A
Clow = Eop " €0 - i (unit: F) (2.1)

Here, A is the area of the capacitor (or the effective area of the AFM tip),
d is the thickness of the oxide layer, and ¢,, is the dielectric constant of the
oxide.

C' depends also of the capacitance C, of the silicon layer immediately
below the Si0, layer, which eventually is depleted from charge carriers. The
capacitance (', will be called silicon or semiconductor capacitance from now.
The depleted area inside the silicon will vary with the voltage applied to
the MOS system. In the following discussion of the behaviour of the MOS
system, this voltage will be called gate voltage Vi, although most often in
this work, the top electrode of the MOS system consists of a conductive
AFM tip. The silicon capacitance depends on the gate voltage Vi, because
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at certain values of Vi, the gate will repel the majority charge carriers of the
bulk silicon near the SiO, layer: C'; = as(VG). The silicon region below the
510, layer is depleted from majority carriers, and behaves like an insulator.
This is the case for example on a p-doped samples where positive voltages
are applied to the gate with respect to the doped sample. The depletion
layer width w is the extent of the depletion layer inside the silicon. Similar
to equation 2.1, the silicon capacitance C (in units Farad) can be calculated
if the depletion layer width w, the dielectric constant of the semiconductor
¢, and the area A 1s known.

_ A .
Cy=c¢c5-60— (unit: F) (2.2)
w
It is now possible to calculate the total capacitance C' of the MOS system.
Figure 2.1 indicates that the total capacitance can be calculated by the oxide
capacitance C, in series with the silicon capacitance C,:
1 1 1

- — - 2.
c-o. (2:3)

For thin oxides and low doped samples, the total capacitance will be domi-
nated by the silicon capacitance C (refer to chapter 2.3.4, figure 2.7 (a)).

It is important for the following discussion to understand that two conceptu-
ally different capacitance expression can be defined. The static capacitance
is defined as:

— Q
Clopar = — 2.4
=g 2.4)
Here, @ is the total charge on the capacitor in Coulomb and Vi is the applied
voltage. The unit of C,, therefore is Farad. The differential capacitance is

defined as: o

_ dQ(V

C(va) = 290

dv s

Again, @ is given in Coulomb and C'(V5) is given in Farad. Both definitions
can be applied to the MOS capacitor, however, the two capacitances will be
different because charge on an MOS capacitor can vary non-linearly with
the voltage. Therefore, of the two capacitances, the most important in MOS
capacitor measurements 1s the differential capacitance defined in equation

2.5. To measure the total capacitance as a function of the applied gate

(2.5)

voltage, a small AC excitation voltage V...;; 1s superimposed on the DC gate
voltage Vi, as is shown in figure 2.2. Measuring the capacitance C(Vg)
at different Vi values gives a so called C(V) curve of the MOS capacitor.
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Figure 2.2: Principle of measuring the differential capacitance C'(V) by super-
imposing a small variable (AC) excitation voltage V... to the constant voltage

bias V.

The measured C(V) curve is a good approximation to the ideal differential
capacitance in equation 2.5 only if the excitation voltage is small, or, in other
words, the excitation voltage has to be within the small signal regime. If the
excitation voltage is too large, the measured curves are broadened because
of the lack of a linear response to the applied excitation voltage.

The following calculations and deductions only refer to the differential
capacitance for an easy comparison with experiments. Throughout this work,
the term capacitance is used to mean differential capacitance.

2.2 Field Effect and Band Diagrams

To develop mathematical expressions for the behaviour of the MOS capacitor
under applied voltage, first one has to understand what happens if a gate ma-
terial (or AFM tip) is connected to an oxide covered Si sample. The processes
that take place are best described by drawing the energy band diagrams of
the involved material layers. Figure 2.3 (a) shows such a band diagram for a
MOS capacitor directly after “imaginary” connecting a layer of a gate mate-
rial to the oxide and avoiding charge-transfer by electrical contact between
gate and the silicon bulk material. The oxide layer is assumed to be a perfect
insulator, there are no leakage currents through the oxide. In general, the
work function of the gate electrode ¢W,,, will be different from the work func-
tion of the silicon sample gW;. The work function of a material is the energy
needed to excite an electron from the Fermi level (Ep,, and Ep; for the gate
material and the silicon sample, respectively) to the vacuum level, where the
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Figure 2.3: The band diagram of a MOS capacitor (a) under flatband conditions
and (b) at zero gate voltage.

electron is not bound to the according material anymore. The case shown in
figure 2.3 (a) is referred to as the flatband condition, because the conduction
as well as the valence bands are flat, that is the band edge energies Fy and
E¢ are constant all over the silicon. However, this state is not the thermody-
namic equilibrium of the MOS system (the Fermi level is a thermodynamic
potential which has to be constant throughout the observed system in ther-
modynamic equilibrium). In reality, very small but finite leakage currents
will equilibrate the Fermi levels. Therefore, the flatbhand condition can only
be maintained by applying an external voltage to counter the tendency of the
charge carriers to find an equilibrium distribution. This voltage is referred
to as the flatband voltage Vpp. In case of a short circuit (or, more realistic,
due to non-zero leakage currents) between the gate and the semiconductor,
the electrons will flow from the gate to the silicon. However, this undermines
charge neutrality on both sides of the dielectric layer and an electric field
builds up between the gate and the sample that prevents further net flow of
electrons. The equilibrium is reached if the drift rate of charge carriers due
to the electric field counters the tendency of the carriers to occupy the lowest
energy levels. In equilibrium, the Fermi level is the same everywhere, which
is shown in figure 2.3 (b).

The electric field and the correlated potential drop is distributed between
the dielectric layer (the SiOy or ZrO, layer in the case of this work) and a
silicon layer of varying extent. Inside the silicon, this leads to a bending of
the valence and conduction bands edges (Fy and E¢ respectively) near the
Si-510; interface. Figure 2.4 shows the electric field of a MOS system. The
gate electrode or AFM tip is assumed to be a perfect conductor, therefore
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Figure 2.4: The electric field inside the MOS capacitor. The discontinuity at the
interface is due to the different dielectric constants of the oxide and the silicon
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the field does not penetrate the gate or AFM tip.

Some energy level inside the silicon depend on the distance x from the oxide.
Therefore, some important relations between the different energy levels and
potentials in figure 2.3 will be defined now: The relation between the Fermi
level Eps and the intrinsic Fermi level F;(x) in the silicon is given by

q-P(r) = Eps— Ei(x) (2.6)
os = ¢(0) at the Si-SiO, interface (2.7)
o = ¢(c0) deep inside bulk Si (2.8)

The intrinsic Fermi level is the Fermi level in case of an undoped semicon-
ductor. At room temperature, it shows a negligible temperature dependence
and lies approximately at midgap, at the same energy distance to the con-
duction and the valence band edge. The surface potential ¢, occurs at the
surface of the semiconductor (x = 0) and the bulk potential ¢pp occurs inside
the semiconductor bulk.

The band bending () quantitatively describes the bending of the va-
lence and conduction bands at any point x in the silicon with respect to the
bulk value:

ba) = o) — s (2.9)
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s = ¥(0) at the Si-Si0O4 interface (2.10)

The band bending at the silicon surface 15 is commonly referred to as the
barrier height [83], page 51. Note that 1 is the total potential difference
between the silicon surface and the bulk silicon.

The Fermi level Eps, and subsequently the work function ¢W; of the sili-
con depend on the doping concentration of N4 or Np (in units ecm™) of
acceptors or donators, respectively. The work function can be calculated by
summing up the corresponding potentials in figure 2.3:

E
We=x+-—"— 2.11
X+ 357 . PB (2.11)
X is the electron affinity and F, the band gap of silicon. Experimental values
for the electron affinity and the band gap can be taken from literature [109]
(¢-x =4.05eV, £, = 1.12 eV at 300K). The work function difference W,

between the gate material and the silicon is very important for the behaviour

of the MOS system and is defined by:

Wis =W, — Wi (2.12)
The bulk potential ¢p now gives the dependency on the doping level N4 or
ND2

k-T N

op = —-In D n-type (2.13)
q Uz
k-T 7

= — - In— -type 2.14

b5 ;o et (2.14)

n; is the intrinsic carrier concentration in case the semiconductor is undoped.
It corresponds to the intrinsic Fermi level £;. An experimental value for n;
was again taken from literature [109] : n; = 1.45%x10' em™ at 300K .
Due to equations 2.6 and 2.9, also the surface potential ¢, and the band
bending s depend on the silicon doping level via the Fermi level of silicon

Eps.

From figure 2.3 (a) and (b) one can see that the energy levels and the band
bending depend on the applied voltage. This is called the field effect. Lets

'Due to the logarithm in equation 2.13 and 2.14, the bulk potential ¢ 5 and subsequently
the work function ¢W; is insensitive to measurement errors of the intrinsic carrier density
n;. Even varying n; one decade in both directions does alter the work function only by

less than 0.05 eV.
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explore what happens if gate voltages other than V=0 or Vo=Vrp are ap-
plied on the MOS capacitor. Based on the amount of electrons and holes in
the silicon layer below the oxide, there are three possible cases, which will be
discussed for a p-type silicon semiconductor:

e Accumulation: If one applies a gate voltage that is lower than the
flatband voltage, Vi << Vgp, the energy bands behave like in figure
2.5 (a). No electrical current flow is possible through the oxide layer,
therefore the Fermi level is constant throughout the silicon. The very
large negative voltage on the gate contact makes the holes of the silicon
sample to accumulate near the Si-Si0; interface. The majority carrier
concentration (holes) is increased significantly. In the band diagram
of figure 2.5 (a) this means that the band bending 1 increases and
that the conduction and valence bands are bent upwards. Because a
lot of charge carriers are available near the 5i-510; interface, the total
capacitance of the system is the capacitance of the oxide: C' = C.,.

e Depletion: If the gate voltage is larger than the flatband voltage,
Vi > Vg, the majority carriers (holes) will be repelled from the silicon
surface. The result is a region depleted from charge carriers. This
depletion zone acts like a dielectric layer of thickness w with a dielectric
constant e, of silicon. The capacitance C, of the depletion layer can
then be calculated by using equation 2.2. The larger the depletion
layer width w, the lower is the capacitance. The resulting capacitance
of the system can be calculated by summing up the reciprocal values
of the oxide capacitance C,, and the depletion layer capacitance C'; as
shown in equation 2.3. In depletion, the total capacitance of the MOS
capacitor will be lower than the oxide capacitance.

e Inversion: Finally, if the gate voltage is further increased (Vg >>
Vi), the energy bands are further bent downwards and the intrinsic
level K; falls below the Fermi level. Now, there are more minority
carriers (electrons) than majority carriers near the interface. This is
called an inversion layer. The inversion layer is followed by a depletion
layer, because the band bending 15 steadily goes to zero with increasing
distance = from the interface. The impact of the inversion layer on the
total capacitance C' depends on the frequency of the applied excitation
voltage. At low frequencies the inversion layer acts as the bottom
electrode, and, like in accumulation, the total capacitance is governed
only by the oxide capacitance C = C.,. This case is described in
chapter 2.3.1. At high frequencies, the concentration of the minority
carriers inside the inversion layer does not follow the quick modulation
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Figure 2.5: Band diagrams of a MOS system with p-type semiconductor. (a)
In accumulation, the bands bend up and majority carriers (in this case: holes)
accumulate at the silicon - SiOz interface. (b) In depletion, the silicon layer near
the interface is depleted from free charge carriers. (c) In inversion, the minority
carrier density (electrons) at the interface is larger than the majority carrier density

(holes).

of the gate voltage and the total capacitance is governed also by the
depletion layer like in depletion. The high frequency case is discussed
in chapter 2.3.2.

The width of the depletion layer depends on the applied band bending
and is given for a p-type semiconductor:

2.¢5.50.55
w=— 2.15
T (2.15)

The higher the doping level (acceptors N4 ) of a semiconductor the smaller is
the depletion layer width w. &, is the dielectric constant of the semiconduc-
tor. This is also important when considering the lateral resolution of SCM.
The same is true for n-type semiconductors, if acceptor concentration Ny is
substituted by donator concentration Np.
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Two other values are very important in the following discussion: the
intrinsic Debye length A; and the doping type dependent extrinsic Debye
lengths A, and X,. These are characteristic lengths over which the carrier
density in a semiconductor changes by a factor e (Euler’s Number), and are
given by

cg-€s- kT

A= R (2.16)
cg-€s- kT

A, = _— -t 2.17

> 2N, p-type (2.17)
cg-€s- kT

Ay = —_— -t 2.18

2N n-type (2.18)

At the depletion layer edge, the transition from depletion to the carrier den-
sity in the bulk is occurring over a distance comparable to the extrinsic Debye
length.

2.3 Calculation of the Total Capacitance vs.
Gate Voltage

To calculate the total capacitance versus gate voltage [C(V)] curves in the
low frequency as well as in the high frequency case, one has to start with the
Poisson equation in one dimension [109]:

d*p(z) _ pl)

= 2.19
dz? €0 Es ( )

For the following deviations, it does not matter whether the band bending
Y, or the surface potential ¢, is used, because both values only differ by
an additive constant (¢p, refer to equation 2.9). Both values describe the
same physics, and define the behaviour of the MOS system by affecting the
carriers in the semiconductor. The correlation to the gate voltage is very
simple and will be given later. The charge density p(z) (Coulomb/cm?) at
a certain distance = from the interface is the sum of all the fixed and free
charges densities inside the semiconductor :

plx) =q-[p(x) —n(x)+ Np — N4 (2.20)

here n(x) and p(x) are the densities of electrons and holes at a location «,
and Np and N, are the densities of ionized donator and acceptor atoms 2.

20nly uniformly doped semiconductor samples are considered in the deviations pre-
sented here.
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Lets suppose again a p-type semiconductor, which means that the majority
carriers are holes, and the minorities are electrons. The difference between
low frequency and high frequency behaviour occurs in inversion. At the low
frequency case, the total number of electrons (minorities) changes with the
sum of the DC component of the gate voltage and the excitation voltage.
At the high frequency case the total number of electrons are only defined
by the DC component of the gate voltage. However, the fixed number of
electrons in the inversion layer react to the high frequency excitation voltage
by periodically changing the extent of the inversion layer. A more detailed
discussion will be given in chapter 2.3.1 and 2.3.2

The next step is to integrate the Poisson equation once with respect to
x, to obtain an expression for the electric field F (in common units V/m)
at the silicon surface. The electric field can be converted to the total charge
per unit area ()5 at the silicon surface by using Gauss’ Law

Qs =co- &5 L (2.21)

where ¢, is the dielectric constant of the semiconductor. Based on equation
2.5, the differential capacitance of the silicon can be calculated at a voltage

P!
dO,(V

(s is given in Farads per unit area, because of the unit of the silicon charge
density ()s. To calculate the silicon capacitance at a given gate voltage Vi
the voltage drop inside the oxide layer has to be taken into account:

Qs
COl’

(2.22)

Vo =— — s (2.23)
With this equation it is possible to substitute the band banding , in equation
2.22 to obtain Cy(Vi). The total capacitance as function of the DC gate
voltage, C'(Vg), can then be calculated with equation 2.3.

A comparison of the results in the low frequency and the high frequency
case can be seen in figure 2.6. The low and high frequency curve only differ
in the inversion regime, where the minority charge carriers dominate. In
accumulation and depletion the behaviour is the same.

2.3.1 Poisson Equation at Low Frequencies

In the low frequency case, the change of the applied gate voltage due to
the excitation voltage occurs so slowly, that the number of the minority
carriers can change periodically with the excitation voltage. Furthermore,



CHAPTER 2. 1D MOS THEORY 27

1.0
[ - i
L4
¢
0.8 . . ' ]
accumulation depletion # inversion
[]
- [] _|
x 0.6 o
O .,
(@) 3 '
0.4 — Wy —
p
1
1
0.2 — ' ]
I
! HF curve
0.0 k= | | { |
-2 1 0 1 2

gate voltage (V)

Figure 2.6: C(V) curves of an ideal MOS system with a p-type semiconductor.
The low and high frequency curves only differ in the inversion region, where the
minority charge carriers dominate. The curves where calculated for an acceptor
concentration of Ny=1 x 10! cm™3. The dielectric parameters were d=3 nm and
£05=3.9 (S5i02). All curves were calculated assuming a vanishing work function
difference between the gate electrode and the semiconductor (Vpp=0 V) and no
interface trapped charges.

all charge carriers have enough time to redistribute. On every location inside
the semiconductor, the densities of minority as well as of majority carriers
can be described by a single parameter, the Fermi level. Prior to finding
expressions for the charge carrier densities, some abbreviatory expression are
given now:

q- o)
u(z) = T (2.24)

q-¥(x)
v(x) = T (2.25)
For convenience, both the expression v(a) and u(a) will be called band bend-
ing from now, because they describe the same physics. Similarly, ug and vp
mean the value in the bulk (z = o0), and uy and v, are the values at the
semiconductor surface (x = 0). Using the abbreviation of equation 2.24 and
2.25, the charge densities of equation 2.20 are given by:

n(z) = n,;-explu(z)] = Np-explv(x)] (2.26)
pe) = i explou(e)] = Ny - expl—v(a) (227)

Note that the electron and hole densities n(x) and p(x) strongly depend on
the band bending v(x) or u(x) (Maxwell-Boltzmann relations). Therefore,
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subsequently these values depend on the applied gate voltage. The acceptor
and donator concentrations N4 and Np can be expressed in terms of ugp
by using equations 2.13, 2.14 and 2.24. Insertion of the expression for the
charge densities in the Poisson equation 2.19 and applying the abbreviations
of equation 2.24 leads to a dimension less form of the Poisson equation:

2

ddu;;z;) = A7 - [sinhu(z) — sinh ug] (2.28)
The complicated nature of this equation is due to the mutual interdependence
of carrier density on potential through equations 2.26 and 2.27 and the de-
pendence of the potential on free carrier density through Poisson’s equation.
However, in contrast to the poisson equation of the high frequency case (refer
to chapter 2.3.2), the low frequency equation 2.28 can be integrated easily.
This is performed in chapter 2.3.3.

2.3.2 Poisson Equation at High Frequencies

At high frequencies, the minority carriers only react to the excitation volt-
age by redistribution. The period of the excitation voltage is too short that
the overall number of minorities inside the inversion layer can change signifi-
cantly. In other words, the areal density of the minorities is fixed, whereas the
volume density can change due to the changing extent of the inversion layer
during a period of the excitation voltage. Minority and majority charges are
not in equilibrium, therefore the densities of the carriers can not be described
anymore by a single Fermi level. Instead, a quasi-Fermi level for the minori-
ties is introduced. The quasi-Fermi level is time dependent, according to the
AC excitation voltage. Again, the deviations will be done for a p-type semi-
conductor, therefore the minorities are electrons, and the (time dependent)
quasi-Fermi level is termed Ep,,.

Lets start again by determining the charge densities per unit volume of the
electrons, holes and the impurities. The expression for the electron density
(minorities) in the high frequency case is different from the low frequency
case (equation 2.26) and includes contributions from the quasi-Fermi level:

n(x) = n; - explv(x) + upy) (2.29)

where v(x) is defined similar to equation 2.25 as v(x) = (qio(x)/kT), and the
quasi-Fermi level is included in
Epn, — E;

= 2.
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In the following, up, is assumed to be spatially uniform throughout the
semiconductor, which introduces negligible error ([83] page 158, [8]). The
hole density is still given by 2.27. Finally, the Poisson equation is:

dzv(l') 2
da? =

[ —exp(—v(x)) + exp(v(x) + up, + up)] (2.31)

It also takes into account the redistribution of electrons at the silicon surface
in response to the excitation voltage.

Basically, the high frequency C(V) curve is obtained from equation 2.31
by following the procedure of solving equations 2.21, 2.22 and 2.23 with the
assumption that the total inversion layer charge (or inversion layer charge per
unit area) is fixed by the DC gate voltage and does not change in response
to the excitation voltage. The tedious and difficult calculations can be found

in [83], pp. 160.

2.3.3 Solving the Low Frequency Poisson Equation:
The Surface Electric Field

The calculation of the low frequency C(V) curve from the corresponding
Poisson equation 2.28 is quite straightforward. One only has to integrate
the Poisson equation to obtain an expression for the electric field F,. The
appropriate boundary conditions for the integration are u(x) = wu; at the
semiconductor surface (¢ = 0) and u(x) = up in the bulk semiconductor
(x = 00). The last relation ensures charge neutrality in the bulk. To integrate
the Poisson equation 2.28 the following integrating factor is introduced:

% (dzix))Q . dqéix) (dzu;?) (2.32)

With the integration factor 2.32, the Poisson equation can be transformed

into term that can be integrated easily. Multiplying the Poisson equation

2.28 with 2 - (du(x)/dx), one obtains:

2 de) (ddU( )) - di? A2 [sinhu(z) — sinh ug] (2.33)

Using the integrating factor 2.32 in equation 2.33, and applying integration
signs to the result leads to:

(M) e 2t

=0

7? [sinhu(z) — sinhug] de  (2.34)



CHAPTER 2. 1D MOS THEORY 30

The integration is performed from the surface (x = 0) to the bulk (x = o) on
both sides of the equation. Performing different coordinate transformation
on both sides of equation 2.34 by simply cancelling the da terms on both
sides of the equation individually, leads to:

(du(z)/dz)?=0

/ d( ) / “2 [sinh u(z) — sinh ug] du(z)

(du(z)/dz)?=(dus/dz)? Y=u

(2.35)
The integration boundaries have changed from lengths values = in equation
2.34 to (du(x)/dz)? values on the left side and band bending values u(x)
on the right side of equation 2.35. The integration from surface value u; to
the bulk value up in the band bending space on the right side of equation
2.35 is consistent with the integration from the surface x = 0 to the bulk
x = 0o in the length space of equation 2.34. The boundary conditions of the
integral on the left side of equation 2.35 are proportional to squared electric

field values F* (in (V/m)?) due to the relation:

du(x) : q-F\?
A R 2.
( dx ) (k . T) (2:36)
Remember, the band bending u(x) is nothing else than a (dimensionless)
potential (refer to equation 2.24), and differentiation with respect to = will
result in a value proportional to an electric field. At the semiconductor
surface, the electric field will be F, whereas in the bulk the field is zero due to

charge neutrality. Using equation 2.36 for another coordinate transformation,
one can rewrite the left side of 2.35 again:

, F?=0 u(z)=up
(%) F2:(/F 90/: 72 [sinhu(z) — sinhupg] du(x) (2.37)

Performing the integration results in:

: Fs s :
(_qki(;)) =2 A7 ?[coshu, — coshup — (up — u,)sinhug]  (2.38)

The mathematically and physically meaningful solution for the surface elec-
tric field Fy(us) can be found by introducing the correct signum function

sgn(up — u,) ([83], p. 56):
2 kT

A [(up — us) sinh up + (cosh ug — cosh u,)]'/?
q- Ai

(2.39)

Fy(us) = sgn (up — us) (2)
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In principle, for the calculation of the total capacitance C' vs. the gate voltage
Vi from Fs a formula is required that transforms gate voltage values into ug
values. This is not possible due to the interdependence of the band bending
and the surface charge density ()5. However, it is possible to go the other way
round by using fired band bending values and calculate the corresponding
gate voltage values. To get total capacitance C' vs. the gate voltage Vi
curves, perform the following steps:

o With equation 2.24, 2.9 and 2.7 transform the “independent” variable
us of the function Fi(us) (equation 2.39) to obtain a function Fi(t)s).

e Calculate Fy(v,) for different numerical values of ;.
e Calculate Q,(¢s) with Gauss’ Law 2.21.
e Calculate C(¢p5) with equation 2.22.

e If the oxide capacitance C,; is known (equation 2.1), transform the
chosen 15 values into gate voltage values Vi; with equation 2.23.

o Finally, calculate the total capacitance ' with equation 2.3, which
works both with capacitance values (C', C'; and ', in units Farad) as
well as with capacitance values per unit area (C, Cy and C,; in units

Farad/cm?).

2.3.4 Doping Level and Oxide Thickness Dependence

The most important and useful property of C(V) curves is their dependence
on the various dielectric and semiconductor properties, hence the widespread
applications of C(V) measurements and SCM as an analytical tool in mate-
rial science. Chapter 3.4 gives an overview over all factors relevant in this
work that influence the contrast in SCM measurements. This section is only
dedicated to the influence of the doping level and the oxide thickness on the
shape of the C(V) curves.

Figure 2.7 (a) shows a comparison of C(V) curves simulated for different
doping levels. Increasing the doping level leads to an increase of the mini-
mum capacitance value, because the depletion layer width w (equation 2.15)
decreases with increasing doping level. Especially important for SCM, which
records the first derivative dC/dV of the C(V) curve (refer to chapter 3.1),
is that the C(V) curve’s steepness at the transition from accumulation to
depletion decreases with increasing doping level. Higher doping levels there-
fore lead to a reduced SCM signal. This is a way to measure doping level

differences with SCM.
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Figure 2.7: (a) Simulated C(V) curves with 4 nm of SiO; as dielectric on p-type
Si with doping levels ranging from Nj4=1 x 105 em™3 to Ny=1 x 10%° ¢cm=3.
The oxide (accumulation) capacitance approximately remains constant, whereas
the silicon (inversion) capacitance is dependent on the doping level. (b) Simulated
C(V) curves with Si doping level of N4=1x10'" cm™ and a SiO, thickness ranging
from d=4 nm to d=10 nm, and d=30 nm. The oxide (accumulation) capacitance
is dependent on the oxide thickness d, whereas the silicon (inversion) capacitance
remains constant.

For low doped samples, the semiconductor capacitance €, = C,/A in
the inversion regime is nearly zero and due to equation 2.3, also the total
capacitance (' = (/A is nearly zero. Therefore, in the case of low doped
samples, it is possible to derive the oxide capacitance from a measured C(V)
curve even if the measurement setup suffers from large unpredictable stray
capacitance which is common in capacitance measurements performed with
an AFM tip. Because the stray capacitance is voltage independent, every
capacitance value of an experimental C(V) curve is offset by the constant
stray capacitance. For low doped samples, the stray capacitance value can
be approximated by the minimum capacitance of the C(V) curve C,,;,. The
oxide capacitance is approximately the difference between the maximum ca-
pacitance C,,, and the minimum. The relations are for low doped samples
and are summarized in equation 2.40 and 2.41:

astray ~ amzn (240)
601’ ~ amax - amzn (241)
For higher doped samples, the minimum of the ideal, simulated C(V) curve
in figure 2.7 (a) is significantly different from zero. Therefore, in the case
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stray capacitance values are present, it is impossible to obtain the oxide
capacitance by the measured C(V) curve alone.

Figure 2.7 (b) shows the dependence on the oxide thickness on the C(V)
curves. Thinner oxides give a more pronounced capacitance difference be-
tween accumulation C,, 4, and depletion C,,:,. To be accurate, it is the ratio
between the oxide thickness and the dielectric constant of the oxide, d/e,,,
that is responsible for a pronounced shape of the C(V) curve (refer to equa-
tion 2.1). The lower this ratio, the larger is the oxide capacitance. To provide
a good signal to noise ratio for the measurements, rather thin oxides with
often large dielectric constants were used in this work, because this gives
larger absolute differences in accumulation and depletion/inversion.

2.3.5 The Flatband Capacitance and Flatband Voltage

The easiest way to determine the flathand voltage of a measured C(V) curve
is to calculate the total capacitance at flathand condition, Crg = C(Vrp), for
an ideal MOS system showing the same oxide thickness, dielectric constant
and doping level as the measured sample. Taking the calculated flatband
capacitance and looking for the corresponding gate voltage in the measured
C(V) curve gives the flatband voltage of the measured curve. The semicon-
ductor capacitance per unit area at flatbands, Crps = Cs(Vpp) is given by
[83], page 84:
€0 " E€s
Crps = —— (2.42)
Ap

A, again is the extrinsic Debye length for a p-type semiconductor (equation
2.17). es is the dielectric constant of the semiconductor. The total flatband
capacitance, C'rp, can then be calculated using equation 2.3 and 2.42. Cpp
therefore depends on the doping level as well as on the thickness and di-
electric constant of the oxide layer. Figure 2.8 shows the behaviour of the
normalized total capacitance at flatbands Crg/C,. (=Crp/C,,) at different
doping levels and oxide properties. Note that for the low doped samples
and oxide layer parameters used in this work, the normalized total flatband
capacitance is between Crg/C,, = 0.02 and Cpg/C,, = 0.09 .

2.4 Oxide Charges

Until now, the oxide layer of a MOS structure was modelled to be an ideal
oxide which is free of any charges that influence the behaviour of the MOS
system and the shape of the C(V) curves. The equations for the total capac-
itance were only governed by the charges () located on the semiconductor
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Figure 2.8: Normalized total flatband capacitance as a function of oxide thickness
d with acceptor concentration as parameter at a temperature of 300IK. The solid
lines were calculated for SiO3 (€,,=3.9) and the dashed lines are for ZrOz (£,,=20).

side of the oxide layer. However, real oxides suffer from various charges dis-
tributed throughout the oxide. Figure 2.9 shows the different types of charges
that occur in SiOz ([109], page 380). In ZrOs, which is also used in this work,
some details in the oxide properties may be different from SiO,. However,
it is assumed that on a ZrO; covered sample a view monolayers of 510, are
in between the silicon sample and the ZrO, layer because of the tendency
of Si to quickly form a thin native Si0; layer in ambient atmosphere. No
measures were provided to avoid the build up of this native oxide layer prior
to the deposition process ?. Therefore it is assumed that figure 2.9 also gives
a reasonable good approximation for the case of a ZrO, layer.

In the following discussion, all the various oxide charge densities illus-
trated in figure 2.9 are areal charge densities (charge in Coulomb per area,
C/cm?). There are four different types of charges found in SiO,:

o Interface trapped charges ();: Between the mono-crystalline Si
and the SiO; there is about one monolayer of non-stoichiometric SiO,.
(with < 2). At the transition from the Si to the non-stoichiometric
510, there exists a more or less large amount of dangling bonds due to
the large difference in material properties of Si (crystalline) and SiO,

3As described in chapter 4.2.1, the silicon samples were treated with HF to remove
the native oxide layer prior the ZrO, deposition. However, only a few seconds in ambient
air are enough for a partial regrowth of the native oxide. Therefore one can assume the
existence of a thin native oxide layer between ZrO, and the silicon.
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Figure 2.9: Different types of charges associated with thermally oxidized silicon.

(amorphous). These dangling bond give rise to the interface trapped
charges ();;. Because these traps have energy levels inside the band gap
of silicon, and because they are located directly at the silicon surface,
they can change occupancy with gate bias. They do not form energy

bands.

e Oxide fixed charges ();: Further away from the silicon surface, there
are the oxide fixed charges ();. They are immobile under applied gate
voltage, and do not exchange charge with the silicon when gate voltage
is varied (in contrast to the interface trapped charges). Furthermore,
they are predominantly positive. It is assumed that they are located
at a distance of 3 nm form the silicon surface ([109] page 390, [83] page
286). In electric measurements, () s can be regarded as a sheet of charge
located at the Si-SiO interface.

e Oxide trapped charges (),: Inside the stoichiometric SiO; layer,
there are the oxide trapped charges (),;. The controlled generation of
these charges due to scattered hot electrons inside a MOSFET is used
in electrically programmable read only memories (EPROM) [44].

e Mobile ionic charges (),,: Finally, mobile ionic charges (), are mo-
bile ions inside the oxide. They are mobile under electric fields at raised
temperature. The main contributors are potassium KT and sodium
Nat ions.
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It is common to express the various oxide charges via the number N of

v=Y (2.43)

q
In this way, Qi, Qf, Qor, and (), can be converted to Ny, Ny, Ny, and N,

respectively. Note, that even if the charges are measured as areal charge den-

charges per area (cm™?)

sities, the impact on the MOS behaviour changes with varying areal density
as well as with a redistribution of the charges inside the oxide, which leaves
the areal density unaltered.

Concerning the reaction to a gate voltage change, there are two groups
of charges. @y, ot and (),, do not respond to an applied gate voltage
under normal conditions and only shift the C(V) curve on the voltage axis®.
Only interface trapped charges ();; can exchange charge with the silicon and
therefore they are able to change their occupancy with the applied gate
voltage. Therefore the interface charge density is dependent on the band
bending Q;: = Qi(t)s). Because 1, is correlated to the gate voltage Vi via
equation 2.23, changing the gate voltage also changes the occupation state
of the interface traps. This leads to a broadening of the C(V) curve because
the active amount of interface traps changes with voltage. Furthermore,
in general, the interface trapped charges are not distributed evenly at the
energy range of the band gap. Therefore, one can define the interface trap

level density Dy (cm™2eV™1) ([83], page 308):
_1d@s
q dys

An example where the interface trap density () is not distributed evenly

Dii(¢s) =

(2.44)

over the band gap is discussed in chapter 6.5.
The total impact of all charge types on the flatband condition, and there-
fore the flatband voltage is given by ([109], page 466)

Qit(¢s = 0) + Qf + Qot + Qm
Col’
Note the mutual dependence of the flathand voltage and the interface trap

density. @Q;+(¢s = 0) can be translated to Q;(Vrp) via equation 2.23. There-
fore the value of the interface trapped charge density at flathand condition

VFB — Wms -

(2.45)

Qi(Vrp) does influence the flatband voltage Vip and vice versa.
It is possible to define a total oxide charge density at flatband condition
Qiot(VEB):
Qiot(Vie) = Qu(Vip) + Qf + Qor + QO (2.46)

*There is some evidence that mobile ions do move under applied gate voltage also at
room temperature. Refer to chapter 6.5.
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Figure 2.10: Flatband voltage Vip vs. total oxide charge density (Q:,; calculated
from equations 2.45 and 2.46. W,,, is the work function difference between the
diamond AFM tip and a Si-sample with an acceptor concentration N4=9.4 x
10'* cm~2. The oxide capacitance C',, was calculated using an oxide thickness of
d=5.12 nm and a dielectric constant valid for ZrO; of ¢,,=20.

If the work function difference W,,, and the oxide capacitance C,, is known,
spacial fluctuation of the total oxide charge density Q;.+(Vrp) can be mea-
sured by determining the flatband voltage as described in chapter 2.3.5.
Whether Q.+(Vrp) is positive or negative can easily be determined by look-
ing at figure 2.10. All measured flatband voltages that lie above the line
defined by the work function correspond to a negative total oxide charge
density and measured flatband voltages that lie below correspond to a posi-
tive total oxide charge density. With equation 2.45, it is possible to obtain
the sign of the total oxide charge density measured via the flatband voltage
by knowing only the work function difference W,,s. For a quantitative anal-
ysis, it is also important to know the oxide capacitance or the thickness and
dielectric constant of the oxide.

2.5 Edge Effects — Deviations from the Flat
Capacitor Model

Until now, the behaviour of the MOS capacitor was calculated neglecting
any effects from fringing fields at the edge of the capacitor. These effects are
commonly referred to as edge effects. However, for capacitor areas as small
as an AFM tip this edge effects can not be neglected anymore. Correlated
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with the problem of fringing fields is the impact of the tip shape on C(V)
curves. These are well known problems, and some theoretical and experi-
mental work has been published that try to explain the impact of the special
AFM tip shape on SCM measurements. Publications showing the effect of
the tip shape and tip area that were found relevant by the author of this
work, were done by D.M. Schaadt and E. T. Yu in 2002 [99] and G.H. Buh et
al. in 2003 [20]. In their calculations they both showed that C(V) curves are
broadened due to the very small area of the AFM tip, and that the broaden-
ing is increased if the tip area is further reduced. Besides the broadening of
the C(V) curves, also the depletion layer width w (equation 2.15) decreases
with decreasing tip area. This quantitatively changes the minimum capaci-
tance Cryin = Coin X A of a measured C(V) curve and introduces an error
in the determination of the stray capacitance. In addition, an error is also
introduced if oxide capacitance C,, = C,, x A is calculated from the differ-
ence of the minimum and maximum capacitance of a measured C(V) curve
on a low doped sample (equations 2.40 and 2.41). Furthermore, the flatband
voltage Vg may change with decreasing tip area, introducing errors in all
values derived from the flatband voltage.

However, to take the influence of a small tip area into account, the devel-
opment of advanced simulation routines would have been necessary, which
was beyond the scope of this experimental work. Therefore, edge effects were
neglected for simplicity, and the unavoidable errors where accepted. Fortu-
nately, the work of D.M. Schaadt et al. [99] indicates that all the errors
associated with the small tip area are not severe above a limit of a (flat) tip
area ° of about 40x40 nm?. It is difficult to compare a flat tip area and a
tip area that is given by the radius of curvature, that assumes a spherical tip
apex. However, it seems that the flat tip area limit of 40x40 nm? is at least
in the range and probably below a flat tip area created by a spherical tip
with a radius of curvature of about 100 nm, which is the value found in the
data sheets of the used SCM tips. Furthermore, the limit is lower than the
calculated electrical tip area of about 76x76 nm? for the tip used in chapter
6.6.

Therefore, in summary, one can say that the errors introduced by the
edge effects due to the small AFM tip are probably not very dramatic if
oxide capacitance and oxide charges are determined, even if the author of
this thesis recommends to have a closer look into this subject in the future.

>The flat tip area is the area of the tip that is parallel to and in contact with the sample.
It was calculated from the tip model presented in [99], taking a tip radius of curvature of
60 nm and a bluntness angle of 20 degree.



Chapter 3
Equipment

This chapter is dedicated to the description of the main equipment that was
used for this work. In more detail, that is the scanning capacitance mod-
ule of the multipurpose SPM and an ultra- precision (true) capacitance/loss
bridge. Although the multipurpose SPM (Digital Instruments Veeco Di-
mension DI3100) was the basic component, it is not discussed, because its
detailed functionality is of no relevance here. For an overview over SPM
methods and applications refer to the introduction (chapter 5.1). When a
detail of the SPM’s functionality was relevant for a certain topic of this
work, this special detail was described “locally” in the particular chapter.
Efforts are made to explain as clear and as detailed as possible the differ-
ence between the scanning capacitance module and the capacitance bridge.
It is very important to understand the different behaviour of the two setups.
From now on, the procedure of measuring samples will be called capaci-
tance spectroscopy or Scanning Capacitance Spectroscopy (SCS) in the case
the scanning capacitance module is used, and Quantitative Scanning Capaci-
tance Spectroscopy (QSCS) in the case the high precision capacitance bridge
is used. The prefix “quantitative” suggests that the obtained data are real,
calibrated capacitance values in Farad. Quantitative scanning capacitance
spectroscopy therefore delivers C(V) curves, where a Farad-value is plotted
against a voltage. In Scanning Capacitance Spectroscopy only a voltage pro-
portional to the first derivative (dC'/dV)(V) of the C(V) curve is recorded,
due to the applied lock-in amplification. This voltage will be called SCM
signal or (dC'/dV') signal. Therefore, the (dC'/dV) signal is actually given in
Volt, and not in Farad/Volt. In principle, the conversion of the SCM signal
from units Volt to units Farad/Volt is possible by applying a simple factor of
proportionality, but in reality this conversion factor changes from measure-
ment to measurement and depends on many other factors not always known
by the user.

39
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Furthermore, a detailed description is given on how to connect the ca-
pacitance bridge to the SPM and how to establish beneficial conditions for
reliable measurements with this setup. A short essay about how to establish
a sufficiently good electrical contact to the sample is given in chapter 3.3.
Finally, in chapter 3.4, a summary is given about all the factors influencing
the capacitance signal both in conventional SCM as well as in QSCS.

3.1 The Standard Commercial Scanning Ca-
pacitance Equipment

The Scanning Capacitance Microscopy (SCM) module is an optional exten-
sion of the DI 3100 multipurpose SPM. With the SCM module it is possible
to quickly image the dC'/dV value between the AFM tip and the sample
while the tip is scanned over the sample. In this way, “capacitance in-
formation” of a specific sample region can be obtained. Refer to chapter
3.1.2 for more information about the SCM image mode. It is also possible
to record (dC'/dV)(V) spectra on single sample locations (refer to chapter
3.1.1). Due to the very small AFM tip area (< 100x 100 nm?), the tip-sample
capacitance values are in the range of only 1 to 500 aF, which makes fast
measurements a challenging task. To enable fast and very sensitive capaci-
tance measurements, the SCM module was designed on the basis of an ultra
high frequency (UHF) resonant capacitance sensor. Originally developed by
RCA (Radio Corporation of America), it was intended to be used inside the
read-out electronics of early VideoDisc-systems [88]

In principle, the SCM module detects the change of the voltage ampli-
tude of an excited LCR resonator circuit. The circuitry is shown in figure
3.1. A change of the sample capacitance Upmbe leads to a change of the res-
onant frequency fy of the LCR circuit and, supposing a constant excitation
frequency f.peir and voltage V... this subsequently leads to a change of the
voltage amplitude V...;; between the tip and the sample in the LCR res-
onator circuit. V... is the voltage that probes an approximate value for the
differential capacitance (equation 2.5) of the tip-sample system. The high
frequency (915 MHz) excitation voltage V., ., is inductively coupled into the
LCR circuit via the inductance L,. V., is in the range of 5 V to 10 V ([15]
page 47). The resonant frequency fo can be tuned manually to gain the max-
imum sensitivity by varying a DC voltage on a varactor diode, which changes
its capacitance value C,4. The voltage on the varactor diode is commonly
referred to as the Cap. Sensor Frequency (unit: V) and can be adjusted
between 0V and 10V (refer to the SCM manual [3]). During measurements,
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Figure 3.1: Circuit of the capacitance sensor inside the SCM module. The tip-
sample system acts as an external branch of the sensor’s resonant circuit. The
resonator’s amplitude is rectified and the resulting signal (V) is fed into a lock-
in amplifier. The voltage output of the lock-in amplifier actually is the SCM signal
proportional to the dC'/dV signal. The schematics was taken from [15] and was
modified afterwards.

the Cap. Sensor Frequency is held constant. The decoupling capacitor C.y,,
prevents any DC voltage contributions from the varactor diode circuit form
entering the other parts of the resonator circuit. A DC bias voltage Vpooias
can be applied on the back-contact of the sample to change the potential
between tip and sample. The tip voltage V};, is simply given by

Viip = —VbCbias (3.1)

Due to the inductance L, there exists a DC short circuit to ground. For
the sake of completeness, the series resistance inside the sample and the
resistance of the feed cable is also included in figure 3.1. Via inductance L3
the amplitude of the LCR resonator is fed into an rectifier where it is also
smoothed. Every change to any of the capacitors in the LCR circuit leads to
a change of the output voltage V,,; of the rectifier circuit.

Because of the fact that both the stray capacitance Ustmyl and @tmyz as
well as the change of the stray capacitance values while scanning the AFM
tip over the sample (in image mode) is orders of magnitudes larger than the
tip-sample capacitance C .., lock-in techniques have to be applied. There-
fore, a second AC bias voltage Vacpias 18 applied between the tip and the
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Figure 3.2: SCM signal vs. distance from sample edge. The SCM signal decreases
steadily, because of the change (in this case the increase) of the stray capacitance
between tip and sample.

sample that modulates the excitation voltage V....;. The AC bias frequency
can be adjusted between 10 kH and 170 kHz. The default value of 90 kHz
was taken for all SCM measurements in this work. Due to the AC bias, the
AFM tip alternately attracts and repulses the free carriers beneath the tip.
The alternating carrier density under the tip may be modelled as a moving
capacitor plate. Therefore, the signal obtained from the SCM module is not
a capacitance value but the change of the capacitance with the applied AC
bias: dC/dV. The applied “lock-in procedure” ensures that only capacitance
changes are recorded that are due to the sample capacitance. Changes of the
stray capacitance values due to the moving AFM tip are approximately fil-
tered out. However, if large scan fields are chosen, the stray capacitance may
vary significantly during a single scan line. Figure 3.2 shows the development
of the SCM signal if the SPM tip moves from the edge of the sample to a
location further away from the sample edge. There are two effects explain-
ing this behaviour and this effects probably both contribute to the observed
behaviour.

o Oneexplanation is that the large change of the stray capacitance simply
leads to a detuning of the resonator circuit. Subsequently, the sensi-
tivity of the circuit decreases and the SCM signal decays. In principle,
the strong impact of the change of the stray capacitance values on the
sensitivity of the resonant circuit can be attenuated to a certain extent
by varying the voltage on the varactor diode (Cap. Sensor Frequency).
However, it is not possible to adjust the Cap. Sensor Frequency for
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every point of a scan line. Therefore, scanning over large areas can
cause problems like shown in figure 3.2.

o The other explanation assumes the existence on an increasing severe
short circuit for the high frequency (f ~ 1 GHz) voltage signal between
the tip and the sample in the case the stray capacitance increases. The
impedance of the stray capacitance is simply given by:

/= 1_
Q'W'f'cstray

(3.2)

Assuming that the stray capacitance is about C,0,=2pF. .. 10pF, leads
to a very low impedance of about Z=80)...16¢), respectively. If one
takes into account that high frequency voltage sources are commonly
constructed for an impedance value of about 502, the low impedance
values of the stray capacitance will lead a to severe voltage drop.

A more detailed analysis of the impact of the stray capacitance on the SCM
signal is a subject for future investigations. In general, recording small SCM
images (e.g. 3x3 pm?) near the sample edge is not affected by this problem,
however it is recommended to adjust the Cap. Sensor Frequency in a way to
obtain the largest sensitivity prior to the measurement.

The circuit inside the SCM module is sensitive to capacitance variations
as small as al' (10722F/v/Hz sensitivity). For a more detailed description
of the SCM sensor design refer to the SCM manual [3] or the original work
from RCA [88]. For a detailed analysis of the SCM signal generation with a
DI SCM module and a comparison to other capacitance sensors refer to the
corresponding parts of the PhD thesis of Axel Born [15]. Unfortunately, the
precise plan of the circuitry is not provided by Digital Instruments.

3.1.1 Spectroscopy Mode

The SCM module of the DI 3100 multipurpose SPM offers the possibility
to record the differential capacitance dC'/dV during a sweep of the DC bias
voltage. However, as described in the previous chapter, the SCM module
records the change of the capacitance, dC'/dV, and therefore the the result-
ing curve is the first derivative of a C(V) curve. Nevertheless, in the following
discussion this will be called a capacitance spectrum, and it will depend on
the context whether dC'/dV vs. V [(dC/dV)(V)] curves or C vs. V [C(V)]
curves are meant. For better clarity, in figure 3.3 a simulated C(V) curve
together with its first derivative (dC'/dV)(V) is shown. It is important to
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Figure 3.3: Comparison of a C(V) curve (1) and its corresponding dC'/dV
curve (2). Both curves were calculated assuming a flat, ideal capacitor with zero
work function difference and no oxide charges (flat band conditions occurring at
Ve=0V). The thickness of the SiOy layer was d=4nm and the Si sample had an
acceptor concentration of Ny=1 x 10'% em™3.

note that the information content of a (dC'/dV)(V) is less than that of a
conventional C(V) curve. Lets first suppose ideal conditions without any
stray-capacitance superimposed on the capacitance signal originating from
the sample. As described in chapter 2, the oxide capacitance C,, = C,,. x A
and the semiconductor capacitance Cy; = C, x A (A...effective electrical
tip area) in the depletion regime can be obtained from an ideal C(V) curve
for all doping levels. However, the absolute value of the semiconductor ca-
pacitance in the depletion regime can not be determined in the case of a
(dC/dV)(V) curve. Indeed, a C(V) curve can still be calculated from the
measured (dC'/dV)(V) curve by a simple numerical integration procedure,
but the C(V) curve obtained in this way is determined except for an additive
constant. Therefore it is theoretically impossible to determine the doping
level of a semiconductor by a single measurement with the DI SCM sensor.
Under certain circumstances, it is possible to determine unknown doping
levels with multiple measurements, if there exists the possibility of perform-
ing calibration measurements. The very large stray capacitance values that
happen under real measurement conditions mathematically do not affect the
calculation of doping levels from multiple (dC'/dV)(V) curves, because the

stray capacitance only introduces another additive constant to the curve.!

'However, the large and unknown stray capacitance values do interfere with attempts
to determine doping levels by measuring C(V) curves with the setup described in chapter
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However, too large stray capacitance values affect the sensitivity of the SCM
sensor by effectively short-circuit the excitation voltage as already described,
and maybe by severely detuning the resonator circuit ?. This leads to an re-
duction of the overall signal to noise ratio. Refer to chapter 3.4 for a summary
of all factors influencing the signal in measurements with the conventional
SCM equipment and measurement with the setup described in chapter 3.2.

As already discussed in chapter 2.3.5, the maximum of the (dC'/dV)(V)
curve in figure 3.3 is not the flatband voltage of the MOS system created by
the AFM tip, the dielectric layer and the semiconductor. The exact position
of the flatband voltage depends on the dielectric and semiconductor prop-
erties. However, for most practical applications a shift of the (dC'/dV)(V)
curve’s peak can be interpreted as a similar shift of the flatband voltage even
if there remains the possibility of effects that may affect the (dC'/dV)(V)
curve’s peak but not the flatband voltage (e.g. an unfortunate mixture of
different charges inside or at the interface of the dielectric layer.)

Because the SCM module applies large probe voltages (around 1V) be-
vond the small signal region, the (dC'/dV)(V) spectra are averaged over the
probe voltage and appear significantly broader than the simulated (dC'/dV)(V)
curves. In figure 3.4 one can see the extend of the broadening of a measured
(dC'/dV)(V) curve when compared to a calculated one. Even if most of the
broadening can be attributed to the large probe voltages, the curves are also
slightly affected by geometric effects due to the very small tip area (refer to
chapter 2.5 for a more detailed analysis on the impact of the tip shape)

3.1.2 Imaging Mode

The main feature of the SCM sensor is that it features fast enough capac-
itance measurements to record dC'/dV images of a sample region within a
few minutes. For the imaging mode used for this work, no DC voltage bias is
swept but is hold constant over the entire image. The contrast between dif-
ferent sample spots simply is created by the change of the position and shape
of the (dC'/dV')(V) curve due to local varying sample properties like oxide
thickness or the doping level. For a full discussion of all factors that deter-
mine the capacitance signal and therefore the contrast in SCM images, refer

3.2. There, similar to conventional SCM, if the additive constant (introduced by the stray
capacitance) is not known, doping level calculations are impossible, and one has to perform
calibration measurements, too.

2Until now, no systematic experiments have been performed investigating the interac-
tion between the Cap. Sensor frequency parameter, different stray capacitance values and
the sensitivity of the SCM sensor (= SCM signal height). This is an important subject of
future investigations.
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Figure 3.4: Comparison of a dC'/dV spectrum recorded by the SCM module (1)
and a simulated curve (2). Due to large excitation voltages applied by the SCM
module, the measured curve (1) is significantly broadened. The measurement
was performed on 4 nm of Si0y above a p-type silicon sample with an acceptor
concentration of Ny=1x 10'® em ™. The simulation was performed with the same
parameters using the flat capacitor model and assuming flatband conditions at

V=0V .

to the chapter 3.4. The constant DC bias can be chosen arbitrarily, either to
gain the largest contrast on a specific sample, or to obtain a monotonic de-
creasing SCM signal for increasing doping levels. In any way, different doping
levels always lead to different SCM signal and contrast, even if in most cases
the SCM signal will not change monotonically with a monotonic change of
the doping level (refer to chapter 3.5 or to the original article [105]). Figure
3.5 shows three SCM images of one and the same cross section of a bipolar
transistor at different applied DC bias voltage values. The DC bias strongly
affects the features of the transistor which can be observed in figure 3.5.

3.2 The Capacitance Bridge Setup

3.2.1 The Capacitance Bridge

The Andeen Hagerling AH2550A ultra-precision capacitance bridge used for
this work operates at an excitation frequency of 1 kHz. It incorporates a true
bridge circuit in the conventional sense of the word. The basic bridge circuit
is shown in figure 3.6. The use of specially-wound ratio transformers and
a temperature-controlled fused-silica capacitor standard in the basic bridge
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(a) DC bias =-1.0V (b) DC bias = 0.0V (c) DC bias = +1.0V

Figure 3.5: SCM images of one and the same cross section of a bipolar transistor
recorded with different DC bias values Vpcpias (= —Viip)-

circuit are major contributors to the extremely high accuracy and precision
that the AH2550A offers.

A 1 kHz sine wave generator feeds the ratio transformer which forms legs
1 and 2 of the basic bridge. Both of these legs have many transformer taps to
allow selection of precisely defined voltages to drive legs 3 and 4 of the bridge.
Leg 3 consists of one of several fused-silica capacitors plus other circuitry that
simulates a very stable resistor. Leg 4 contains the unknown impedance,
which is connected between “Low” and the “High”. The microprocessor in
the AH 2550A performs the task of selecting (or balancing) Taps 1 and 2
of the transformer and of selecting C'y and Ry so that the voltage present
at the detector is minimized. The detector is capable of detecting both in-
phase and quadrature voltages with respect to the generator voltage. This
allows both resistive and capacitive components of the unknown impedance
to be independently balanced. In the case of this work, only the capacitance
output was of interest, the resistive or loss output was only recorded to check
for leakage currents.

If the microprocessor is able to obtain this null (or minimum voltage)
condition during balancing, the unknown capacitance can then be determined
since the ratio of the unknown capacitance C, to Cy is equal to the ratio
of the voltage on Tap 1 to the voltage on Tap 2. Similarly, the unknown
resistance can be determined since the ratio of the unknown resistance R, to
Ry is equal to the ratio of the voltage on Tap 2 to the voltage on Tap 1. The
microprocessor performs these calculations and displays the capacitance and
loss results.

Besides the high accuracy of the bridge, the most important feature is
the possibility to input mazimum values for the excitation voltage applied
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Figure 3.6: Basic circuit of the capacitance bridge. The device under test is
connected to the “low” and “high” terminals.

between the “Low” and the “High” connectors as small as 1mV. This is the
main advantage over the standard SCM equipment, where the applied excita-
tion voltages can not be quantified by the user and where the voltages often
cause problems because they are beyond the small signal region. Although
the excitation voltages for measurements with the capacitance bridge were
between 100 mV and 250 mV (chapter 6.2) to increase the signal to noise ra-
tio at a manageable value, the applied voltages are nevertheless much smaller
than in conventional SCM.

Here a summary of the important features of the AH 2550A capacitance
bridge:

o adjustable excitation voltage between 0.001 V and 15 V
e measurement of calibrated capacitance values in Farad
e true resolution of 0.5 aF

e 8 significant digits of capacitance and loss measurements under optimal
conditions

e independent measurement of capacitance and loss values

e high long term stability
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3.2.2 Setup for AFM-Based Measurements with the
Capacitance Bridge

Connecting a capacitance bridge to an AFM is not as straightforward as one
might think initially. Whereas conventional SCM is not very sensitive to the
influence of light, either from the ambient illumination or from the class 2
feedback laser®, capacitance measurements with the (low frequency, 1kHz)
capacitance bridge turned out to be extremely sensitive to even marginal
illumination, e.g. from the microscope camera lighting. Especially the mi-
nority carrier density is severely increased by the influence of light, which
subsequently has a large impact on the depletion and the inversion of a
MOS system. This effect is well known to everyone who performs classical
C(V) measurements on devices. Therefore, it is mandatory to switch off the
feedback laser in order to obtain a useful capacitance signal. However, the
requirement of switching off the feedback laser for the capacitance measure-
ments leads to a series of necessary additional modifications to the setup,
which will be described in this chapter. A scheme of the whole setup with all
the additional features required for reliable capacitance measurements with
the AH2550A capacitance bridge between the AFM tip and the sample is
given in figure 3.7. The setup mainly consists of the SPM, the capacitance
bridge, a circuit for switching on an off the feedback laser and a circuit for
providing an external voltage to the z-piezo. In addition, a thermometer is
required for precise temperature control. The two camera pictures below the
scheme in figure 3.7 show the DI multipurpose SPM inside the acoustic hood
(on the left side) and the SPM controllers and the circuit that provides the
external z-piezo voltage (on the right side).

The AH2550A capacitance bridge does not provide a (non-zero) DC bias
voltage to be applied to the sample via the “high” and the “low” lines (refer
to chapter 3.2.1). However, a DC bias sweep is required to perform C(V)
spectroscopy. For this purpose, the AH2550A bridge provides an input chan-
nel for an external DC bias in the range of £100V. Therefore, a Keithley 2400
source measure unit (SMU) was connected to the bridge as a programmable
voltage source and delivers a DC bias on demand. Inside the bridge, the

3Empirical data suggest that the conventional (high frequency, ~1GHz) SCM signal is
only increased by about 20% to 30% if the feedback laser is switched off. A reason why the
conventional SCM signal shows only a very small sensitivity to light may be the very high
frequency of the excitation voltage of about 1 GHz compared to the excitation frequency
of the AH2550A capacitance bridge of only 1kHz. The light generated minority carriers
may not be able to follow a modulation of about 1 GHz. Investigation on that topic may
be a subject of future research. Two article showing some investigations on the impact of
light on conventional SCM are given in [103, 20]
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Figure 3.7: The experimental setup to perform SPM based measurements with
the AH2550A capacitance bridge. Basic layout of the schematic by courtesy of
Matthias Schrambéck.
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input channel carrying the (external) DC bias voltage is relayed * via one of
two resistors to the “low” measurement line. According to the bridge’s man-
ual [1], chapter 4, page 13, choosing the resistor with the higher resistivity
of 100M€Q results in measurements showing reduced noise compared to the
outcome if the 1M resistor were taken. The drawback of using the larger
resistor, however, results from the larger R - C' time constant of the circuit.
Therefore, in principle, longer delay times have to be implemented between
single measurements corresponding to the larger - (' time constant. Taking
an approximate combined sample and stray capacitance value of 1pF and
the larger 100MS2 resistor results in a time constant of about 0.1ms . This
is even much shorter than the acquisition of a single capacitance measure-
ment with the setup, and therefore the large 100M{) resistor was taken for
all measurements in this work.

Both the capacitance bridge as well as the DC voltage source (Keithley
SMU) were controlled via a computer program written in LabView. The
GPIB bus system was used for (bidirectional) communication. The program
performed the task of recording C(V) curves and saving the data in text
format on the hard disk. It automatically sweeps the DC bias voltage in the
chosen range, performs delays between the single capacitance measurements
and records a predefined number of C(V) curves and corresponding loss vs.
voltage curves for averaging.

As already discussed, the influence of the feedback laser makes it impos-
sible to do capacitance measurements with the bridge, and therefore it has
to be switched off. Unfortunately, the AFM control software (NanoScope
5.12r was used for the work presented here) does not support switching the
laser on and off. Therefore, the scanning head of the SPM was modified in
a way to control the laser via an external switch. As it turned out, this was
relatively simple because the SPM head features a security interlock system
that switches off the laser if the whole scanning head is rotated from its oper-
ational vertical position to the horizontal position during handling. This was
meant to reduce the probability of severe eye damage (class 2 laser) during
handling of the scanning head. The main part of this security system was
a position dependant mercury switch. It was very easy to bypass the mer-
cury switch for the purpose of an external control of the laser. Note that the
laser switch has to be located outside the acoustic hood, because opening the
acoustic hood for the purpose of switching the laser on or off leads to severe

4Via a remote or front-panel command the capacitance bridge can toggle an internal
relay between three possible states: either the DC bias input channel is not connected to
the “low” line, or a connection to the “low” line is established via a 1IMQ or a 100MS2
resistor, optionally.
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acoustic and thermal perturbations! Ultimately, this can result in tip- or
sample damage or the separation of the tip from the sample. In both cases,
no useful capacitance data can be obtained anymore. Even if the tip or the
sample would not be damaged, additional time (at least 10 hours) would be
required for thermal equilibration.

During the first test runs of the system containing only the SPM, the
bridge with the external DC bias source and the laser switch, it quickly turned
out that the SPM’s feedback system reacted in a counterproductive way. If
the laser is switched off, no laser light from the cantilever is reflected to the
detector anymore. The feedback system, designed under the assumption that
the laser always is switched on (when the tip is in contact with the sample),
interprets a lost detector signal as a strong deflection of the cantilever. As a
reaction to this supposed deflection, the feedback system tries to extend or
retract the z-piezo in order to reduce the deflection of the cantilever. Finally
this results in total extension or retraction of the z-piezo. No reaction of the
feedback system can reflect the laser back on the detector’s centre, because
the laser simply was switched off. This again can lead to damage to the
tip or the sample or a lost contact between tip and sample, which both
makes reliable measurements impossible. Whether the z-piezo is extended or
retracted may depend on the initial state of the cantilever’s deflection at the
time the laser is switched off. This subject was not investigated further.

To avoid the problems with an “overreaction” of the feedback system, an
circuit providing an external voltage to the z-piezo was added to the setup,
which can be seen in the upper part of the setup’s scheme in figure 3.7. The
central component of the external piezo voltage circuit is the signal access boz.
The signal access box allows the access to a large number of (analog) signals
that are exchanged between the SPM controllers and the SPM, e.g. the x-,
y- and z-piezo voltages. It provides the possibility of both monitoring the
different signals as well as of feeding external signals into the system. In this
way it is possible to quickly switch between the (automatic) SPM controllers
and the external, manual piezo voltage circuit. A cheap, manually adjustable
voltage source is connected to the signal access box. Currently, the voltage
source only provides unipolar voltages in the range of 0 V to 100 V. but may
be substituted in the future by a bidirectional voltage source with a possible
voltage range between -100 V and +100 V.

Prior to switching off the feedback laser, the present z-piezo voltage ap-
plied by the SPM controllers is measured by a voltmeter (on the left side of
the scheme in figure 3.7). Although the SPM control software also displays
the voltage on the z-piezo, the external voltmeter was retained as a backup.
After the read out of the current z-piezo voltage, the obtained voltage value
is manually input into the external voltage source. Because the display of
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the voltage source is not very accurate, a second V-meter (the right one in
the scheme of the setup in figure 3.7) was used to verify the output voltage
of the source. Note that the z-piezo shows an expansion coefficient of about
14 nm/V; an accuracy of Inm is obtained only if the external voltage can
be adjusted with an accuracy of about 0.1 V. However, in the majority of
cases the external voltage can differ from the voltage applied by the SPM
controller by about 1V without having any effect. After adjusting the ex-
ternal voltage, the signal access box can be toggled to connect the external
voltage to the z-piezo °. Finally, the feedback laser can be switched off. The
current extension of the z-piezo is fixed by the voltage obtained from the
external circuit. One also has to remember to switch off the illumination of
the optical microscope inside the SPM. Capacitance measurements with the
AH2550A bridge demand complete darkness!

Without any feedback the SPM can not adjust the pressure between tip
and sample anymore. Therefore, every effect that leads to an deflection of
the cantilever can not be compensated anymore. Scanning the tip over the
sample (which is still possible because only the z-piezo remains fixed and
the x- and y- piezo receive signals from the SPM controllers) is dangerous as
long as the feedback is off both for the SPM tip as well as for the sample. It
should be avoided except a very smooth and flat sample is investigated and
the user knows what he/she is doing.

Especially thermal expansion can cause many troubles when the feedback
is off. To get at least an estimate of the current temperature and its devel-
opment inside the acoustic hood, a remote thermometer was deployed inside
the acoustic hood consisting of a NTC resistor (PT100) and a multimeter
to measure the temperature dependant resistance. The multimeter again
was connected to a computer via a GPIB bus. Again a LabView program
was used to convert the resistivity read out into Celsius temperature and to
store the temperature values together with a time tag. For more information
about the thermal expansion of the setup and temperature management refer
to chapter 6.3.2. After the acoustic hood was open for a longer time, one has
to wait at least one day to allow the system to thermally equilibrate again.
Neglecting thermal equilibration lead to troubles with the tip-sample contact
during measurements without feedback.

°Besides the z-piezo voltage, the signal access box also provides an the inverse z-piezo
voltage, with the opposite polarity to the z-piezo voltage. Because of the lack of detailed
information on the z voltage and how it affects the functionality of the SPM, a third
external voltage source (not shown in figure 3.7) was installed to control the 7 voltage.
Therefore, prior to switching off the feedback laser, both the external voltages for the
z-signal as well as for the z-signal have to be adjusted properly. Variations to the z-signal
do not seem to affect the piezo, but maybe the SPM needs the z-signal to work properly.
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A very important issue when performing measurement in the alF regime is
the way the device under test (in the case of this work the AFM tip and
the sample), is connected to the bridge. The AH2550A capacitance bridge’s
manual strongly suggests to perform a proper shielding in order to avoid a
reduction of the measurement sensitivity or strange measurement results. To
cite a rule-of-thumb given in the bridge’s manual: “If you see the object that
is intended to be shielded, than it isn’t!”. Unfortunately, without major re-
construction of the SPM scanning head, it is not possible to perform a proper
shielding. To keep the wording of the manual, “the tip-sample contact can be
seen from outside”. Figure 3.8 indicates the (non-ideal) way the AH2550A
bridge is connected to the sample and the SPM tip. To connect the tip to
the bridge, the conventional SCM tip holder was used. It features a wire that
is electrically connected to the conductive AFM tip via clamps. In the case
the conventional SCM is used, this wire is plugged into the SCM module. To
connect the capacitance bridge to the wire (and consequently to the AFM
tip), an electrical bypass was constructed and was glued to the SCM module.
The bypass can be seen in the inset of figure 3.8. In this way a mechanically
stable strain-relief was created that prevents the wire connected to the tip
holder from experiencing too much traction from the relatively thick and
stiff coaxial cable that is intended to connect the bridge with the AFM tip.
The wire on the tip holder is soldered on the clamp that holds the tip. Too
much force applied to the wire eventually could open the clamp and release
the AFM tip. Note, that the lowest structure on the scanning head is the
electrical bypass now instead of the AFM tip. Therefore one must take care
not to accidentally crash the electrical bypass into the sample chuck or into
the sample, which could damage the scanning head.

To support at least as much electrical shielding as possible, a coaxial ca-
ble is used to connect the “high” terminal of the bridge with the electrical
bypass. Similarly, the “low” terminal of the bridge is connected to the sample
holder. The construction of a sample holder turned out to be crucial, be-
cause the potential of the chuck interferes with the bridge measurement. In
conventional SCM the chuck us used to apply the DC bias voltage, but it can
not support this function in the case of the bridge setup. The sample holder
simply consists of an insulating epoxy board, with a small copper structure
on the top side. On one side of the structure the coaxial cable from the “low”
terminal can be plugged in, and on the other side one can place the sample.
To obtain a good electrical contact, the copper structure is gold plated. For
more information about the appropriate back contact of the samples and
how it can be established refer to chapter 3.3. To compensate for the strain
applied to the sample holder by the stiff coaxial cable, the sample holder was



CHAPTER 3. EQUIPMENT 35

tip holder electr. bypass

---------------e-------------

Camera=z ~ > o

-l i i‘i“‘ﬁ-

sample r EAd

holder \

) Oample)

—

coax. cable

coax. cable ol “ to "high"
to "low" ternrinal
terminal

Figure 3.8: Images illustrating the way the cables plugged in to the “high” and
“low” terminals of the capacitance bridge were connected to the SPM tip and the
sample, respectively. The contact from the “low” cable to the sample was mediated
by the sample holder. The “high” cable was connected to the tip via an electrical
bypass. The inset shows a magnified image of the bypass.
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fixed by a vacuum applied between the sample holder and the chuck.

The way the connection between the bridge and the tip-sample system
is established is certainly far from being ideal, because of the unsatisfactory
electrical shielding. Nevertheless, it turned out that reliable capacitance mea-
surements are possible with this setup. The electrical noise that is generated
inside the acoustic hood by the SPM electronic gives rise to a noise of about
60 aF during capacitance measurements with the bridge setup. °.

3.3 Establishing an Electrical Back Contact
to the Sample

A non-ideal back contact to the sample has different consequences in mea-
surements performed with conventional SCM and with the new bridge setup.
For example, nice, conventional SCM images rich in contrast can be recorded
even on samples that are electrically isolated from the sample chuck. In con-
trast to that, it is impossible to record any C(V) curves with the bridge setup
without a very good contact to the sample. The effort that is spent on es-
tablishing an appropriate back contact to a sample will depend on the given
problem. For quick SCM images that are only intended to display qualitative
changes in the lateral sample properties, it is not important to worry a lot
about the back contact. One can simply place the sample on the sample
chuck in an arbitrary way, with the only restriction that the resulting stray
capacitance value is not too large. For the impact of the stray capacitance on
conventional SCM refer to chapter 3.1. However, if spectroscopic measure-
ments are required both using the conventional SCM [(dC'/dV)(V) curves] as
well as using the bridge setup [C(V) curves] on single sample spots, a good
electrical contact is needed to guarantee that the DC bias signal reaches
the sample. In addition, a good contact is also required if conventional SCM
images are recorded to gain quantitative information. For example, the quan-
titative analysis of doping gradients is only possible if the appropriate DC
bias is present between the tip and the sample (refer to chapter 3.5 or the
original article [105]). There are different ways how to establish a good elec-
trical back contact to the sample. For imaging applications with the SCM
module, a sufficiently good contact often is established by simply putting the
sample on the chuck or a conductive spacer to avoid large stray capacitance
values. A better contact can be established for cross sectional samples, if

5The noise of the data recorded by the capacitance bridge strongly depends on some
internal parameters (average level, etc.) which can be chosen by the user. The parameter
set which was most often used for this work, and which gives rise to 60 aF of noise, is
described in chapter 6.2.
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Figure 3.9: Cross sectional sample holder for SCM applications. The screw is
used to fix the sample and to establish a good electrical contact.

(b)

steel disc & 2 samples sample holder

Figure 3.10: (a) Samples that are glued to a gold covered steel disc with conductive
silver. (b) Disc with samples put on the sampleholder for measurements with the
capacitance bridge setup.

the samples are screwed on the cross sectional sample holder 3.9. There,
the metallic screw is pressed hard against the sample for a good contact.
High quality back contacts can be obtained by covering the back side of the
(silicon) sample with sputtered aluminium and a subsequent annealing step
between 300 °C and 400 °C. Sebastian Golka reported variations of the SCM
signal depending on the applied back contact in his diploma thesis [34].

In this work, a sufficiently good back contact was established by using con-
ductive silver and performing the following steps: First, the (clean) backside
of the Si-sample was gently scratched with a glass cutter in order to remove
the native oxide locally. Then, conductive silver was put on the scratched
backside and the sample was glued to a small, gold plated steel disc. This can
be seen in figure 3.10 (a). The disc can be placed on the (also gold plated)
sample holder (figure 3.10 (b)), which creates a very good electrical contact.
The sample was glued to the steel disc and not directly to the sample holder
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because this enabled quick sample changes, if other samples glued to steel
discs are available. To overcome the adherence of a sample that was glued
to a surface is quite tricky and finally may damage the sample. To avoid any
damage, the samples were glued to removable discs.

3.4 Factors Influencing the Capacitance Sig-
nal

This part is intended to summarize all the factors that influence the capac-
itance signal both in conventional SCM as well as in measurements with
the bridge setup (QSCS). Again the following relation is valid to transform
DC bias voltage to tip voltage: Vpcpias = —Viip. Both the influence of the
experimental setup as well as the properties of the sample will change the
capacitance signal, and these aspects will be discussed in the following para-
graphs:

e Tip Voltage: The most important parameter for the MOS capacitance
is the applied tip voltage. The voltage dependence on the capacitance is
either given in C(V) curves or in (dC'/dV)(V) curves. Figure 2.6 shows
the theoretical voltage behaviour of an ideal MOS system. Depending
on the tip voltage value chosen to record for example an SCM image,
different sample properties on different location of the sample will de-
liver a distinct SCM contrast. Refer to figure 3.5 to get an impression of
the large impact of the tip voltage on the contrast in conventional SCM.
Whereas the bridge setup always delivers positive capacitance values”
regardless if p-type or n-type samples are investigated, the conventional
SCM module may deliver negative dC'/dV values for one doping type
depending on the tip voltage®

e Excitation Voltage: To measure the differential capacitance of the
tip-sample system, one has to apply a (small) AC excitation voltage
Veweit- If Vegeir 18 too large, the measured (nonlinear) C(V) curves will
be smeared out because the single capacitance values will be averaged
over the large applied V,..;;. Unfortunately, in conventional SCM the

"Negative capacitance values may be delivered by the AH 2550A capacitance bridge,
but this indicates either a connected inductance or an uncommon RC-circuit connected to
the bridge. Refer to the AH 2550A bridge’s manual [1], chapter 8, page 2.

8The algebraic sign of the conventional SCM signal (dC'/dV) depend on the special
operation mode (Phase Mode or Amplitude Mode) of the SCM module. For more infor-
mation about the sign of the SCM signal and how to switch the operation mode refer to
the SCM manual [3], page 22.
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excitation voltage that is applied to the sample can be assumed to be
quite large and, in addition, depend on the sample- and stray capac-
itance itself. Therefore, in conventional SCM the (dC/dV)(V') curves
are smeared out (refer to figure 3.4). There is no way to limit the exci-
tation voltage in conventional SCM. However, excitation voltages that
are applied by the AH 2550A capacitance bridge can be tuned manually
by the input of arbitrary maximum values. Therefore the capacitance
bridge setup enables measurements in the small signal regime, which
prevents broadening of the measured C(V) curves. However, in case
of conventional SCM as well as in the case of the capacitance bridge,
the sensitivity (signal to noise ratio) depends on the excitation volt-
age. For optimal sensitivity, the excitation voltage has to be beyond
the small signal regime in both cases. The reduced sensitivity of the
bridge setup during measurements in the small signal regime can often
be compensated by extensive averaging of the results.

e AC Bias (conventional SCM only): In conventional SCM, the
height of the so called AC bias determines the height (and therefore the
signal to noise ratio) of the dC'/dV signal (besides other parameters).
The AC bias is used in the lock-in circuit of the SCM module to detect
changes of the capacitance. The higher the AC bias voltage, the higher
is the capacitance change and therefore the dC'/dV signal. However,
large AC bias values also leads to a broadening of the (dC'/dV)(V)

curves, because of averaging.

e Cap. Sensor Frequency (conventional SCM only): The coun-
terintuitively named Cap. Sensor Frequency parameter is the voltage
that is applied to the varactor diode inside the SCM module to tune
the resonant frequency of the capacitance sensor. It is used to tune the
capacitance sensor to highest sensitivity for changes of the tip-sample
capacitor. Therefore, at optimum Cap. Sensor Frequency one obtains
the highest peak in a (dC'/dV)(V) curve. Varying the Cap. Sensor
Frequency always means to change the excitation voltage V. ,.;; applied
to the sample.

e Doping Level: A decreasing doping level will lead to an increase
of the difference between accumulation and depletion as described in
chapter 2.3.4. This also leads to an increase of the maximum of the
absolute value of the SCM signal in the SCM spectrum. Furthermore,
as described in chapter 2.3.5, the flatband voltage depends on the dop-
ing level. Therefore it is possible to detect different doped regions as
different bright regions in an SCM image. If the tip voltage for SCM
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imaging is chosen properly, it is possible to obtain an monotonic SCM
contrast for a monotonic change of the doping level (refer to chapter
3.5 or the original article [105]).

e Oxide Thickness: A decreased oxide thickness leads to an increase of
the difference between the accumulation capacitance and the depletion
capacitance (refer to chapter 2.3.4). The flatband voltage of the MOS
system is shifted again in this case (chapter 2.3.5). Similar to the
reduction of the doping level, this also increases the conventional SCM

signal dC'/dV.

e Oxide Charges: All types of oxide charges have an impact on the flat-
band voltage of a MOS system. Refer to chapter 2.4 for further details.
In this work, oxide charge properties were investigated exclusively by
the bridge setup, because well controlled, small probe voltage could
be applied. Especially details of the interface trapped charge energy
distribution could only be resolved by the bridge setup. Conventional
SCM applies too large probe voltages, and therefore could not resolve
such features (chapter 6.5). In principle however, it should be possi-
ble to investigate large flatband voltage shifts due to very large local
changes in the oxide charge density by conventional SCM. SCM images
where the tip voltage is held constant throughout the recording process
should show a different SCM signal on sample regions of different oxide
charge content.

e AFM Tip Area: An aspect unique to SPM based capacitance mea-
surements is the effect of a changing tip-sample contact area. Taking
equations 2.1 and 2.2 into account, a larger AFM tip area A always
leads to an increased oxide and semiconductor capacitance. Especially
if capacitance spectra, C(V) as well as (dC/dV)(V), are recorded on
different sample spots for comparison, a sudden change in the AFM tip
area (e.g. due to tip damage or adhesion of dust particles) is very an-
noying because it renders the measurement series unusable. The same
is true for conventional SCM imaging.

e Stray Capacitance: The stray capacitance is a very large capacitance
value (from 100 fF to 10pF) parallel to the capacitance signal of the
investigated sample spot. It consists of the (not shielded) wires that
are connected to the sample and to the AFM tip. The main contribu-
tor, however, comes from the (parasitic) capacitance between the AFM
cantilever and its projected area on the sample. Note that this is not
the desired tip-sample capacitance. The larger the overlap between the
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AFM cantilever and the sample, e.g. during measurements on sample
spots far away from the sample edge, the larger is the stray capaci-
tance. The impact of the stray capacitance on the conventional SCM
signal measured with the DI3100 SCM module was already discussed
in chapter 3.1. C(V) curves recorded by the bridge setup only show an
additive offset corresponding to the stray capacitance value.

3.5 Mechanism of Bias Dependent Contrast
in Scanning Capacitance Microscopy Im-
ages

The text and the figures presented in this chapter 3.5 are an excerpt from
the original article [105] written by J. Smoliner, B. Basnar, S. Golka, E.
Gornik, B. Loffler, M. Schatzmayr and H. Enichlmair in 2001. Despite the
possibility to refer to the original article [105], an excerpt of the relevant part
of the article was included in this thesis for reference purposes and because
it completes the discussion of factors that influence the capacitance signal
of conventional SCM measurements and measurements with the capacitance
bridge (chapter 3.4). The subject of the following paragraphs was found of
great importance for future SCM based investigations of doping profiles.

“[...] In this work, we investigate the physical processes leading to SCM con-
trast. Using conventional Metal-Oxide-Semiconductor (MOS) theory [109,
83], and an epitaxial staircase structure we show that the maximum SCM
signal strongly depends both on doping and on the applied bias. In gen-
eral it is found that SCM images can be ambiguous, since different doping
concentrations can yield the same signal size. Only in accumulation, where
the SCM signal decreases exponentially with doping concentration, and in
depletion, where the contrast is reversed, unambiguous results are obtained.

The sample we used was a CVD-grown doping staircase prepared by AMS
(Austria Mikro Systeme International AG) which consists of five nominally
400 nm thick p-type Si-layers with doping concentrations of 2 x 10* ¢m ™2,
2x10% em™, 1 x 10'7 em™3, 2 x 10*® em ™3 and 9 x 10'® ecm ™3, respectively.
The highest concentration is located at the sample surface. The p-doped
silicon substrate has a concentration below 1 x 10" ¢m™>. The dopant con-
centrations were determined by Secondary lon Mass Spectrometry (SIMS)
measurements, the results of which are shown in figure 3.11.

To avoid the usual problems related to sawing and polishing procedures
for cross-sectional AFM/SCM measurements the samples were cleaved and
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Figure 3.11: Doping profile of our epitaxial staircase structure determined by
SIMS. The sample surface is on the right hand side. The peak at z=0.25 pm is an
unintentional artefact of the epitaxial process.

subsequently oxidized in UV-light [48, 110, 119]. For the back contact, sput-
tered aluminium was employed. The capacitance measurements were per-
formed using the Dimension-3100 system with integrated SCM sensor (Dig-
ital Instruments, USA). The probes implemented for the investigations were
conductive diamond tips (Nanonsensors, Germany) which turned out to be
superior to metal coated tips due to their high resistance against abrasion.
Space charge effects in such tips can be neglected as long as the dopant
concentration in the tip (1 x 10?° cm™?) is much higher than in the sample.

Before we discuss our SCM data, we make a convention concerning the
bias polarity: In analogy to textbooks on MOS theory [109, 83], the bias in
this work is always plotted in a way as if it would be applied to the AFM-tip.
In reality this is not the case, since in the DI-3100 SCM the bias is applied
to the substrate for technical reasons. Furthermore one has to keep in mind
that the SCM only measures the derivative of the capacitance, dC'/dV, and
not the capacitance itself.

Figure 3.12 shows cross sectional SCM images of our sample measured at
different bias values. The sample surface is on the right hand side. Figure
3.12(a) was measured at a tip- bias of -1.9V and figure 3.12(b) at V=+0.8V.
As one can see, the contrast between these two images is reversed. Figure
3.12(c) shows cross sections of SCM images, measured at four different bias
values. Two features are evident: First, the 400 nm wide differently doped
layers are clearly visible as well defined steps in the SCM signal (curve (1)).
As a consequence we conclude that geometry effects of the tip can be ne-
glected, otherwise the steps would be washed out. This washout, however
is nicely seen for the doping spike at the substrate interface, the position of
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Figure 3.12: (a) SCM image of our sample taken at a bias of ~1.9V. Image (b) was
recorded at +0.8V. The regions (a-e) have doping concentrations 2 x 10" ecm™3,
2% 10" em™3, 1 x 10" em™2, 2 x 10'® em™ and 9 x 10" cm™3, respectively.
(¢) Sections through SCM images taken at a bias of 0.8V, 0V, 0.5V and ~1.9V
(curves 1, 3, 4, 5, respectively). The numbering of the curves corresponds to the
numbering in figure 3.13.

which is marked by an arrow both in curve (1) and the SIMS data (figure
3.11). As the spike is much narrower than the steps and already in the same
order as the radius of the tip (100 nm), only a small dip is observed instead
of the expected well pronounced minimum.

As a second feature in figure 3.12(c), the contrast dependence as a func-
tion of bias can be seen in detail. At —1.9V (curve (1)), the SCM signal
decreases with increasing doping. At 4+0.8V (curve (5)), however, this be-
haviour is reversed and the SCM signal increases monotonically with increas-
ing doping concentration. For bias values of -0.5V and 0V the behaviour is
non monotonic and the maximum of the SCM signal is observed in region
(c) and (d), respectively.

Although the bias induced contrast reversal was already reported in the
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literature [98], a detailed study of this behaviour was not carried out up
to now. To explain the origin of this behaviour, we consider an ideal p-
Si/Si04/Al junction as model system and use conventional MOS theory. An
ideal MOS structure consists of two capacitors in series, one is represented by
the SiO, layer, the other by the depleted space charge region in the silicon
underneath. Two extreme cases can be distinguished in such a structure.
At strongly negative bias (“accumulation”), holes from the p-silicon are at-
tracted to the oxide. In this case, the width of the space charge region is
zero and the capacitance becomes constant, since it is only determined by
the oxide capacitance. For positive bias, the holes are repelled from the ox-
ide and the width of the depleted space charge region increases. Now, the
decreasing capacitance of the space charge region becomes dominant. The
total capacitance decreases as well and slowly saturates at low values (“de-
pletion”). In general the total capacitance exhibits a complex behaviour as
a function of bias, doping and other parameters. For details concerning this
topic the reader is referred to the books by Sze [109] and Nicollian and Brews
[83].

Figure 3.13 (a) illustrates the influence of the acceptor concentration in
Si on the calculated C(V) curves. Curve (1-5) were calculated for acceptor
concentrations of 1 x 10® em™2, 1 x 10% cm™3, 1 x 10" em ™3, 1 x 10'® cm ™
and 1 x 10 ¢cm™, respectively. For the calculation an oxide thickness of
L.5nm (a typical thickness for native SiOy frequently used in SCM) and no
traps or surface charges were assumed.

As one can see in figure 3.13 (a), the C(V) curves are stretched and
shifted if the acceptor concentration is increased. The corresponding dC'/dV
curves are shown in figure 3.13 (b). Here the influence of doping manifests
itself as a shift of the dC'/dV-peak positions to more positive bias while

Y

the peak amplitude decreases. This behaviour already explains the origin of
the non-monotonic behaviour of the SCM contrast. Let us assume that an
SCM image is recorded in the accumulation regime at bias V1 (see figure
3.13 (b)) and that the tip is moved continuously from a low doped region
(Na=1 x 10** cm™) into a very high doped region (Ns=1 x 10'? em™?).
By this procedure, the corresponding peak in the dC'/dV curves is shifted
to the right from low to higher bias values. Since V1 is already on the left
hand side of the peak (1), the dC'/dV signal will decrease monotonically. In
contrast, at bias position V4 this is not true because V4 is located on the
right hand side of the peak (1) position. While the dC'/dV peak approaches
position V4 from the left in figure 3.13 (b), the SCM signal will increase with
doping. At V4, the dC'/dV signal will have a maximum and beyond V4, the
dC/dV signal will decrease. Only if the bias is large enough, so that the
sample is driven sufficiently deep into depletion (V5), the peak will not reach
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position V5 and therefore dC'/dV increases over the whole range of doping
concentrations.

Quantitatively, this behaviour is seen nicely if dC/dV is calculated as a
function of N4 taking the sample bias as parameter. As our considerations
apply for n- and p-type samples and the sign of the SCM output signal de-
pends on the phase adjustment of the built in lock-in amplifier, we consider
the absolute values of dC'/dV for convenience. Figure 3.13 (c¢) shows the re-
sult of our calculation. The curve labels correspond to the bias values marked
by arrows in figure 3.13 (b). If the sample is sufficiently deep in accumulation
(curve V1) the SCM signal decreases exponentially with increasing doping.
For more positive bias (V2), the SCM signal shows a clear maximum for a

-3

doping concentration around Ny=1 x 10'® em™. This maximum shifts to

higher concentrations when the sample is driven deeper into depletion (curves
V3, V4). In addition, the signal size decreases. At a bias of V5 the dC'/dV
maximum is already beyond Ny=1 x 10 ¢cm™. Now the SCM signal in-
creases monotonically in the whole regime between Ny=1 x 10" ¢cm™ and
Na=1x10'" ¢cm™2, but it is much smaller than at bias position V1. Note that
the bias, where (dC'/dV)(NN4) exhibits a maximum, is not identical with the
peak position in (dC/dV)(V). The dC'/dV(N4) maximum occurs at some-
what higher bias than the peak in (dC'/dV)(V) since the peaks shift and
decrease simultaneously with increasing doping.

To verify our model experimentally, we measured dC'/dV curves with our
SCM. Figure 3.13 (d) shows typical data obtained on the low doped substrate.
Again, the absolute value of the SCM signal is plotted for convenience. Com-
pared to the calculated dC/dV curve of an ideal p-Si/SiO;/Al junction (see
figure 3.13(b)), the position of the peak is shifted to negative bias, which
is probably due to surface charges and the use of a diamond tip having a
different surface barrier height than aluminium. In addition, the peak is
much broader, which is mainly due to the tip geometry [L.Ciampolini, pri-
vate commaunication of J. Smoliner et al.]. The arrows (1,3,4,5) indicate the
bias positions, where curves (1,3,4,5) of figure 3.12 (¢) were measured. Bias
position (1), which is on the left of the maximum in the measured dC'/dV
curve, corresponds to bias position V1 in figure 3.13 (b), which is on the
left hand side of the peak in the dC'/dV curve (1). As predicted by theory,
a monotonically decreasing SCM signal is observed with increasing doping
level. The other bias positions (3,4,5) in figure 3.13 (d) can also be identified
with the bias positions (V3,V4,V5) of our model. At bias position (3) and
(4) the SCM signal shows a maximum for the layers having doping concen-
trations of 1 x 107 em™> and 2 x 10'® cm™?, respectively. At bias position
(5) a monotonic decrease of the SCM signal is observed in our experiment.
Although the agreement between our measurements and the simple model
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is surprisingly good and also the reproducibility of the SCM measurements
has considerably improved due to the use of conducting diamond tips [12],
there is still a number of open problems: First, systematic measurements of
dC'/dV curves on the differently doped layers of our test sample have shown
that the detailed shape of the dC'/dV curves as a function of doping cannot
be explained quantitatively in terms of primitive MOS models. Most proba-
bly, the assumption of a p-Si/SiOy/Al junction is a too crude approximation
to describe the properties of the conductive diamond tip. Second, care should
be taken on samples, where both p-type and n-type regions exist. If the bias
is adjusted in a way that the sample is in accumulation in the p-type regions,
it will be in depletion in the n-type regions. As a consequence, the contrast
is reversed in the n-type region and also the signal will be small. Moreover,
the contrast behaviour in the vicinity of pn-junctions will probably not be
predictable by simple models. [...]”
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Figure 3.13: (a) Calculated C(V) curves of an ideal p-Si/SiOy /Al junction. Curves

(1-5) were calculated for acceptor concentrations of 1 x 10'> em™, 1 x 10'® cm
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1x 107 em™2, 1 x 10'® cm™3 and 1 x 10'? em ™3, respectively. (b) Corresponding
dC/dV curves. The y-axis of the dC'/dV plot was flipped for convenience. (c)
dC'/dV plotted as a function of Ny for different bias values as labelled with (V1-
V5) in figure (b). (d) Typical dC'/dV curve measured with our SCM. The arrows
labelled with (1,3,4,5) indicate those bias values, at which curves (1,3,4,5) in figure
3.12 (c) were taken and correspond to the bias positions (V1,V3,V4,V5) in our

calculation.



Chapter 4

Zr0O5 as Dielectric Material for

Scanning Capacitance
Microscopy

4.1 Introduction

In this chapter, ZrO, is introduced as a high quality dielectric for SCM.
SCM is not an easy and straightforward technique to use. Quantitative
reproducible measurements are a serious problem, since the preparation of the
insulator required on the sample surface (up to now exclusively SiO;) has a
dramatic influence on the results, especially in cross sectional measurements.
Native 5102, which forms within seconds on top of a cleaving edge after the
Si sample is cleaved in ambient air is only a bad choice for SCM due to its
unfavourable oxide properties. Too many oxide charges and a bad SiO,-5i
interface lead to unstable SCM signal conditions [16]. On the other hand,
standard high temperature industrial oxidation yields excellent oxide quality,
but cannot be used because on processed devices, the very high oxidation
temperature (900 °C to 1200 °C) broadens all doping profiles or destroys the
samples completely. Thus, special low temperature oxidation processes have
to be used. As reported in literature, reasonably good low temperature SiO,
layers are obtained on samples polished with silica slurry [33, 51], followed by
a low temperature oxidation in an oven [19, 100]. Alternatively, irradiation
with UV light and simultaneous oxidation through in-situ generated ozone
[48], or a combination of these two approaches [110, 119], can be employed.
Another possibility which yields better oxide quality than native oxide is wet
chemical oxidation using liquid oxidisers [16]. Although low temperature
oxidation processes are good enough in many cases where just qualitative

68
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Figure 4.1: Impact of electrochemical oxidation on the topography and the SCM
signal. a) The height of the hump near the centre is about 1.2 nm. b) The
SCM signal at the location of the hump is less than 10% of the value without
electrochemical oxidation.

SCM signals are required, there is still an urgent need for a reliable, low
temperature deposition process for high quality insulators. For this reason,
the SiO; layer was replaced by a high quality, low temperature chemical
vapour deposition grown ZrQO, layer. Since ZrQO; is a high-¢ dielectric, with
an effective dielectric constant of thin and ultra thin films in the range of ¢,
= 20 [70], the same oxide capacitance can be achieved with a much thicker
oxide layer (refer to equation 2.1). In comparison, SiO5 only yields a dielectric
constant of ¢,, = 3.9 [109]. To simplify the comparison of dielectrics with
different dielectric constants, the concept of the equivalent physical oxide
thickness (EOT) was introduced. The EOT is defined as the thickness of
the Si0O; layer inside a capacitor showing the same capacitance as another
capacitor made out of a different dielectric material and having the same
area. Two capacitors with different dielectrics show the same EOT if they
have the same dielectric constant to thickness ratio €,,/d. Therefore, SiO,
and ZrO, show the same EOT if the ZrO; layer is 5 times thicker than the
Si0; layer.

Replacing SiO; with ZrO; (showing an increased thickness) also elimi-
nates the second very severe drawback of SCM on SiO, covered silicon sam-
ples: SCM signal degradation due to dielectric breakdown of the Si0; layer or
degradation due to large parasitic leakage currents. Furthermore, tunnelling
currents influence the SCM signal, if Si0, layers of only a few nm thickness
are used. These parasitic effects are commonly referred to as charging effects.

If grown properly, thicker dielectric layers are much less susceptible to
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leakage currents and subsequent electrochemical oxidation processes. Such
electrochemical oxidation sometimes occurs if the applied voltages in SCM
are too large or the same sample spot is treated for a longer time. Figure
4.1 shows what happens after measuring many dC'/dV vs. V spectra on a Si
sample covered with a very thin SiOy layer. The topographic image (figure
4.1 (a) ) shows a small hump due to electrochemical oxidation. Figure 4.1
(b) shows the SCM image with a dark spot near the centre corresponding
to the hump in the topographic image. Inside the affected area, the SCM
signal is reduced by at least 90%. The reduction of the SCM signal is due
to two effects. The first reason for a reduced SCM signal is, according to
equation 2.1, the decrease of the oxide capacitance C,, due to an increase
of the oxide thickness d. This increase happens because of electrochemical
oxidation. The second reason is an accumulation of oxide charges at the
affected area which results in a shift of the flatband voltage. This leads to
a different SCM contrast even if the oxide thickness would remain the same.
These severe effects can be avoided by using thicker high-¢ dielectrics.

Various methods can be used for the preparation of ZrO; layers such as
reactive sputtering at room temperature or elevated temperature [82], chem-
ical vapour deposition (CVD) from inorganic precursors [92, 22], and CVD
from metal-organic precursor substances (MOCVD) [9, 10, 35]. From these
methods, only MOCVD fulfils the requirement of low temperature deposi-
tion.

Before exploring the possibility to replace the insulating SiO, layer re-
quired for SCM measurements by MOCVD grown ZrQO,, an introduction to
high temperature oxidation and MOCVD is given in the following chapter.

4.2 Deposition of the Dielectric Layers

This chapter is intended to give only a brief description of the preparation
of the dielectric layers used in the following chapters. For a more detailed
investigation of the physics of the involved processes or the properties of the
prepared dielectrics refer to original work by S. Harasek [37].

4.2.1 Cleaning Procedure Prior to Oxidation or Depo-
sition

Prior to the oxidation or the deposition process, the samples were cleaned

using a modified RCA cleaning procedure [55]. Organic as well as inorganic

contaminants on the sample surface are removed by treating the samples
first in oxidising alkaline and afterwards in oxidising acid environment. The
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cleaning is mechanically supported by performing the procedure in an ultra-
sonic bath and elevated temperature. For the exact conditions and chemical
composition refer to [37].

Even at ambient temperature condition (300 K), a thin SiOs layer is
created on Si surfaces exposed to ambient air. These native Si0, layer does
not exceed a thickness of about 1 nm to 2 nm, and is of low quality concerning
the amount of oxide charges. To get rid of this low quality native oxide, the
samples are etched in hydrofluoric acid (HF, 38%) for a few seconds after the
RCA cleaning. Afterwards the samples are quickly put into the oxidation or
deposition oven, to prevent contamination and to minimize the regrowth of
the native oxide.

4.2.2 High Temperature Oxidation Process for SiO,

The state of the art technique to increase both the thickness as well as the
quality of a SiO, layer on Si, is to apply very high temperatures during
oxidation. Oxidisers are oxygen (Os) in the case of dry oxidation as well as
water vapour (Hz0) in the case of wet oxidation. Wet oxidation is preferred if
thick layers of S105 are required. The diffusion coefficient of O5 in SiO; is very
low. If a the SiO, layer has reached a certain thickness, the oxidation rate
will become very low even at high temperatures . However, water molecules
show a much higher diffusion coefficient inside the SiO; layer, which leads to
an increased oxidation rate. The equations for oxidising Si are

Whenever high quality 510, layers were required for this work, a high
temperature oxidation process was carried out in a standard industrial oxi-
dation oven (PEO-601 from ATV Technologie GmbH, Germany) at 900 °C
using a wet oxygen flow (Oz + H,0).

The growth of the Si0O, layer uses silicon material and this leads to a
movement of the Si-510, interface, which is schematically shown in figure
4.2. During an oxidation process resulting in a total oxide thickness of d, the
S1-S105 interface moves a distance of 0.44-d.

4.2.3 Metal Organic Chemical Vapour Deposition of
ZI‘OQ

Metal organic chemical vapour deposition (MOCVD) is a variant of chemi-
cal vapour deposition (CVD). In CVD one or two precursor gases are used
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Figure 4.2: Scheme showing the movement of the silicon surface during oxidation.
Prior to oxidation, the sample surface (ideally) equals the silicon surface. During
oxidation, a silicon layer of thickness 0.44d is oxidised resulting in a SiO; layer of
thickness d.

to create a layer of a solid material. After adsorption to the sample sur-
face, either the two precursors react with each other, or only one precursor
substance decays on the surface. In both cases a solid layer of the desired
material is left on the sample and the gaseous by-products can be removed
easily. Figure 4.3 shows a scheme of this process. The activation energy
to start the reaction is either delivered by simply heating the sample, or, in
case of plasma enhanced chemical vapour deposition (PECVD) [97], it comes
from the plasma. Another possibility is to use the energy of ion [101, 76] or
electron beams, e.g. from the focused ion beam system described in chapter
5.2. This enables very local deposition of materials.

Whereas CVD most often operates with inorganic substances at a tem-
perature in between of 900 °C - 1200 °C [37, 92], MOCVD uses organic
(carbon rich) precursors. These organic precursors are not as stable as their
inorganic counterparts, and allow deposition temperatures as low as 350 °C.
Unlike equations 4.1 and 4.2 which describe the oxidation of Si, deposition
using organic precursors has no single and exactly defined material balance
equation to describe the on going reactions. The reactions rather strongly
depend on the actual conditions inside the reaction chamber (e.g. tempera-
ture).

In case of the ZrO;y deposition, the precursor Zr(tfacac), (zirconiumtri-
fluoroacetylacetonate) was used. It shows an advanced stability towards hy-
drolysis compared to other possible precursor materials [104, 90]. Whereas
the inorganic precursors in CVD are most often gaseous at room tempera-
ture, the complex MOCVD precursors are most often liquid or even solid at
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Figure 4.3: Scheme of the ZrO, deposition process. The precursor molecule
adsorbs on the sample and decays into a ZrO5 layer. Different gaseous by-products
are created. Sometimes impurities are included into the ZrO; layer.

ambient conditions. Therefore, bubbler systems have to be used to deliver
gaseous organic precursors to the reaction chamber. In figure 4.4 a scheme of
the whole CVD system is shown. The bubbler system is heated to melt the
precursor. Another reason why the precursor Zr(tfacac)s was chosen is be-
cause it shows a sufficient volatility even at moderate bubbler temperatures
of about 140 °C. An inert carrier gas (argon) is blown through the molten
precursor. If the temperature of the bubbler is right, the gas pressure of the
liquid precursor is high enough to enrich the carrier gas. Finally it reaches the
reaction chamber together with a certain amount of precursor gas. Note that
a heated pipe has has to be used to connect the bubbler with the reaction
chamber. Otherwise the precursor re-sublimates inside the pipes.

One can tune the amount of precursor gas which reaches the reactor by
adjusting the bubbler temperature or the flow of the carrier gas (via the
MFCs) through the bubbler system. Oxygen is added to the gas flow inside
the reaction chamber, because it supports the deposition process. A second
argon pipe is connected to steadily rinse the reaction chamber throughout



CHAPTER 4. ZIRCONIUM DIOXIDE AS DIELECTRIC FOR SCM 74

exhaust
—_
oxygen - > /
—>
reaction
chamber
argon V\
/ 4-port valve

heated mantle

bubbler

Figure 4.4: Scheme of the CVD system. The flow of the different gases are
controlled via mass flow controllers (MFC). The bubbler system and all pipes
containing the precursor gas are heated.

the deposition process.

The reaction chamber is a so called hot wall reactor operated at ambient
pressure. It is heated electrically and can also be cooled actively. The samples
have to be tilted to allow a homogeneous adsorption of the precursor from
the gas flow.

Figure 4.5 shows the progression of a typical ZrO, deposition process.
Prior to heating, the ambient atmosphere is removed from the reaction cham-
ber by rinsing with argon. After reaching the appropriate deposition tem-
perature and a short period for equilibration, oxygen and the carrier gas flow
containing the precursor enter the reaction chamber. Note that the oxygen
flow starts a short time before the precursor flow, in order to support the
oxidising conditions ideal for deposition. Therefore, oxygen is also delivered
after the end of the precursor flow, because the precursor concentration does
not drop to zero suddenly. During cooling, only the argon flow is maintained.
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Figure 4.5: Typical temperature profile of the ZrO; deposition process. The
corresponding gas flows of the different gases are given at the top of the figure.

4.3 Investigating the Properties of ZrO, as a
High Quality Dielectric for SCM

To explore the electrical properties of ZrO, as a dielectric for SCM mea-
surements, we used homogeneously p-doped Si samples with an acceptor
concentration of Ny=9.4 x 10'* em™2. To show that ZrO, coatings can also
be used to investigate more complex samples, SCM measurements were also
done on ion implanted pn-junctions on p-type Si wafers. In contrast to the
homogeneously doped samples, where measurements where performed sim-
ply on the wafer surface, the pn-junction sample had to be cleaved in order
to uncover the junction. If done properly, cleaving yields a perfectly flat
surface and avoids the usual problems related to sample sawing and polish-
ing. To compare the standard high quality SiO5 and MOCVD grown ZrO,,
the experiments where done with both types of dielectrics. All samples were
subject to a standard RCA cleaning procedure [55] to get rid of organic and
inorganic surface contamination followed by a treatment with HF to remove
the very low quality native oxide. Efforts were made to reduce the time
between native oxide removal and oxidation or deposition, to reduce the
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regrowth of native oxide to a minimum'. The high temperature oxidation

process for the 510, layers was carried out in a standard industrial oxidation
oven (PEO-601 from ATV Technologie GmbH, Germany) at 900 °C using a
wet oxygen flow as described in chapter 4.2.2. The deposition of the ZrO,
layers was performed as described in chapter 4.2.3. To compare the quality
of ZrOy and 510, films in SCM measurements, the strong difference in di-
electric constants has to be taken into account. While S10, has a dielectric
constant of ,, = 3.9, ZrO, is a high-¢ material with a dielectric constant of
€or = 20. For a direct comparison we fabricated ZrQO, films having the same
EOT as the Si0, films. For the SiO; films we chose a thickness of 4 nm. The
physical thickness of the corresponding ZrQO; film was 20 nm, according to

an EOT of 4nm.

4.3.1 Surface Roughness of ZrO; and Impact on the
Resolution of SCM

In order to check the usability of ZrO, as a dielectric for SCM measurements,
homogeneously p-doped silicon samples coated with ZrO; were investigated
first. Figure 4.6 (a) shows a topographic surface scan of a ZrO; sample made
in contact mode. When compared to the SiO; layer in figure 4.1 the ZrO,
layer in 4.6 (a) shows a higher roughness. The arrows point to locations
where the local thickness of the ZrO; layer is increased. This roughness has
an impact on the SCM signal, which is shown in the simultaneously recorded
SCM image in figure 4.6 (b). According to equation 2.1, an increased dielec-
tric thickness d due to local topographic fluctuations translates into a local
lowering of the SCM signal. Figure 4.6 (¢) shows the topography and SCM
signal along a line scan at nearly the same sample position. The correlation
between increased topographic level and reduced capacitance signal is nicely
visible. The ZrO, layer showed a surface roughness ? of about 2 nm. The
largest topographic features have a lateral extent W of about 30 nm, whereas
features as small as approximately 10 nm are well reproduced by the SCM
signal.

[t is important here to understand that there are two relevant effects (among
others, that are not important here, see chapter 3.4) that lead to a change

Tn both cases of diclectric formation the HF treated silicon samples were exposed to
the ambient atmosphere less than 5 minutes.

“This is the resulting surface roughness if diamond coated SCM tips (Nanosensors
CDT-FM cantilever), with a tip apex radius of approximately 100 nm are used. Tapping
mode measurements with Nanosensors NCHR cantilevers (tip apex radius about 10 nm)
show an increased surface roughness of about 6nm.
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Figure 4.6: Correlation between ZrO; roughness and SCM signal. a) Recorded
topography of the ZrO; layer in contact mode, b) simultaneously recorded SCM
image of the ZrO; layer. Arrows point to locations where the local oxide thickness
d is increased. c¢) A single scan line shows the strong correlation between the
topography of the ZrO, layer and the SCM signal. The largest features have a
height of about Ad=2 nm and a diameter of W=30 nm.

of the SCM signal. There is a difference between the topography induced
changes of the SCM signal and the respond that is due to varying doping
levels. There are two possible definitions of the lateral resolution of SCM,
depending on the effect:

e Iirst, one can investigate how the SCM signal changes at a sudden
change of the oxide thickness. The SCM signal will immediately follow
the topographic changes (figure 4.6 (c¢) ). Therefore, oxide thickness
induced changes of the SCM signal show the same resolution as the
topography signal. Refer to chapter 2.3.4 more information about the
influence of the oxide thickness on the capacitance signal.

o The second type of SCM contrast change is due to a varying doping
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level. Here the lateral resolution will depend on the applied AC and
DC voltages and on the doping levels. Note that the flat capacitor
model gives a maximum depletion layer width of about 1 pm at a
doping level of 1 x 10'® ¢m™ ([83], page 64). Furthermore, SCM is
only sensitive to charge carrier concentration and not to acceptor or
donator concentration. Therefore, for voltage conditions common in
SCM, one can assume a spacial resolution of dopant profiling that is
much worse than the topographic resolution of SCM.

For these reasons, SCM dopant profiling (e.g. investigations of pn-junctions)
is not limited by the use of ZrO; showing a maximum lateral feature size
of 30 nm and a roughness of 2 nm. In most practical cases SCM shows an
effective lateral resolution for doping profiling that does not fall below 30 nm.
Furthermore, for many applications the average over many scan lines can be
taken to get the wanted information. Doing so, the topography induced
capacitance fluctuations will cancel out in average without introducing other
limitations into the measurement. Note that the deposition process may be
optimized in the future to reduce layer roughness.

4.3.2 ZrO, Stability Against Electrical Stress

A big advantage in using ZrO; as a dielectric material for SCM turned out
to be its high stability against electrical stress compared to the SiO, layers.
As already explained in chapter 4.1, ZrO, is a high e-material which makes
it possible to use a much thicker ZrO; layer without a decrease of the oxide
capacitance C,,. This increases the resistance against charging effects. To
compare the ability to resist electrical stress, both a SiO, and a ZrO, sample
having the same EOT were stressed by successively scanning a square of
500500 nm? at a tip bias of Vj;,=-3 V, as shown in figure 4.7. After 8
scans, the resulting oxide degradation was investigated by taking 5x5 pm?
large images of the same area in topographic and capacitance mode. For the
large scan Vj;, was adjusted to yield the maximal signal in the corresponding
unstressed areas, which was -1V on 5105 and +0.18V on ZrO, respectively.
Figure 4.8 (a) shows the SCM image of the SiO; sample. In the unstressed
region one obtained the expected signal size, whereas inside the stressed area
the SCM signal was approximately zero®. This indicates a severe degradation
of the 5104 due to charging effects while continuous scanning under high bias.
A topographic line scan L of the stressed SiOy area is shown in figure 4.8 (b).

3Although the decrease of the SCM signal shows severe charging inside the treated are,
the applied tip voltage and duration of the stressing procedure was not enough to induce
electrochemical oxidation.
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Figure 4.7: Setup for electrically stressing the samples. The conductive AFM tip
was scanned 8 times over a area of 500x500 nm? at a tip voltage of 3V.

Apparently, no topographic anomaly was observed in the degraded region
of the SiOy sample. As one can see in figure 4.8 (c), ZrOy turns out to be
insensitive to electrical stress. Only a slight increase in the SCM signal is
observed in the stressed region. Topographic investigations of the stressed
region on the ZrO; layer show a reduced average thickness in the order of
1.5 nm, which is shown in figure 4.8 (d). Obviously, the ZrO, material was
eroded by the AFM tip during the multiple scans, and as a consequence, the
thickness of the dielectric material was reduced and an increased SCM signal
was observed in this region. One can explain the larger abrasion of the ZrQO,
layer with a lower hardness of ZrO, compared to SiOs,.

4.3.3 Comparison of pn-Junctions Covered with SiO,
and ZrO,

To demonstrate the utilization of ZrO, as a dielectric material for SCM sup-
ported device analysis, SCM images of a pn-junction covered with SiO, and
with ZrO, were compared. The pn-junctions were manufactured by ion im-
plantation at Austria Mikro Systeme International AG (AMS) by implanting
a highly antimony doped buried layer (Np > 1 x 10** cm™) into a low boron
doped silicon wafer (N4 < 1 x 10'> em™). The wafer had to be cleaved prior
to the measurements, to expose the pn-junction. Before the comparison of
the SCM images obtained with the different oxides, the tip-bias conditions,
under which the images were taken have to be discussed briefly: A monotonic
dependence of the SCM signal on the doping level is only achieved if the DC
tip voltage is adjusted in a way that the SCM signal is largest in the lowest
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Figure 4.8: a) SCM image of the stressed region of a SiO; covered sample, the
scan size is 5x5 um?. b) Topographic and SCM profile taken along line L of a).
The charged area is clearly visible in the SCM signal, whereas the topography
shows no obvious influence of stressing. ¢) SCM image of the stressed region of a
7104 covered sample. d) Corresponding topographic and SCM profile of the ZrO,
sample taken along line L of c¢). Only topographic lowering due to abrasion gives
rise to a slight signal heightening.

doped region of a sample with doping gradients *. Adjusting the tip bias in
this special way yields the largest SCM signal for the lowest doped regions
(refer to chapter 3.5 or the original article [105]). Then, a decreasing SCM
signal is obtained with increasing doping concentration. As a consequence,
however, SCM measurements with these parameters in a region of doping
with opposite polarity will result in a very low signal. However, as the focus
here is on the properties of ZrO; for SCM measurements and not on a de-
tailed pn-junction delineation [121, 29], the tip voltage V;;, was optimized at
positive bias for maximum SCM signal in the p-doped bulk sample regions
for simplicity. Adjusting the tip bias for maximum signal in the n-type areas,

4The DC voltage where the largest SCM signal occurs should not be mixed up with
the flatband voltage on that particular sample spot. The position of the flatband voltage
and the position of the highest slope of a C(V) curve are different! Refer to chapters 2.3.5.
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Figure 4.9: a) and b) SCM images taken on a ZrO; and a SiO; covered pn-
junction, respectively. The pn-junction was exposed by cleaving. The wafer surface
is on the right.

qualitatively yields the same results. As one can see in figure 4.9 (a), very
good SCM contrast is obtained for the ion implanted region of a sample with
a 5104 layer as dielectric material. The wafer surface is on the right hand
side. The ion implanted highly n-doped region is visible as large valley in the
3D-plot of the SCM signal. The upper pn-junction is located directly under-
neath the sample surface and the lower pn-junction is observed in the region
between -1.6 pym and -2.4 pm below the surface. If we compare these data
with the results obtained from a ZrO, layer covered sample shown in figure
4.9 (b) (ZrOy layer having the same EOT as the SiO, layer), one can see
that ZrO; can compete easily with the SiO; layers concerning contrast gen-
eration. Due to small, unwanted deviations from the tip bias which is needed
to maximize the SCM signal in the p-doped bulk region on both samples, the
depth profile of the SCM signal in the region of the pn-junction looks a little
bit different on the Si0y and ZrO, sample. It is known, however, that the
tip bias has a major influence on the carrier concentration in the vicinity of
pn-junctions and consequently the measured junction-positions seen in figure
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4.9 (a) and (b) can differ [29, 86, 87]. This also explains the slight differences
in the width of the n-doped valley regions in figure 4.9 (a) and (b).



Chapter 5

Focussed Ion Beam Induced
Damage Investigated by
Scanning Capacitance
Microscopy

5.1 Introduction

Focussed ion beam (FIB) techniques are among the most important tools
for structuring of surfaces in the nanometre regime. Today, FIB systems
are mainly used for device modification [102, 77], transmission electron mi-
croscopy (TEM) sample preparation [43, 115], scanning probe microscopy
(SPM) tip preparation [63, 85], and deposition of different metals and in-
sulators [76, 118]. However, there are also effects that limit the usage of
FIB modification to certain applications and areal scales [62]. These effects
are schematically displayed in figure 5.1. A very crucial factor for all FIB
applications is the ion beam profile (figure 5.1 (a)). Difficult to measure, it
defines the spatial resolution and the smallest possible size of a FIB made
structure. One has to pay attention if FIB modification takes place near sen-
sitive devices, which is illustrated in figure 5.1 (a). Literature indicates that
the ion beam can be modelled consisting of two regions: the high intensity
central beam and tails of very low intensity, which cover a much wider area
[75, 7, 96].

Another important aspect is the amount of ions implanted into the sample
and the related amorphisation and crystal damage[78], which can be seen in
5.1 (b). Depending on the acceleration voltage, the ions can penetrate deeply
into the sample and scattering leads to a certain lateral straggling. Taking

83



CHAPTER 5. FIB INDUCED DAMAGE INVESTIGATED BY SCM 84

(a) (b)

Ga* - FIB,
0
. beam 0nm
Mt - profile
[
0
[}
0
[}
[ ]
:
2 2 <
af ag 100 nm

Figure 5.1: (a) The focussed ion beam profile consists of a high intensity interior
surrounded by large beam tails which can do harm to devices near a location where
FIB assisted sample modification takes place. (b) Simulation of the ion range and

damage distribution inside a sample. The simulation was performed using the
program SRIM-1998.

secondary effects such as recoils, channelling and end-of-range-defects into
account, the disrupted sample area can be much wider than the actual beam
area, and extend far into the sample. Various methods such as secondary
ion mass spectroscopy (SIMS) and transmission electron microscopy (TEM)
have been utilized to measure penetration depths and profiles of FIBs. How-
ever, the disadvantage of these methods are either their lack of 2D spatial
resolution or difficult sample preparation. For this reason, scanning probe
techniques have successfully been applied for FIB profile determination [69]
and imaging in other ion beam applications[114]. Topographic atomic force
microscopy (AFM) investigations can yield high resolution data from FIB im-
planted spots via the embossment of amorphisized areas due to the slightly
lower density of amorphous silicon[23].

However, it is shown in this work that SCM can detect magnitudes smaller
changes in material composition than any other method and it is possible to
sense as small quantities as 10 - 100 impurity atoms per cubic micron (10" -
10* per cm?®). Where FIB-modification does not alter the topography of the
region of interest, it is still possible to get reliable data of the FIB damaged
areas via SCM. In chapter 5.4 SCM is first used to determine the shape of the
ion beam. Chapter 5.5 finally deals with the damage depth and distribution
of FIB modified areas.
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Figure 5.2: Scheme of the ion column. The ion optics is based solely on electric
fields. Magnetic fields are not applied in this design.

5.2 The Focussed Ion Beam System

Inside a focussed ion beam (FIB) system, ions are accelerated to high energies
and then focussed to spot sizes of a few nm. The high energies and the very
small beam diameter make it possible to perform arbitrary, local sputter-
processes with a resolution below 100 nm [80, 73]. The ions are extracted
and accelerated inside the ion column. Figure 5.2 shows an illustration. In
the FIB system used for the following investigations Ga® ions are extracted
from a so called gallium liqguid metal ion source (LMIS)" by large electric

!The physical properties of Ga are very advantageous for applications inside ultra
high vacuum (UHV) equipment: First, the very low melting point of 30°C requires only
minimal heating and subsequent minimal heat transfer to the ion optics, which reduces
the risk of misalignment. Second, Ga shows a very high boiling point of 2403 °C which
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Figure 5.3: Magnification of the liquid metal ion source used in the FIB system.
In reality the size of the ion source is about 7 mm. The Ga reservoir of the specific
model used for this work lasts for about 1000 hours of operation.

fields. The LMIS shown in figure 5.3 (a) consists of a coil as Ga reservoir
and a sharp pin made out of tungsten. The very sharp tip at the end of
the pin is dynamically created during operation due to back-sputtering of
tungsten. In 5.3 (b) a magnified image of the tungsten pin is shown. The
tungsten pin is covered with a thin layer of Ga from the reservoir. The high
electric fields shape the Ga layer of the very end of the pin to a so called
Taylor cone [93], where the Ga™ ions will be extracted finally. The design
and the effects that lead to the formation of the tailor cone guarantee the
extraction of Ga' ions from a very small spot size, which is essential for
accomplishing a focussed beam diameter in the order of 10 nm.

Although the ion column containing the ion optics is optimised for an
acceleration voltage of 50 kV, it is possible to vary the acceleration voltage
between 5 kV and 50 kV. The advantage of using lower ion energies than
50 kV is that the ions will not penetrate too far into the sample, which
is important for sensitive samples. However, with decreasing ion energy
the ability to focus the ion beam decreases also. Therefore the achievable
resolution of the local sputter process decreases.

The extractor extracts a broad Ga® ion beam (spray) from the source
(figure 5.2). Most of the ions will be absorbed by the spray aperture, which
is used to sense the ion beam intensity. The suppressor counteracts the ion
extraction and is used to adjust the ion intensity via an active feedback from
the spray aperture. This is of high importance, because the ion emission

allows application in UHV due to negligible Ga gas pressure at (near) ambient temperature
conditions.
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from the source changes during operation. The small fraction of ions which
are not absorbed by the spray aperture will be focussed by lens I and lens
2. Lens 1 is used to focus the ion beam on the beam limiting aperture, which
is responsible for further reducing the beam diameter and intensity. One
can choose between different aperture diameters. The smaller the aperture
diameter, the smaller the final beam diameter and the smaller the beam
intensity. Note that the beam limiting aperture has to be replaced from
time to time because the aperture diameters widen during operation due to
sputter processes induced by the ion beam.

To reduce the effect of mutual repulsion of the Ga™ ions, the system was
constructed in a way that single ion trajectories never intersect. This guar-
antees a small beam diameter. The stigmator unit consists of eight deflection
electrodes and is used to correct aberrations from the ideal symmetric beam
shape.

After the beam has passed the beam limiting aperture, it reaches the
beam blanker. The beam blanker is used to deflect the ion beam to the beam
blanking aperture, where the final beam intensity is measured. Unless the
beam is blanked, it reaches the deflection electrodes which are used to move
the ion beam over the sample in a desired way.

The multiple channel plate is located at the bottom of the ion column
and is used to detect secondary electrons or ions which are emitted by the
sample spot hit by the ion beam. In this manner, images of the sample can
be recorded similar to scanning electron microscopes.

FIB systems are not limited to simply sputtering away material. The range
of application can be further extended by using different gases that adsorb
to the sample surface. It is possible to conduct selective, local etching pro-
cesses similar to reactive ion etching (RIE). Another possibility is to deposit
material like in chemical vapour deposition (CVD) processes (see chapter
4.2.3 for further information). However, in contrast to conventional CVD,
the adsorbed precursor decays only on locations where the ion beam hits the
surface, enabling very local material deposition with a resolution near the
focussed ion beam diameter.

5.3 Sample Preparation and Experimental Con-
siderations

As samples p-doped silicon wafers with an acceptor concentration of Ny=9.4x
10* em™ were used. During FIB-processing, Ga™ ions (acceptors) were im-
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planted into the sample. Therefore, p-type silicon was chosen to avoid any
additional difficulties in data interpretation due to the very complex electri-
cal behaviour of pn-junctions[29, 86, 87], which would emerge when n-type
semiconductors were used. The rather low acceptor concentration of the
bulk material was an advantage, because SCM yields higher signals on low
doped semiconductors (refer to figure 2.7). The samples were prepared in
two ways to match the different demands of FIB shape and damage depth
determination:

The very clean surfaces of freshly cleaved silicon wafers were used for
the beam shape determination in chapter 5.4. On the cleaved surface five
types of spots were made with the FIB, which differed from each other in
the deposited ion dose (0.025, 0.05, 0.1, 0.5 and 5 pC/spot). The spots
were located in close vicinity (a few microns) of the wafer edge in order to
reduce sample tip-holder overlaps and to minimize the related impact of stray
capacitance on the SCM measurements3.1. The acceleration voltage of the
Gat ions was 50 kV. The aperture size of the FIB system was 50 ym with a
constant ion current of 50 pA.

For the investigation of the damage-depths below FIB irradiated areas
in chapter 5.5, a trench was milled into the polished front side of a wafer.
The length of the trench was 1 cm and the depth was 2 to 3 pm to be easily
visible in the optical microscope. Note that the biggest aperture size in the
FIB machine of about 400 pm with a related ion current of 25 nA had to
be used to hold process times tolerable when milling such a long and deep
trench. To investigate the damaged area below the trench, the sample was
cleaved. An illustration of the cleaved, FIB processed sample is given in
figure 5.4.

So, the SCM measurements for both FIB shape as well as for damage-
depth determination were carried out on the cleaved silicon surfaces. The
AFM-probes used for this investigations were conductive diamond tips.

Before the results are presented, the contrast mechanism in the SCM
images has to be discussed briefly. As shown in chapter 2 (also refer to
[29, 86, 87]), SCM contrast is a complex function of the semiconductor’s
doping concentration and the applied tip-bias voltage. On unipolar doped
silicon (in the absence of pn-junctions), however, the tip-bias voltage can be
adjusted in a way that the SCM signal decreases monotonically (roughly ex-
ponentially) with increasing doping level (refer to chapter 3.5 or the original
article [105]). However, besides the p-type doping by Ga' ion implantation,
the crystalline structure of FIB irradiated samples is damaged heavily. In
general, any damage will yield a reduction of the SCM signal and therefore,
as a first step, no effort was made to distinguish between doped, amorphisized
or damaged areas. On the other hand it should be emphasized that ion beam
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trench

Figure 5.4: Illustration of a FIB made trench on a sample which is cleaved into
two pieces.

doses which are magnitudes smaller than the minimum dose for surface mod-
ification (e.g. swelling due to a smaller material density inside amorphisized
regions) can already be detected via SCM, which is shown in the following
chapters. Besides, studies on this topic have also been performed in literature
with lithographically patterned silicon samples after implantation of arsenic
(As) with an ion implanter [114].

5.4 Ion Beam Profile - Damage on Si-Surfaces

To determine the beam radius of the FIB system via SCM, single implanta-
tion spots were used. Figure 5.5 (a) shows the resulting topographic changes
of milling with a moderate dose per spot (0.5 pC/spot). The swelling and
subsequent silicon removal due to sputtering was reproduced very well and
leads to the typical crater-like structures. The inset in figure 5.5 (a) shows a
magnification of the relevant area. Applying lower ion doses leads to hillock
shaped structures because swelling dominates sputtering. Figure 5.5 (b)
shows the simultaneously measured SCM picture. As one can see, very good
contrast between the FIB-modified and other sample areas was obtained. In
comparison with the topographic image seen in figure 5.5 (a), the simulta-
neously recorded SCM picture in (b) shows a significantly larger damaged
region. The impact of the ion irradiation on the silicon sample can now be
used to measure the ion beam radius. However, this leads to two possible
definitions of a beam radius since there are two different responses to ion
irradiation:
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Figure 5.5: (a) The topographic image of a FIB irradiated spot shows a crater
like structure. The insert shows a magnification. The beam direction is indicated.
(b) Corresponding SCM image.

e First, one can look at ion induced changes in topography (figure 5.5
(a)). Depending on the ion dose, the irradiated spots can look like
craters or hillocks. Therefore, the point where the outer swelling flank
(craters also have inner flanks, this inner flanks are not of interest
here) has decreased to 50 % was taken as the outside border of the FIB
induced structure (this is shown in figure 5.6 (a)). The corresponding
radius of the topographic structure and subsequently the beam radius
is named Rrgp0.

e Second, one can take the SCM-signal to define the beam radius Rscpy,
which is half the distance between the points where the SCM signal
flanks rise to half of their maximum (figure 5.6 (a)).

The two radii Ry, and Rscan are compared in figure 5.6 (a), where cross
sections of the FIB irradiated areas are plotted along line L of figure 5.5. The
difference between topography signal and SCM signal, AR = Rscar — Bropo,
is 253 nm. Figure 5.6 (b) compares the behaviour of the radii Ry, and
Rscar with increasing dose per spot. The radii show monotonic growth,
however, there are saturation effects in the high dose regime. In addition,
both data sets diverge for big ion doses. Whereas for the lowest dose the
ion irradiated spots have twice the radius in SCM mode than in topography
mode, for the highest dose this ratio is almost four. Our observation, that
the SCM based beam radius Rscps is always larger than the topographic
radius Ry, and the effect that Rr,,, and Rsca diverge for big ion doses
can be explained by the following facts:
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Figure 5.6: (a) Radial cross sections through the topographic and SCM image
along the line L. Ry, and Rscn define the radius of damage as seen in the topo-
graphic and the SCM image. (b) Rrop, and Rsop versus ion dose per irradiated
spot.

First, as was already published [75, 7, 96] the beam profile consists of
(at least) two regions: The region far away from the beam centre, where the
overall intensity is very small but decays slowly. The other region is close to
the beam centre, where the intensity is comparable with the beam centre and
has the steepest decay. In figure 5.7 a scheme of the expected beam radius
is shown.

Second, SCM is much more sensitive to ion irradiation effects than the
topographic signal, since topographic changes by amorphisation need very
high ion doses. In other words, the threshold for amorphisation is higher
than the threshold for an impact on the SCM signal. Therefore, as can be
seen in figure 5.7, topographic changes rather map the centre of the beam,
whereas changes in the SCM signal map the beam periphery.

Because of these two properties the SCM sensed beam radius Rscps grows
quickly with increasing dose per spot in the outer areas of the beam profile,
whereas the smaller crater-like structure in the topography grows just slowly.

5.5 Ion Beam Damage Inside Si-Samples

A second important subject for FIB application is, as already mentioned in
the chapter 5.1, the determination of the width and depth of FIB induced
damage below the sample surface. As explained in chapter 5.3, a long trench
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Figure 5.7: Focussed ion beam profile for two beam intensities. The beam centre
is located on the left side. An increasing beam intensity leads to different growth
rates of the observed effects, depending on the detection limits.

was milled into a Si sample. Afterwards the sample was cleaved to expose
the ion damage round the trench inside the sample.

Figure 5.8 (a) shows the topography of this cleaved, FIB made trench.
The corresponding SCM signal is shown in figure 5.8 (b). Again, the tip
voltage was optimized to obtain the largest SCM signals in non-irradiated,
low doped areas. The trench’s impact on the SCM signal exceeds the actual
dimensions of the trench. With a certain probability, ions can be scattered
out of their incident direction and move perpendicular to the beam. In that
way, they can reach areas not covered by the beam area.

Figure 5.9 shows a scheme of the FIB made trench. The grey shaded
area corresponds to ion beam damage, which is located in the vicinity of the
trench. For the subject of device modification it is important to know the
size of the damaged region below and at the edge the trench, corresponding
to the values Aprp and Bprp of figure 5.9.

An estimate of Ap;g and Bprp can be obtained by comparison of the
topographic and SCM data of a trench. Figure 5.10 (a) compares the topo-
graphic and the SCM signal height plotted along line L (figure 5.8) parallel
to the incident beam. The distance Ap;g between the topography signal and
the SCM signal is approximately 620 nm. Figure 5.10 (b) shows plots of
the topographic and the SCM signal height along line L.} perpendicular to
the FIB direction. The distance Bp;p between topography signal and SCM
signal is about 310 nm. A comparison of figure 5.10 (a) and (b) shows a ratio
Brig/App of approximately 1/2. This ratio is also confirmed by transmis-
sion electron microscopy (TEM) investigations of FIB irradiated MOSFETs
[4]. Figure 5.11 (a) show a TEM image of the polysilicon-gate of a MOSFET
after FIB treatment®. To explain what can be seen in figure 5.11 (a), the

2A trench was cut into the passivating layer and the polysilicon gate material to allow
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Figure 5.8: (a) Topographic image of a FIB milled trench in cross sectional view.
The beam direction is indicated. (b) Simultaneously recorded SCM image. The
lines L and Ly indicate the directions where the topographic as well as SCM
signals will be compared to calculate the extent of the ion damage.

special FIB milling process has to be taken into account. In the case of fig-
ure 5.11 (a), the ion beam was scanned many times over an area of 10x0.2
pm? until the desired depth of about 2 — 3 pum was reached. The depth is
a function of the deposited ion dose. During a single scan over the chosen
area, only a small amount of the final ion dose was deposited, and only a
small amount of the surface was sputtered away®. For clarity, a scheme of
the scan strategy is shown in figure 5.11 (b). However, a certain amount
of the sputtered material will be redeposited again on the sample near the
point it was sputtered away. Furthermore, the deeper a trench is milled, the
more material will be redeposited on the side walls of the trench. Therefore,
the diameter of the trench at the bottom is only 30 nm (at the top it is still
0.2 pm) and there will always be a layer of redeposited material. In figure
5.11 (a), one can see two different layers of material at the bottom and the
side walls of the trench. The side wall of the trench consist of redeposited
material, followed by a halo of strongly damaged or amorphisized material.

Again, one can determine the extent of the ion beam damage. In contrast
to the SCM investigations of cleaved silicon wafers, the TEM image of the
MOSFET shows a damaged area that extends only about Ap;p=200 nm in
the beam direction and about Br;p=100 nm perpendicular to it. This is

local dopant implantation via an implanter. Ions can only be implanted into the MOSFET
channel at the lowest regions of the trench, whereas elsewhere on the chip they are masked
by the passivating layer.

3In another possible scan mode, the whole ion dose is deposited in one single pass. The
different scan modes have a tremendous impact on the final shape of a trench.
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Figure 5.9: Scheme of a FIB milled trench. The grey shaded area corresponds to
the ion damage done to the sample. Because of the low probability that an ion is
scattered off the incident beam a large angle, the damage at the side walls (Bp;p)
extends less into the sample than the damage at the bottom (Ar;g) of the trench.

only one third of the damage extent measured by SCM on the cleaved Si
bulk samples, even if the ratio Bprg/Apip is also 1/2. This can be explained
by comparing the detection sensitivity of TEM and SCM. To get contrast
in TEM, a crystalline substrate has to be amorphisized to a high extent,
which needs very high ion doses. On the other hand, SCM is able to detect
impurity concentrations down to 10 — 100 atoms per gm? (10'* - 10'* atoms
per cm?), which is magnitudes more sensitive than TEM.
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Figure 5.10: (a) Comparison of topographic and SCM signal height along the
line L) parallel to the ion beam. (b) Topographic and SCM signal height are also
compared along the line L. perpendicular to the incident beam. In this direction,
the difference between topography and SCM is significantly less than in (a).

Figure 5.11: (a) TEM image of a trench milled into the polysilicon gate of a MOS-
FET by a FIB process. One can easily distinguish between redeposited material
inside the trench and the amorphisized halo further away from the trench. Ag;p
and Bpjp are the sum of the redeposited material and the amorphisized areas in
the corresponding directions. (b) Milling scheme of the FIB system.



Chapter 6

Microscopic Capacitance
Spectroscopy of SiOy and ZrO»
Covered Samples

6.1 Introduction

All data presented in this chapter were measured by the QSCS-setup de-
scribed in chapter 3.2. The main focus in chapter 3 was to describe the
QSCS-setup and to show the principle of operation of a capacitance bridge
and the difference to conventional SCM. This part first develops a useful
set of parameters and experience to run the setup effectively. Afterwards, to
show the very good quality of the nanoscopic C(V) curves obtained by QSCS
a comparison of nanoscopic C(V) curves and C(V) curves from large scale
MOS capacitors was performed. Finally, to show that QSCS-setup can be
applied to get useful information about a sample, the method was used on
ZrQ4 covered samples that show very small scale growth variations.

6.2 Developing a Useful Parameter Set

6.2.1 Pointwise Averaging — Average Time Level

An important parameter of the capacitance bridge, which can be accessed by
the user, is the average time level. It determines how many single capacitance
measurements are averaged internally to obtain the resulting value which is
then displayed on the bridge itself or is transmitted to a computer. Record-
ing more capacitance values means longer measurement duration, hence the
name average time. For the sake of completeness and as a reference, the

96



CHAPTER 6. MICROSCOPIC CAPACITANCE SPECTROSCOPY 97

time consumption® at a certain average time level is shown in table 6.1 taken
from the bridge’s manual[l]. The duration approximately doubles with ev-
ery increment of the average time level. The larger the average time level,
the less noise is superimposed to the final capacitance signal. If the noise is
truly random, the increase of measurement accuracy is proportional to the
square root of the measurement duration, which is a well known relation from
statistics. Figure 6.1 shows five C(V) curves recorded with average time levels
ranging from 8 to 12 with other parameters held constant. One can see the
improvement of the signal to noise ratio with increased measurement time.
To compare the noise of the C(V) curves, the standard deviation o of the

Table 6.1: The average time level as it is fed into the capacitance bridge and the
corresponding measurement duration in seconds.

average time level approximate measurement time (s)

8 2.5
9 4.0
10 6.9
11 12.0
12 23.0
13 44.0
14 91.0
15 188.0

grey shaded region on the left half of the curve was determined. The reasons
which led to the decision to take an average duration of 6.9 s per measure-
ment point was a simple tradeoff between accuracy and time consumption.
Especially during the very first experiments the lateral and vertical drift of
the AFM tip posed some problem because it distorts the C(V) curves. The
development of methods to reduce the AFM tip drift is described in chapter
6.3. The longer a singe C(V) curve takes to be recorded at a constant drift
rate, the more the curve will be distorted. All of the following C(V) curves
presented here were therefore recorded taking an average duration of 6.9 s
per measurement point, regardless of later improvements to reduce tip drifts.

!The capacitance bridge uses some ’intelligent’ software routines to determine if the
desired measurement accuracy can be reached. In case the noise level is too high or the
capacitance of the sample is changing quickly, the bridge starts the measurement again
hoping for the conditions to improve. Therefore, in general, the measurement duration for
a single measurement is unknown. The approzimate measurement time given in table 6.1
is the duration of a single measurement in the case the first attempt is successful.
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Figure 6.1: The influence of the average time level on the accuracy of the recorded
C(V) curves. From top to bottom: average time level 9, 10 11 and 12 corresponding
to a time consumption per point of 2.5s, 4.0s, 6.9s, 12s and 23s, respectively. To
separate the curves, offsets were added. The standard deviation ¢ was calculated
for every curve in the grey shaded area. To calculate o for the curve at the bottom
of the graph (time consumption: 23s), the parasitic constant slope at the left half
of the curve was subtracted. Measurements by courtesy of Matthias Schrambdck.

Furthermore, a delay of 7 seconds were included in between the single points
for equilibration purposes. Therefore, one capacitance value every 14 seconds
is put out by the bridge. Where it seemed necessary, multiple C(V) curves
were recorded on one and the same sample spot. Afterwards all this curves
were averaged pointwise to increase the accuracy (see chapter 6.4 for further
information).

6.2.2 The Modulation Voltage

Another important parameter is the amplitude of the test voltage (modula-
tion or excitation voltage) applied by the bridge during a measurement. The
bridge allows to input an applied mazimum of the excitation voltage in the
range of 0.3 mV to 15V [1]. However, the actually applied excitation voltage
may be lower than the user input depending on the magnitude of the mea-
sured capacitance. In general, larger capacitance values lead to excitation
voltages which are lower than the maximum value given by the user. Table
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Table 6.2: Excitation voltages automatically applied by the bridge when con-
nected to a capacitance of the given magnitude. However, user input overrides
every attempt of the bridge to apply larger voltages than the user value.

Limit (volts) Maximum capacitance (pF)

15.00 110
7.50 220

3 550
0.25 6600

6.2 taken from the bridge’s manual [1] summarises that rule. For example,
a user input of 15V and a tested capacitor of more than 6600pF would lead
to an excitation voltage of only 0.25V. However, the user input of a certain
excitation voltage value overrides every attempt of the bridge to apply larger
voltages than the user input in case of a small capacitor. Therefore it is
possible to measure a 1pF capacitor with an excitation voltage of, say, 0.1V.
To understand how the applied excitation voltage is calculated is crucial for
several reasons. First, some samples used here need a limitation of the to-
tally applied voltage because of their low brake-down voltages of less than
5V. Another reason for a reduction is that higher excitation voltages change
the shape of the C(V) curves. With increased excitation voltage the C(V)
curves become broader. The reason for this behaviour can be explained as
follows: If the applied constant DC voltage operates the MOS capacitor near
the flatband voltage but is still in accumulation, a large AC excitation volt-
age, during parts of the cycle, will drive the capacitor beyond the flatband
condition into the depletion regime. The net-effect is a capacitance value
somewhere between accumulation and depletion regime. Figure 6.2 shows
the influence of different excitation voltages on the quality and shape of the
C(V) curves. There is no visible broadening of the curves when the excita-
tion voltage is increased from 0.1V to 0.25V. However, in figure 6.2 one can
also see a decrease of the noise when the excitation is increased. Higher ex-
citation voltage means more oscillating charge in relation to random charge
fluctuation, and therefore an increased signal to noise ratio. At an excita-
tion voltage of 3V the curve appears very smooth but is much too broad
to extract any useful data. It is a tradeoff between noise and broadening.
Because lower excitation voltages than 0.25V do not increase the slope of
the transition region between accumulation and inversion in figure 6.2 and
only lead to more noise, it made sense to use an excitation voltage of 0.25V
throughout the following experiments.



CHAPTER 6. MICROSCOPIC CAPACITANCE SPECTROSCOPY 100

M T T 0

1600 — —

1200 — —
[y

£ 800 —
(@)

400 — —

O — p—

| I 1 I 1 I Im|

4 0 4
tip voltage (V)

Figure 6.2: The influence of the modulation voltage on the accuracy and the
shape of the C(V) curves. From top to bottom: modulation voltages of 0.1V,
0.25V, 0.75V and 1.5V . To separate the curves, offsets were added. In general,
higher modulation voltages lead to a reduced noise, but broaden the C(V) curves.
Measurements by courtesy of Matthias Schrambéck.

6.2.3 Does QSCS Influence the Sample?

The next important question is whether the QSCS measurements do influence
the sample surface or not. As described in chapter 4, charging of the oxide
covered sample surface is a severe problem for standard SCM methods. Under
adverse conditions charging can destroy the SCM signal within minutes when
scanning over an area. Even if dielectric breakdown can be avoided utterly
due to the exact determination of the bridges’ electrical output voltage, there
remains the possibility of electrochemical processes which could degrade the
oxide cover of the sample. Especially the fact that in QSCS the AFM tip
often remains a very long time on one and the same sample spot makes it
possible that even a very small eventual degradation rate can accumulate
to a severe effect. To investigate that issue, the approach was similar as in
chapter 4, where a visible degradation of the oxide was produced by scanning
over one and the same area several times. For the similar QSCS experiment,
about 120 single C(V) curves were recorded subsequently on one sample spot
of a 510, covered Si sample. The thickness d of the oxide was only 4 nm.
Afterwards, packages of 30 single C(V) curves were averaged pointwise to
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Figure 6.3: 4 C(V) curves obtained on one and the same sample spot on SiO,
after averaging over 30 single curves. There are no differences between the curves,
therefore one can assume that within 24 hours of continuous QSCS-measurements
the sample surface does not degrade.

obtain 4 resulting curves, which are shown in figure 6.3. It took about 6
hours to obtain the 30 single curves for one of the averaged curves in figure
6.3. Neither a change of the oxide (accumulation) capacitance nor a shift of
the transition region (flatband voltage) indicating degradation of the oxide or
some parasitic build-up of charge inside the oxide. All the 4 averaged curves
in figure 6.3 have the same shape and position. This is the verification that
QSCS measurements under moderate voltage conditions do not influence the
properties of the sample.

6.3 AFM Tip Drifts and Countermeasures

At the current state of development the QSCS-setup runs without any laser
feedback, to get rid of the influence of light. Of course, there are some possi-
bilities to implement feedback loops that do not influence the C(V) measure-
ments. Approaches that supply control for the up and down movement of the
tip (z-direction) are for example AFM sensors that detect the tip deflection
via tunnelling currents (like the first AFM back in 1986 [13]), or the usage
of laser wavelengths that do not interfere with the sample (e.g. photon ener-
gies lower than the band gap of the semiconductor sample). However, all of
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that approaches are more or less difficult to implement, because they require
major reconstruction of the AFM hardware. Therefore the decision was to
simple switch off the laser feedback to get rid of the parasitic light induced
effects inside the sample. Without any compensating feedback, AFM tip
drifts became an issue. Especially drifts in z-direction are annoying. Either
the tip moves up (away from the samples surface) and finally the contact to
the sample is lost, or it moves down and may damage the dielectric layer.
It QSCS may be applied for Schottky capacitance measurements, even much
smaller z-position changes than generally observed will lead to a change of
the capacitance behaviour of the tip sample system due to an anticipated
pressure dependence of the schottky contact[17].

This chapter will discuss the different causes of drifts, and how they can
be prevented or compensated. There are 2 reasons for tip drifts which could
be observed in this work.

6.3.1 Piezo Creep

First, every piezo suffers from so called piezo creep [52]. If a voltage change
is applied to a piezo, the piezo will expand or retract corresponding to the
voltage. However, instead of reaching its new length (or position) suddenly,
it asymptotically moves to the new equilibrium position. This occurs both
in lateral (x- and y- ) as well as in vertical (z-) direction. The magnitude
of the creep is a few percent of the piezo expansion. The observed time
constant is a few minutes for the Digital Instruments AFM used in this
work. A lot of efforts have been made to get rid of [39], or compensate
for the non-ideal behaviour of piezos [46, 5, 113]. The easiest possibility
to get rid of this type of tip drift is simply to wait long enough until the
piezo has nearly reached its equilibrium position prior to any measurements.
This was the approach taken for this work. The larger the initial position
change (respectively voltage change to the piezo) the more and the longer
the piezo creep occurs. Therefore one useful measure is to avoid any large
piezo movements which reduces piezo creep time. Another possibility to
shorten creep time is to apply a slightly larger voltage than required to reach
a certain position. The piezo will expand a little more and would eventually
overshoot the desired position. After a few seconds the voltage is again
reduced. If this procedure is done properly, the piezo does not show creep
anymore. The reason for that behaviour is that creep is a slow change of
internal polarisation of the piezo crystal. Driving the piezo at slightly higher
voltage for a short time means to apply a degree of polarisation to the piezo
which is otherwise reached only after a considerable longer time due to piezo
creep.
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Figure 6.4: Image of the AF'M inside the acoustic hood. Both the positions of all
relevant heat sources as well as the location of the temperature sensor is marked.

6.3.2 Thermal Expansion

The second, much more severe reason for tip drifts is due to thermal expan-
sion of the setup. As mentioned in chapter 3.2.2, the AFM and the sample
must be kept in complete darkness inside an acoustic hood. Due to heat
dissipation inside the AFM electronics, the temperature inside the hood is
about 15 °C higher than the ambient temperature when the hood was closed
for a long time (a few days). The setup for temperature monitoring was
already described in chapter 3.2.2. It is important here to understand the
relative complex interaction between the (location of the) temperature sensor
and the different heat sources of the AFM hardware inside the hood. There
are different locations inside the AFM where electricity is dissipated to heat.
Figure 6.4 shows a scheme of the AFM hardware inside the acoustic hood
together with the positions of the temperature sensor and all heat sources.
The sensor only measures the air temperature at a single spot inside the
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hood. One can presume this single spot to be thermally shielded to a certain
amount from the other parts of the AFM. The main heat sources which could
be identified are: the control-electric at the backside of the AFM, the video
camera near the temperature sensor, the motors of the x-, y-, and z-stage
and the laser inside the scanning head. Whereas the control electronics and
the camera are heating the setup continuously, the other heat sources are
only temporarily switched on and off (this causes more trouble, which is ex-
plained later). Because the different heat sources lead to different thermal
expansion of different parts of the AFM, a net increase of the air temperature
measured by the sensor at a certain location can lead to both an increase
as well as a decrease of the tip-sample distance, depending on which heat
sources are switched on. The author is aware of the fact that the presented
knowledge on this important subject is very fragmented. There is much room
for improvement, many aspects of thermal expansion have to be measured in
future measurements. However, having at least a semi-quantitative idea of
the movement of the scanning head (e.g. the prediction if the head drifts up
or down) gives a big advantage in trouble shooting (e.g. no signal because
tip drifted away from sample) and opens the possibility to compensate for
the drift.

Lets start with the simplest case and assume that only the camera, the
control electronic and the laser dissipate heat, and the dissipation rate does
not change with time (e.g. laser is not switched off after a while) Figure
6.5 (a) shows the temperature change during 30 minutes inside the (closed)
hood after the hood was open for a long time (about 20 minutes). The grey
shaded area marks the last 10 minutes in the plot where the temperature
change is about 9ImK/minute. Figure 6.5 (b) traces the temperature change
for an extended time interval of about 16 hours. After twelve and a half
hours (750 minutes) the temperature change is just about 0.29 mK/minute.
But how can this temperature changes be interpreted in terms of nm AFM
tip drift? Unfortunately, it is only possible to present field reports due to
a lack of systematic studies. As a rule of thumb it turned out during the
experiments, that a slow temperature increase of 1 mK leads to raising the
AFM tip about 1 nm. This would lead to a vertical tip displacement of
about 108nm (!) while recording one single C(V) curve in about 12 minutes.
Such a large displacement makes it virtually impossible to perform any useful
measurements! However, after thermal equilibration for about 13 hours (see
figure 6.5 (b) ), the displacement is only 3.5 nm for a single C(V) curve.
However, for a sufficiently stable temperature one has to wait at least one
day. Especially when recording large numbers of curves on one and same
sample spot for averaging purposes, it is recommended to wait 3 days. It is
important to note that even opening the hood for only a short time (about
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Figure 6.5: Temperature change T, inside the acoustic hood when closed a)
for 30 minutes and b) for 16 hours measured with the temperature sensor behind
the camera system. For both plots the rate of temperature change was calculated
from data inside the grey shaded area.

1 second) introduces a sudden temperature decrease of a few Kelvin (!), and
it takes at least one hour for the temperature to reach the equilibrium again.
The next aspect that has to be explained is why the AFM tip moves up when
the temperature is increased. One can exclude the possibility that parts of
the AFM hardware have a negative linear thermal expansion coefficient. An
explanation why the tip is raised when the temperature is increased is that
the scanning head still pushes the AFM tip down due to thermal expansion,
but the larger z-stage also expands and lifts the whole scanning head together
with the AFM tip. It depends on the relative size of the z-stage and the
scanning head whether the net effect on the tip is a moving up or a moving
down. The vertical displacement Al of the tip can be calculated via the
following equation

Al = lhead X Ohead X A,Zjhead - lstage X Ustage X ATstagey (61)

where a negative value for Al means the tip moves up and a positive value
means the tip approaches the sample. Assuming the same temperature
change AT = ATyeqq = ATgaye for all parts of the AFM (isothermal case)
and the same expansion coefficient @ = dpeqq = astage, still the size of the
z-stage is larger than that of the scanning head and therefore the tip moves
up with increasing temperature. Taking the expansion coefficient of steel
a ~ 14 x 107¢ (average from different internet sources) and assuming the size
of the z-stage and the head to be [y, = 20 cm and lj,qq = 10 cm, a tem-
perature increase of AT = 1 mK leads to a tip displacement of Al = —1 nm.
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Figure 6.6: a) tip displacement and temperature increase after switching the laser
on. b) temperature increase at a larger timescale. Zero at the time axis correspond
to the moment of switching the laser on. The hood temperature (Tsens0r) Was again
measured with the temperature sensor behind the camera system.

Observations during the measurements show approximately the same value.
The influence of such vertical movements on the actual C(V) measurements
depends strongly on the geometry and spring constant of the used cantilever,
which will be discussed later.

As discussed in chapter 3.2.2 (footnote on page 49), all C(V) measure-
ments have to be done in complete darkness. Therefore switching off the
feedback laser is mandatory. This means that the scanning head (where the
laser is located) is no longer heated, and the temperature Tj..q of the scan-
ning head eventually decreases more quickly than the temperature T, . of
the z-stage. Due to equation 6.1, this means that the tip moves up. One
easy way to record thermal expansion or contraction is to simply record the
counteracting movement of the z-piezo which is controlled by the AFM laser
feedback system (which means that the laser has to be switched on). In figure
6.6 both the time evolution of the thermal tip displacement Al as well as the
air temperature was recorded when the laser was switched on after the sys-
tem got used to heating conditions when the laser was switched off for a long
time. The thermal tip displacement Al was measured by recording the piezo
voltage applied by the feedback system to counteract thermal expansion of
the scanning head. The displacement Al is positive, indicating that the tip
moves down due to a suddenly increase of the temperature T},..q inside the
scanning head. The initial tip displacement rate is about +30nm/minute.
At the last data point the recorded displacement is about Al = +840 nm,
whereas a calculation based on the data of the temperature sensor assuming
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isothermal heating (temperature changes occur everywhere at the same time
and the same rate) gives a displacement of Al = -98nm. Whereas the tip
displacement nearly reaches its equilibrium after 50 minutes, the air tem-
perature still increases constantly. In figure 6.6 (b) one can see that the air
temperature at the sensor’s position nearly reaches its equilibrium only after
10 hours. If the presented expansion model is valid, it is possible that the tip
displacement could reverse sign when the temperature raises also sufficiently
in the z-stage. This is be a topic for future investigations.

Another important aspect is that every vertical movement also creates a
lateral movement if the tip is in contact with the sample. This is a simple
geometric effect, because the AFM cantilever is attached to the tip holder at
an angle of 13° with respect to a horizontal line. Figure 6.7 shows what hap-
pens if the AFM tip is in contact with the sample and the piezo is expanded
further to increase the pressure between the tip and the sample. In Figure
6.7 (a) the tip has just made contact with the sample, and the angle between
the cantilever and the sample is still v = 13°. In figure 6.7 (b) a simple
model is presented which describes the result of increasing the tip-sample
pressure by expanding the z-piezo (either electrically or by thermal drift).
v is reduced, and therefore the projection of the tip on the sample cos(v)
is increased. Simple trigonometric calculations show that even a relatively
small expansion of the piezo of only 50nm leads to a lateral displacement
of 11 nm (for the 225 pum long cantilevers which were used for this work).
However, this is an oversimplification, because in reality, the cantilever bends
under pressure, which is shown in figure 6.7 (c). Therefore, if high spacial
resolution is desired, one has to compensate for thermal drifts. Fortunately,
larger lateral drifts can be observed during C(V) measurements as changing
stray capacitance values Cly,q,. Especially when performing C(V) measure-
ments near the edge of a sample lateral movements of the AFM tip effectively
changes the surface of the parasitic stray capacitor. An increase of the stray
capacitance because of a decrease of the distance between the electrodes of
the stray capacitor is negligible. The distance between the sample and the
cantilever bulk is about 50 ym whereas distance changes due to drift is typ-
ically about 50 nm. This scarcely influences the stray capacitance. In figure
6.7 (d) C(V) curves were recorded on successive locations about 1 ym apart.
The curves recorded near the sample edge typically showed smaller stray
capacitance than the curves recorded at locations far away from the edge.
In this particular experiment, the capacitance decreases about 100 alF" when
the tip moves 1 pm nearer to the sample edge. In general, this quantitative
correlation will not hold for other experiments. However, one can use this
correlation to test for unwanted lateral drifts. Whenever a changing stray
capacitance indicates a lateral tip movement, the measured data should be
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Figure 6.7: Influence of the tip deflection on the lateral tip position: a) the AFM
tip has just made contact with the sample, v is still 13°; b) z-piezo expands and
subsequently v is reduced; ¢) more realistic, the cantilever bends under pressure,
d) C(V) spectra recorded every 1 pym approaching the sample edge. The curves
nearer at the sample edge show a reduced stray capacitance Ustmy.

abolished, depending on the required lateral resolution and whether the tip
movement was desired or not.

Even if lateral or vertical tip movements due to temperature changes
within the AFM do not disturb a particular experiment, uncontrolled high
tip pressure could damage the sample as well as the tip itself, or affects
the consistency of experiments when pressure dependent samples are used
2, However, using very low pressure at the begin of an experiment runs the
risk of losing tip sample contact at a later time, if unfortunate temperature
changes raise the tip from the sample. A way to get around this problems
is to use AFM cantilevers with a very low spring constant. The correlation
between the force on the AFM tip Fp,ok, the spring constant ¢ and the
displacement [ of the tip from the equilibrium position is given by Hooks

’In the framework of this work, only silicon samples were were investigated that form
MOS systems with the dielectric layer and the tip. Both silicon as well as the SiO, and
7104 layers are quite hard and mechanically stable materials and no pressure dependence
was observed (as long as the oxide layer was not penetrated by the tip). In contrast,
GaAs samples do form Schottky contacts with the AFM tip, and show a severe pressure
dependence. Furthermore, GaAs samples are soft and the tip can easily penetrate into the
sample.
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Law:
FHook = ¢-| (62)
FHook
P = 6.3
A (6.3)

The pressure P between tip and sample depends on the force Fi . and area
A of the tip apex. Defining a secure pressure range, a small spring constant ¢
makes it possible to use a larger initial displacement [, which ensures longer
tip-sample contact. In addition, by using low ¢ cantilevers, larger displace-
ments due to larger temperature changes do not lead to eventual harmful
accumulation of pressure beneath the tip.

Finally, in table 6.3 all the quantitative results of this chapter is sum-
marized. It is intended as a reference for future experiments. The electrical
expansion coefficient of the z-piezo Al/AV._,., was included for its great
practical importance during experiments with the particular AFM hardware.
For the same reasons the value AV,_ ... /ADS was included, because when
using the laser feedback system of the AFM, the force Fi,.; is adjusted by
the desired deflection of the laser signal recorded by the laser detector. If
the deflection setpoint DS is adjusted, the feedback system tries to reach
the new value by adjusting the voltage on the z-piezo AV,_,;..,. The value
AV, _piezo /ADS gives the change of the deflection setpoint at a certain change
of the z-piezo voltage. AV, ., /ADS is only useful if the tip is in contact
with the sample. It is important to note that the exact value AV._ ;... /ADS
depends on the position the laser is reflected from the cantilever. The fluctu-
ation of the laser alignment is considered to be less than 10%, which trans-
forms into a fluctuation of less than 10% for AV,_,..../ADS. The change
of the tip-sample-force induced by the different thermal drift scenarios was
included for both the common used SCM diamond tips (FMR-CDT) as well
as for scanning spreading resistance (SSRM) AFM tips (NCHR-CDT). The
spring constants of these types of AFM tips show a great difference. As
discussed above, this leads to a corresponding difference in the tip-sample
force. The temperature changes ATy, s, inside the acoustic hood were only
measured at a single location behind the camera system. Al/AT;., . and
AFoor ) ATsensor were included in table 6.3 as a rough estimate for both the
amount of tip drifts Al in z-direction and the change of tip-sample force
AFyp,0r at slow, isothermal temperature changes ATy, ;... For the same rea-
sons, Al/At and AFy,.p/ At were included to show the reaction to a fast
temperature increase due to switching on the feedback laser.
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Table 6.3: Quantitative consequences of thermal tip drifts. Positive values again
indicate that the AFM tip approaches the sample or the tip sample pressure is
increased in case the tip is in contact with the sample. The SSRM tips show
a higher force increment at the same amount of thermal expansion due to the
much larger spring constant. “isothermal” means that temperature changes occur
everywhere at the same time and the same rate. In contrast, “laser” means that
some parts of the AFM are heated at different rates, which happens if the feedback
laser is switched on (after it was switched off for a long time).

tip independent

Al/ATsensor  (isothermal) -1 nm/mK
Al/At (laser) +30 nm/minute
AlJAV, _piczo  (electrical piezo expansion) 14 nm/V
SCM tip SSRM tip
(FMR-CDT) (NCHR-CDT)
spring constant ¢ 1 N/m 42 N/m
sz—piezo/ADS 8 5
AFyoor/ ATsersor -1 nN/mK -42 nN/mK
(isothermal)
AFgoor/ At (laser) +30 nN/minute +1260 nN/minute

6.4 Data Extraction and Analysis

This chapter describes how the relevant data, like the flathand voltage Vg
or the oxide-capacitance C, is extracted from the measured C(V) curves. As
described in chapter 6.2, all the curves were recorded using an average time
of about 6.9s per capacitance value (this corresponds to an average time level
of 10). In figure 6.8, again an example of one single C(V) curve is given. The
curve is still noisy, therefore, for some experiments the decision was made to
record many such curves on one and the same sample spot and average them
afterwards to obtain a much smoother curve. It was also shown in chapter
6.2, that performing many C(V) measurements on one sample location does
not degrade the sample beneath the tip. Regardless of having only one single
C(V) curve or the average of many hundreds of curves, the resulting curve was
subjected to further digital smoothing and filtering. Either a Box smoothing
filter or a Savitzky-Golay filter was applied®. The difference between the two

3Box smoothing is similar to a moving average, except that an equal number of points
before and after the smoothed value are averaged together with the smoothed value. The
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Figure 6.8: Comparison of one single C(V) curve (dots) and the pointwise average
of 60 consecutive single C(V) curves on one and the same sample spot (solid line).

smoothing algorithms is the frequency dependence. Savitzky-Golay smooth-
ing better reproduces small scale voltage features of C(V) curves, whereas
Box smoothing rather filters them out. The extend to which the curves vari-
ability is smoothed out depends on further parameters (number of points
that are averaged in Box smoothing, or the order and number of points in
Savitzky-Golay smoothing). If different C(V) curves were compared, one and
the same smoothing algorithm was used to exclude systematic errors. Both
the oxide capacitance as well as the flatband voltage were calculated using
smoothed C(V) curves only.

Especially for the comparison of C(V) curves obtained on different sample
locations it was important to subtract the orders of magnitude larger stray
capacitance Ustmy. Common variations of the stray capacitance are 50 fF
to 1 pF, depending on the location of the sample where the actual measure-
ment takes place. The position dependence of the stray capacitance can be
used as a test for parasitic tip drifts, which is explained in chapter 6.3.2.
However, it is also the most severe drawback of QSCS because it prevents
the measurement of the oxide capacitance on arbitrarily doped Si samples.
It is impossible to calculate the oxide capacitance, if neither the capacitance
offset due to the stray capacitance, nor the decrease of the difference be-
tween the maximum and minimum capacitance due to the growth of the
doping dependent depletion region is known. Therefore the range of possible

Savitzky-Golay smoothing filter 1s a type of Least Squares Polynomial smoothing. It was
first proposed by A. Savitzky and M.J.E. Golay in 1964. This description was taken from
IgorPro 4.06 A help files.
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sample doping levels was constrained to the low doped region throughout
this work. As explained in chapter 2.3.4 for low doped samples and an ideal
C(V) curve without stray capacitance the semiconductor capacitance C'; and
subsequently the total capacitance C is approximately zero. Therefore, the
stray capacitance of a realistic C(V) curve on a low doped sample can be
identified as the lowest total capacitance value C,,;, (equation 2.40), which
can then be subtracted from the curve. The difference between the maximum
(C1naz) and the minimum value of a C(V) curve is the oxide capacitance C,,
(equation 2.41).

To obtain the flatband voltage Vpp of a particular C(V) curve, the flat-
band capacitance Cpp = Crp x A was calculated for an ideal flat capacitor
via equations 2.3 and 2.42 and compared to the experimental data. Note
that the flatband capacitance strongly depends on the doping level N4 or
Np and the dielectric constant &5 of the particular Si sample, which was
discussed in chapter 2.3.5. Furthermore, it depends on the oxide thickness
d and dielectric constant ¢,, of the dielectric layer. Therefore, for sample
parameters used in this work (in particular: low doped silicon covered with
very thin dielectrics or high-¢ dielectrics), the normalised flatband capaci-
tance Crp/Cor (= Cpp/Coy) is in the range of 0.02 to 0.09 corresponding
to a flatband condition occurring at 2 to 9 % of the maximum capacitance
of the measured C(V) curve. The flatband voltage Vpp can be obtained by
taking the voltage of a C(V) curve where the capacitance value has reached
the flatband capacitance of the particular sample.

However, the very low values of the normalised flathand capacitance en-
countered in this work lead to difficulties in obtaining accurate flatband volt-
age values from noisy C(V) data. The voltage values of a C(V) curve are
predetermined and exactly known %, whereas the capacitance values are mea-
sured and show a random uncertainty §C. At a slope S of the C(V) curve
the random uncertainty §C of the capacitance translates into a (random)
uncertainty of the voltage 6V.

6oC 6oC
5V—S—>5V— 5 (6.4)

Near the lowest capacitance values, the slope S of the C(V) curve is very
small, and according to equation 6.4, a small random uncertainty of the
capacitance gives a large random uncertainty in the corresponding voltage.
Therefore, at low capacitance values, random fluctuation of the measured

‘Every leakage current through the oxide automatically leads to a decrease of the
applied tip voltage. However this case would not happen unobserved, because a sudden
breakdown of the dielectric layer would be visible via an severe increase of the loss signal
measured by the capacitance bridge.
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C(V) data lead to a very large random error 6V in flatband voltage determi-
nation.

The simples way to get around this is averaging over a large number of
C(V) curves, because the fluctuations are random and will cancel out.

Another possibility is to determine the voltage Vppy at a slightly higher
capacitance value Crgy = Cpg + AC than the calculated flatband capaci-
tance C'rp. At higher capacitance values the steepness of the C(V) curve is
increased which leads to a reduction of the random error in the corresponding
voltage Vrpy. However, now an error AV is introduced: Vpgy = Vg + AV.
This error AV can be assumed to be systematic. This allows to determine
flatband voltage shifts much more accurate, because the systematic error
cancels out during subtractions. To a certain extent, it is also possible to
obtain an estimate of AV, which can be used to calculate Vrg. See chapter
6.6 for more details on this method.

6.5 C(V) Spectroscopy on Macroscopic and
Nanoscopic Capacitors

After developing the basic setup of QSCS in chapter 3.2.2, knowing how to
treat it and having an idea of its limits from the previous three sections,
the next step was to evaluate the quality of the measured data obtained via
QSCS. Therefore, both macroscopic measurements on large area 100x100
pm MOS capacitors and AFM based, nanoscopic investigations were carried
out on identical pieces of samples, as is schematically shown in figure 6.9.
The MOS capacitors’ top electrodes were lithographically patterned, sput-
tered Al. A standard Agilent LCR meter was used to measure the C(V)
curves on the MOS capacitors inside a dark box, to prevent the influence of
light. For consistency, the nanoscopic capacitance measurements were always
performed in close vicinity to the corresponding macroscopic MOS capaci-
tors. The samples were homogeneously p-doped Si-wafers with an acceptor
concentration of N4=9.4 x 10" ¢m™. Wafers having higher concentration
(Na=1x 10" cm™) were investigated too and qualitatively showed the same
results. Two types of dielectric layers between the tip and the semiconductor
were used: industry quality high temperature grown Si0; and Metal-Organic
Chemical Vapour Deposition (MOCVD)-grown ZrO,. Prior to the oxidation
or deposition process the samples were cleaned using a RCA cleaning pro-
cess [55] followed by a removal of the native SiO, in HF.The SiO4 layer was
created by wet oxidation at 900 °C, and the ZrO, layer was deposited at
450 °C in a horizontal hot-wall reactor equipped with a bubbler system for
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Figure 6.9: Schematic of the experiment. A 100x100 pm MOS capacitor with
lithographically patterned Al top electrode was characterised with standard LCR
meter equipment. In close vicinity to the Al electrode nanoscopic measurements
with a diamond coated AFM-tip connected to an AH2550 capacitance bridge took
place.

metal-organic precursor delivery. No post deposition thermal annealing was
used for the ZrO; covered sample. This results in a rather poor quality ZrO,
layer. For a more detailed introduction into the oxidation process or MOCVD
look at chapter 4.2. The nominal silicon oxide layer thickness was 4 nm and
was confirmed by ellipsometric measurements. While SiO, has a dielectric
constant of ,, = 3.9, ZrO, is a high-¢ material with a dielectric constant of
approximately ¢,, ~ 20. For a direct comparison of the capacitance data,
we fabricated dielectric layers with the same dielectric constant to thickness
ratio €., /d. (SiOz: d= 4 nm, ZrOy : d=20 nm). In figure 6.10, a compari-
son between the C(V) data of a reference MOS capacitor, a simulated C(V)
curve and a nanoscopically measured C(V) curve is shown. The nanoscopic
curve was obtained by averaging over approximately 80 single C(V) curves
to increase the signal to noise ratio. Afterwards, the averaged curve was
smoothed and the three orders of magnitude larger stray capacitance was
subtracted, as described in chapter 6.4. The shape of all three curves in
figure 6.10 is almost identical. According to MOS theory text books [83],
C(V) curves are smeared out by interface traps. The slightly smaller slope of
the macroscopic reference curve in figure 6.10 (a) compared to the calculated
curve (b) can therefore be explained by an interface trap number density Ny
of about 5 x 10" ¢em™2. Although the nanoscopic and the macroscopic C(V)
curve were both recorded on nearly the same sample position, the nanoscopic
curve is not as steep as the macroscopic curve. There are two possible reasons



CHAPTER 6. MICROSCOPIC CAPACITANCE SPECTROSCOPY 115

for that behaviour, which will be assessed now.

e First, a possible reason for this behaviour is the very small area of the
AFM tip and an increasing influence of electrostatic edge effects. How-
ever, an estimate given in chapter 2.5 of the influence these edge effects
have on the shape of measured C(V) curves shows that it is relative
implausible that edge effects are the sole reason for the broadening.

o [t seems more probable that the broadening is caused by an elevated
interface trap density. Whereas the oxide layer of the macroscopic
MOS capacitors was protected from the ambient environment by the
sputtered top electrode, the AFM based nanoscopic measurement took
place at an oxide layer that was constantly exposed to the ambient
environment. This leaves the oxide layer vulnerable to contamining
situations and agents, which may change the oxide quality.

Maybe, the observed broadening could be explained by a combinations of
this two effects. A definitive explanation could not be found in this work and
is a subject for future investigations.

The position of the transition between accumulation and depletion on the
voltage axis (flatband voltage) can be used to extract various physical infor-
mation. The position is defined mainly by two factors: the work function of
the capacitor’s top electrode W, (if the work function of the semiconductor
W, remains fixed) and the total amount of oxide charge (. (refer to equa-
tion 2.45). The simulated curve in figure 6.10 (b) shows a flatband voltage
of 0 V., because the simulation was performed for a top electrode with the
same work function as the semiconductor (W,,s = 0) and because no oxide
charges were included. The flatband capacitance of curve (b) occurs at a
normalised value of U/on:().OS . The two measured curves in figure 6.10
(a) and (c) are located at significantly different positions than the calculated
curve (b). As described in chapters 2.3.5 and 6.4, the flathand voltages of
curve (a) and (c) were obtained by determining the voltages at which the nor-
malised capacitance equals the flathand capacitance of the calculated curve.
The difference between the flatband voltages of the two measured curves is
AVrp = 1.6V£0.1V corresponding to a work function difference between the
two top electrode materials. As the work function for Al is known (W 4;=4.2
eV)[109], we can calculate the work function of the diamond tip:

Wn’p: AVFB + WAl = 5.8eV=+0.1eV.

A closer look to the nanoscopic curve in figure 6.10 (¢) reveals that the
capacitance values again start to increase after a tip voltage of about +1V.
This behaviour is not observed in the macroscopic C(V) curve 6.10 (a). One
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Figure 6.10: (a) C(V) data of a 100x 100 gm? MOS capacitor with lithographically
patterned Al top electrode. (b) Simulated C(V) spectrum of the MOS capacitor
assuming no oxide charges and flatband condition at zero bias. (¢) C(V) spectrum
obtained with a diamond coated AFM-tip connected to an AH2550 capacitance
bridge.

can explain the increase of the capacitance in figure 6.10, curve (c) by as-
suming the movement of mobile ions inside the oxide, which continuously
changes the capacitance behaviour when an electric field is applied. How-
ever, no mobile ions are present in curve (a), because the top electrode of
the macroscopic capacitor leading to curve (a) was created shortly after the
oxidation process. One can assume that this somehow shields the underly-
ing SiO, from contaminating Na*t- and K*-ion incorporation. In contrast to
that, the oxide area where the nanoscopic measurements via the AFM tip
took place were exposed to ambient conditions during the few months prior
to the measurements. This is plenty of time to accumulate Na and K, which
change the electrical behaviour of oxides. The same effect observed in 6.10
(c) for SiO; was also observed for ZrOs,.

To explain what has happened in (¢) one has to consider the precise
measurement conditions first. The C(V) curve (¢) shown in 6.10 was recorded
for a voltage ramp starting at a positive tip voltage of +2V and decreasing
to -2V. After that, the voltage again jumps to +2V and the next curve was
recorded immediately on the same sample spot without any delay. Afterwards
all curves on one and the same sample spot were used to calculate an average
C(V) curve. Curves 1 and 2 in figure 6.11 where recorded on ZrO4 and SiO,
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respectively, and show a slightly decreasing capacitance for a tip voltage
starting at +2V and decreasing to -2V. The time constants for this decrease
is below 1 minute.

Two parameters are used to describe the net mobility f;,, of ions inside
the oxide ([83] page 442 and [106]): the activation energy F4 which describes
how many ions are free to move around and the mobility po at the limit of
total activation of all ions. pg governs the scattering of the drifting ions
inside the oxide. The two parameters are combined in

Fa
Hion = Ho eXp(_ﬁ)7 (65)

where k is the Boltzmann constant and 7' is the absolute temperature of the
oxide. The lower the activation energy F4 and the higher the temperature,
the more ions are released to move. Knowing the net mobility 1, and the
applied electric field F,,., one can calculate the distance s the ions move at a
certain time {¢.

S = fion Fort (6.6)

The electric field F,, is determined by the thickness d of the oxide and
the applied voltage: Vi;,: F,p = Viyp/d. These are the equations needed to
calculate the time an ion needs to pass through the dielectric layer. Insertion
of B4 = 0.71 eV and o = 0.8 x 107° ¢cm?/Vs into equation 6.6 leads to
a calculated time of ¢ = 42s the ions need to pass through the 4nm thick
S5104. This matches well with the data shown in figure 6.11, curve 2 . For
the 5 times thicker (20nm) ZrOy sample (curve 1), E4 = 0.63 eV and po =
0.7 x 1072 e¢m?/Vs results in ¢ = 58 s the ions pass through the dielectric.
Note, that it is crucial for the calculations to consider that the temperature
inside the acoustic hood were the measurements fook place was about 35 °C
(308 K). This is significantly higher than the ambient temperature outside
the acoustic hood (about 20 °C to 25 °C). Equation 6.5 strongly depends
on the temperature T! Values for different ion species found in literature
[106]) are F4=0.66+0.02 eV and po=1.05 cm?/Vs (within a factor of 2)
for Nat-ions and E4=1.09+0.06 eV and 1p=0.026 cm?/Vs (within a factor
of 4) for K*-ions. The values found for the samples in this work do not
match exactly, but taking the rather coarse estimate into account, they seem
quite reasonable. Furthermore, time constants due to a eventually large
parasitic stray capacitance and/or resistivity (RC-delay) and the decrease of
capacitance due to possible anodic oxidation were investigated, too, but were
not responsible for the observed effects.

To get rid of the mobile ion induced initial increase of the capacitance, it
is possible to insert a delay time of about 2 minutes into the measurement
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Figure 6.11: Comparison of C(V) spectra recorded without and with a 2 minute
delay prior to the measurement. The C(V) curves were first normalised to get rid
of any tip area dependence. Arbitrary offsets were added to the curves. Curve 1
and 2 were obtained without any delay on ZrO5 and SiO,. Near 2V tip voltage, a
higher capacitance was recorded due to mobile ions. The effect is weaker for the
much thinner SiOy. Curve 3 was recorded on ZrOs after a 2 minute delay. No
effects due to mobile ions is visible.

sequence prior to the actual start of a C(V) spectrum, where the tip voltage
is held constant at its start value. Curve 3 in figure 6.11 was recorded this
way and shows no initial decrease of the capacitance near 42V due to mobile
ions. To avoid inconsistent data, all C(V) curves are recorded using the same
voltage sweep direction. From now on all C(V) curves are recorded with an
initial delay of 2 minutes.

For future applications it is important to check to what extent the setup
is capable of measuring details of the interface trap energy distribution. It
was already mentioned that interface traps lead to a decrease of the slope
of the C(V) curve between the accumulation and depletion region. If most
of the interface traps lie within a small energy interval (D;(E) not constant
inside the band gap, equation 2.44), the transition between accumulation and
depletion in the C(V) curve contains regions of reduced slope or “kinks”. The
reason for the interface traps energy distribution and the emergence of kinks
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Figure 6.12: Comparison of C(V) data obtained by (a) macroscopic reference
measurements on 100x100um? MOS capacitor with lithographically patterned Al
and (b) nanoscopic measurements obtained with a diamond coated AFM-tip con-
nected to an AH2550 capacitance bridge. The sample was low doped p-type Si
with 20 nm ZrO; deposited by MOCVD.

lies within the exact chemical composition and bounding relations of the
interface region. To test the ability of our setup to resolve the interface trap
energy distribution, we took a rather poor quality ZrO, sample. Both the
macroscopic reference curve in figure 6.12 (a) as well as the nanoscopic C(V)
curve in (b) exhibit a pronounced kink, which demonstrates that both curves
have a comparable energetic resolution. The reason for the kink’s different
position in the reference curve and the nanoscopic curves was not investigated
in detail, but is probably correlated to the problem of the different slope of
the macroscopic and nanoscopic C(V) curves discussed on pages 114 and 115.
Another possibility are statistical variations in the local dielectric properties
of the ZrO, layer.

Finally, the superior performance of the AH2550 bridge compared to the
DI3100 SCM electronics is demonstrated. The AH2550 can be operated
under small signal conditions, whereas the SCM obviously operates in the
large signal regime in most cases. Furthermore, the DI3100 SCM yields
dC/dV data only. The consequences are shown in figure 6.13 where we
compared dC/dV data of a ZrO; covered sample. The data were measured
on the same sample position both with the AH2550 (see figures 6.13 (a) ), and
with the DI3100-SCM (figure 6.13 (b)). The SCM curve (b) is obviously much
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Figure 6.13: Comparison of nanoscopic dC/dV data obtained from the AH2550
capacitance bridge and a standard DI3100 SCM-system. (a) The dC'/dV vs. V
data of a ZrO; coated sample show two narrow peaks which are due to the kink
in the ZrOy C(V) data. (b) Standard DI3100 SCM measurements on the same

sample spot show one broad peak without any features.

broader and has no visible features. In contrast to that, the curve obtained
by the AH2550 resolves a double peak behaviour in dC/dV corresponding to
the kink in the C(V) curve of figure 6.12.

6.6 Quantitative Investigation of the Proper-
ties of a ZrO, Layer

In this section, QSCS was applied to investigate the local microscopic proper-
ties of a ZrO, layer covered Si sample. As sample we used a homogeneously
p-doped Si wafer with an acceptor concentration of Ny=9.4 x 10 cm™2.
The sample dimensions were 2x2 cm?. Again, the ZrO, layer was deposited
by Metal Organic Chemical Vapour Deposition (MOCVD) at 450°C. This
time, post deposition annealing at 650°C for 5 minutes in forming gas (N,
+ Hj) was used to improve oxide quality. For a more detailed introduction
into MOCVD look at chapter 4.2.3. The average thickness of the ZrO; layer
was determined by ellipsometry and was about 5.12 nm.

Figure 6.14 shows the topography of the ZrO, sample recorded a few pm
away from the sample edge by a non contact AFM method. The ZrO, surface
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Figure 6.14: Non-contact AFM image showing topographic ripples on the ZrO,
layer close to the edge of the sample. P1 marks a ridge of the ripples, P2 corre-
sponds to the trough.

shows periodic thickness variation (ripples) with an approximate period of
about 1700 nm and a height variation of about 0.4 nm. This ripple formation
happens near the sample edges probably due to a not ideal precursor flow
during the CVD process. Although the deposition parameters that led to
the ripple formation was not investigated further, this effect was used to
demonstrate the excellent lateral and capacitance resolution of the QSCS-
setup. With the QSCS-equipment it is possible to quantitatively analyse the
relation between local thickness and the local electrical parameters of the
7104 surface shown in figure 6.14.

Figure 6.15 shows a comparison between C(V) curves recorded on the
ridge and in the trough of a ripple, corresponding to the markers P1 and P2
in figure 6.14. The nanoscopic C(V) curves were obtained by smoothing and
subtracting the stray capacitance from the raw data.

From equation 2.1 one can see the correlation between the oxide capaci-
tance C, and the oxide thickness d, the dielectric constant of the oxide £,,,
and the effective, electrical area of the tip A. As ¢,, and A are supposed
to be constant, (', is inversely proportional to the thickness d of the oxide.
Therefore, a measurement inside a trough (position P2 in figure 6.14) deliv-
ers a high maximum capacitance 60%2, because the local oxide thickness is
reduced. The difference between the maximum capacitance values in figure
6.15 is therefore due to a different oxide thickness d at locations P1 and P2.
Another important parameter is the position of the transition between accu-
mulation and depletion conditions, the flatband voltage Vpg. As one can see
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Figure 6.15: Typical C(V) curves taken at P1 and P2 of figure 6.14. Vpp and
Vrp,2 indicates the corresponding flatband positions. on,l and 507372 depend on
the oxide thickness d at P1 and P2.

in figure 6.15, this parameter changes significantly from a value Vpp; at the
sample location P1 to Vg o at the location P2. The flatband voltage Vpg is
given by equation 2.45, and depends on the work function difference between
the diamond AFM tip and the silicon W,,,, the oxide capacitance per area
Cop = UW/A and the total amount of oxide charges per area ),y = @m/A.
From the previous chapter 6.5 the work function of the diamond tip is known
(¢- Wy, = 5.8 V). The work function of the silicon depends on the doping
level and can be calculated using equations 2.11 and 2.14 (¢- W, = 4.9 eV @
N4=9.4 x 10" em™). Therefore the work function difference is ¢ - W5 =
0.9 eV. As the work function difference is known, the flatband voltage Vg
is only determined by the total oxide charge density ():,; inside the oxide
and the oxide capacitance C,, (Farad/cm?), which itself depends only on the
oxide thickness d.

Therefore, if the work function difference, the dielectric constant of the
oxide and the tip area are known and assumed to be constant throughout
the experiment, it is possible to obtain the oxide capacitance and the total
oxide charge area density (s,+ from C(V) measurements.

The nanoscopic C(V) curves in figure 6.15 were obtained by smoothing
the raw data and subtracting the orders of magnitude larger stray capaci-
tance (about 72 fF). The error of determining the flatband voltage due to
applying different smoothing algorithms on one and the same C(V) curve
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Figure 6.16: (a) : cross section of an arbitrary ZrO; ripple. The average oxide
thickness was measured by ellipsometry and added to the ZrO; thickness variations
determined by AFM. (b): Measured oxide capacitance on different spots along a
line L separated by 250 nm. (c): Flatband voltages on the same positions.

turned out to be below 30 mV. This is negligible compared to the deviation
of the flatband voltage Vrp due to noisy C(V) curves. The impact of noise
on the determination of the flatband voltage turned out to be about 80 mV.
This was determined by recording different C(V) curves on one and the same
sample spot, and determining the flathand voltage as described in chapter
6.4. Afterwards the statistical spread was evaluated. Similarly, noise limited
the accuracy of determining the oxide capacitance (', to 6 alF.

Figure 6.16 shows how the local oxide capacitance C,, and flatband volt-
age Vrp change on 14 successive locations along a line across a period of the
ripples. The distance between the locations was 250 nm. Both the oxide
capacitance and flathand voltage were derived from C(V) curves recorded
on these sample spots as discussed in 6.4. The flatband capacitance C'rp at
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these sample spots is located at only about 2% of the maximum capacitance.
As explained in chapter 6.4, in this case it is too inaccurate to determine the
flatband voltage directly from the corresponding very low flatband capaci-
tance. Instead, Vg, was determined at 20% of the maximum capacitance.
An estimate of the systematic voltage shift AV of the measured curve was
gained by determining the voltage shift between 2% and 20% of the max-
imum capacitance of a simulated C(V) curve. (see chapter 6.4). Finally,
Vipy and AV were used to calculate the flatband voltage values of figure
6.16 (b). The error bars in figure (b) and (c¢) show deviations of 6 aF and
80 mV respectively, and are due to noise. In contrast to chapter 6.5 only
one C(V) curve was recorded per sample spot. Thus, time consuming aver-
aging procedures over many curves could be avoided and the measurement
time was reduced to about 12 minutes per sample spot. Therefore, it is still
possible to improve the obtained noise level by recording more C(V) curves,
even at the expense of longer measurement times. In figure 6.16 (a), a cross
section of the ZrO, layer topography is shown. The variation of the oxide
thickness was measured by non contact AFM. A constant background was
added to the height scale using the average thickness of the oxide determined
by ellipsometry.

A good approximation of the oxide thickness d(x) at the location a on
the sample is

d(x) = dpmean + dmod - sin(a + 27 - (6.7)

Lmod)

where d,,c0,=5.12 nm is the average thickness of the oxide, L,,,q4 is the pe-
riod of the modulation and « is the phase. The variation of the oxide thick-
ness oscillates around the average thickness, therefore the amplitude d,,.q
is defined as half of the 0.4 nm difference measured by non contact AFM
(dmoa=0.4nm/2). Figure 6.16 (b) shows the capacitance values C,, derived
from recorded C(V) curves on the 14 evenly spaced locations. A comparison
of figure 6.16 (a) and (b) shows that the periods L,,,q of the topography and
capacitance oscillations are about 1645 nm and in excellent agreement. An
increase of the oxide thickness d leads to a decrease of the oxide capacitance
(s, which is in accordance with equation 2.1. In figure 6.16 (b) a simple
sine-fit was applied as a guide for the eye. In figure 6.16 (c), the variation
of the flatband voltage Vrp is shown. Again a simple sine-fit was applied.
According to the fit, the curve is shifted to the left side, and the period of
Lmoa=1613 nm is slightly smaller than the capacitance in figure 6.16 (b).
However, this deviations are quite small, and no systematic effect is seen
therein. On the whole, the flatband voltage shows the same periodicity as
the topography and the capacitance. The capacitance and flatband voltage
data qualitatively repeat the topography data.
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Figure 6.17: The reciprocal of the oxide capacitance (1/C,,) is plotted versus
the thickness of the oxide d on a ZrO; ripple. The dashed line shows a linear fit
to the data, the grey area covers everything within one standard deviation of the
uncertainty of the fit. The inset zooms into the data for better clarity.

A verification that there is also a meaningful quantitative correlation be-
tween topography and oxide capacitance is shown in figure 6.17. Here the
reciprocal of the oxide capacitance on the 14 evenly spaced locations is plot-
ted versus the corresponding thickness of the oxide. The oxide thickness d(x)
again was the sum of the average thickness from ellipsometry and the vari-
ations measured by AFM (equation 6.7). The dotted line fits the measured
data which are marked by circles. The grey shaded area corresponds to one
standard deviation of the fit parameters. Assuming a constant dielectric con-
stant ¢,, throughout the thickness of the oxide, the ideal correlation should
be a straight line intersecting the origin of the graph. This requirement is
nearly fulfilled by the measured data. The standard deviation is quite small
and the fit based on measured data is less than one standard deviation away
from the ideal curve that would intersect the graphs origin. The inset shows
a magnification of the relevant plot area. From the slope of the curve one can
calculate the effective, electrical tip area A, which turned out to be 76 x76
nm?. This result is reasonable for diamond coated AFM tips that, according
to datasheets, show a radius of curvature of the tip apex lying in between
100 and 200 nm.

Using equations 2.45 and the capacitance and flatbhand voltage data, one
can calculate the total oxide charge area density ();,;. To compute the areal
density, the previously calculated electrical tip area A=76x76 nm? was used.
The result is shown in figure 6.18. First we find that the oxide charge density
was always positive on this particular sample. This may be explained by a
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Figure 6.18: Local oxide charge density on a line L of our sample. The total
charge number density Ny, is largest on the ridge and smallest on the trough of a

ripple.

large fraction of fixed oxide charges (); that contribute to the total oxide
charge, and which are located within the first few nanometres of ZrO; layer
after the Si-ZrQO; interface. With about 5 nm the ZrO, layer may be too thin
for large fractions of eventual negatively charged oxide traps ),;. The more
important result, however, is that the total oxide charge number density NV,
(Niot = Qio1/q) is not constant and varies between +1.3x10" ¢cm™2 at the
troughs and +4.7x10'? cm™?% at the ridges of the modulated sample surface.
Due to random uncertainties of 80 mV in determining the flatband voltage,
the total oxide charge number density Ny, varies by +1.8x10'? cm™2. Error
bars are set accordingly in figure 6.18. In addition, systematic uncertainties
in the work function of the diamond tip of 0.1 eV lead to a possible collective
shift of the whole curve in figure 6.18 of about +2x10'* cm™2 (not shown in
figure 6.18).

As one can see from figure 6.18, the periodicity of the calculated total
charge number density Ny, is the same as in the oxide topography. The
higher the oxide thickness at a location, the higher is the charge density at
that location.

Furthermore, the relative changes of the total oxide charge numbers den-
sity Niy in figure 6.18 and oxide thickness in figure 6.16 (a) are far from
being equal. The charge density more than triples while the oxide thickness
increases only by 0.4 nm (less than 10% of the total thickness). This is an
important result which shows that the growth conditions at locations where
ripple formation takes place are probably very different from the normal
growth mode.



Chapter 7

Critical Remarks and Outlook

Finally, it is time for some critical remarks concerning the work presented
here. From a logical point of view, it is not very satisfactory to steadily
apply 1D MOS theory on an SPM tip - sample system with a tip diameter
of less than 100 nm. In qualitative, conventional SCM this is of no practi-
cal relevance, since the large applied voltages introduce deviations obviously
much larger than effects due to the small SPM tip. However, the quan-
titative measurements with the capacitance bridge setup (QSCS) indicate
that geometric effects due to the tip shape may already interfere with the
measurements. E.g. the reduced slope of the nanoscopically C(V) spectra
compared to C(V) spectra of large MOS capacitors could be interpreted in
this way. Up to now, various groups [59, 74, 99, 20| performed simulations
of the influence of the detailed tip shape on the SCM/capacitance signal,
but conventional SCM simply did not provide a high enough spectroscopic
resolution to resolve these effects. The required spectroscopic resolution can
now be delivered with the presented AH2550A capacitance bridge setup. If
it 1s intended to develop capacitance microscopy into a qualitative tool, it
is of paramount importance to obtain also a quantitative estimate of the
influence of the tip shape. Therefore, in the last months efforts have been
made to establish a collaboration with the Institute for Microelectronics to
do quantitative, 3D simulation of the tip - sample system. Hopefully, this
collaboration will provide quantitative answers to important questions like
“How much is the nanoscopic C(V) curve broadened by the impact of the tip
shape?” or “Does the flatband voltage shift at the transition from 1D (flat
capacitor) to 3D (SPM tip) MOS theory?”

Furthermore, note that especially the determination of the oxide charges
in chapter 6.6 was at the limits of the experimental setup’s abilities. Espe-
cially the thermally induced tip drift due to switching off the feedback laser
limited the possible measurement duration and subsequently the amount
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of measurement data that could be recorded for averaging. In principle,
however, it is possible to obtain much more accurate capacitance data and
therefore much more accurate oxide charge values. One “only” has to get
rid of the tip drift by implementing advanced SPM systems (with closed-loop
scanner') and/or innovative approaches to the problem (e.g. implementation
of a resistor that dissipates heat to compensate for the cooling induced by
switching off the feedback laser). To further increase the accuracy of oxide
charge determination, precise values of the tip’s work function are needed.
Again this is based on an estimate how the flathand voltage is influenced by
the shape of the tip.

A simple increase of the measurement accuracy is not the only task for the
future. There are some other possible promising projects for future research
using the AH2550A capacitance bridge together with an SPM:

o Local, quantitative capacitance measurement on GaAs-InAs-AlGaAs
heterostructures are an interesting topic, because the tip-sample sys-
tem does not show MOS behaviour anymore. Instead, the AFM tip
establishes a Schottky contact to the GaAs sample. Depending on the
doping type of the GaAs sample, one expects a diode like behaviour.
As Schottky junctions are very dependent on the interface properties,
the applied pressure between the tip and the sample will have a large
impact on the measured capacitance data. Ultimately, the AH2550
bridge setup may allow capacitance spectroscopy on single InAs quan-
tum dots. Currently, the first investigations on that topic are already
in progress.

e Another promising subject is extending quantitative scanning capaci-
tance microscopy /spectroscopy to the low temperature regime between
4.2K and 300K. One can assume that measurements at low tempera-
tures on InAs quantum dots will lead to better spectroscopic results,
because of the suppression of phonon-scattering. It may be possible
then to even resolve the atom-like states of the quantum dot via singe
dot, low temperature capacitance spectroscopy.

Tn contrast to other scanners, a closed-loop scanner effectively is free of piezo drift.
The piezo voltage for a certain expansion is dynamically adjusted by aid of a capacitive
feedback, that steadily performs measurements of the absolute extension of the piezo. The
piezo voltage, therefore, is controlled in a closed-loop based on the current piezo position
to compensate for piezo creep (and, depending on the design of the closed-loop system,
even for other piezo drift scenarios).
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List of Symbols

Symbol Description Unit

a linear thermal expansion coefficient K-t

Ghead linear thermal expansion coefficient of the K=}
scanning head

Astage linear thermal expansion coefficient of the K=}
z-stage

A area m?

Arrg extent of the damaged regions inside irra- m
diated materials in beam direction

Brig extent of the damaged regions inside irra- m
diated materials perpenticular to the beam
direction

c spring constant of AFM cantilevers N/m

c,C total capacitance of the MOS capacitor F, F/m?

aadj capacitance of the varactor diode of the F
SCM module’s circuitry

Crg, Crp total capacitance of the MOS capacitor at F, F/m?
the flatband condition

Cras, Crps semiconductor capacitance at the flathand F, F/m?
condition

Crpy, Orpy  flatband capacitance with systematic error  F, F/m?
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Symbol Description Unit
Crnazs Crnas capacitance maximum of a C(V) curve F, F/m?
Crins Croin capacitance minimum of a C(V) curve F, F/m?
Coz, Coy oxide capacitance F, F/m?
Upmbe tip-sample capacitance F
C,, C, semiconductor capacitance F, F/m?
Cstaty Ctar static capacitance F, F/m?
Ustmy, Csiray  stray capacitance F, F/m?
Ustmyl stray capacitance F
Ustmyz stray capacitance F
C, unknown capacitance F
Co reference capacitance F
5C, 5C random capacitance error F, F/m?
AC, AC systematic capacitance error or capaci- F, F/m?

tance difference
d thickness of the dielectric layer m
Dy interface trap level density cm™2eV 1
dnean mean thickness of the dielectric layer m
dnod amplitude of dielectric layer thickness vari- m
ation (ripples)
DS deflection setpoint parameter of the AFM V
in contact mode
d(x) thickness of the dielectric layer at lateral m
position x
Ey4 activation energy of mobile ions inside a eV, J
dielectric layer
Ec conduction band edge eV, J
E; intrinsic Fermi level of the semiconductor eV, J
Erp, Fermi level of the gate material eV, J
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Symbol Description Unit
Er, quasi-Fermi level of electrons in the semi- eV, J
conductor
Er, Fermi level of the semiconductor material eV, J
E, band gap energy eV, J
Ey valence band edge eV, J
Frrook force acting an the AFM cantilever if it is N
bend
F electric field V/m
F,. electric field inside the SiO5 or ZrO; layer  V/m
F electric fieled inside the semiconductor V/m
) length m
Ihead height of the scanning head of the AFM m
Lood lateral period of the dielectric layer thick- m
ness variations (ripples)
Lstage height of the z-stage of the AFM m
Al vertical displacement of the AFM tip m
Ny acceptor concentration m™>
Np donator concentration m~3
Ny oxide fixed charges number density m™>
n; intrinsic carrier density of a semiconductor m™?
N; interface trapped charge number density =~ m™2
N mobile ionic charges number density m™>
Ny oxide trapped charge number density m™?2
Niot total oxide charge number density m™?
n(x) volume charge density of the electrons at a  C/m?
distance x from the semiconductor surface
Q, Q charge C, C/m?
@f, Qy oxide fixed charges density C, C/m?
Qs> Qit interface trapped charge density C, C/m?
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Symbol Description Unit
Q, , Qm mobile ionic charge density C, C/m?
Quir Qot oxide trapped charge density C, C/m?
Q.. Q, charge density at the semiconductor sur- C, C/m?
face due to free carriers
Qs Qror total oxide charge density C, C/m?
P pressure N/m?
p(x) volume charge density of the holes at a dis- C/m?
tance x from the semiconductor surface
R dissipative resistance Q
Rscnr focussed ion beam radius measured by the m
impact on the SCM signal
Rrope focussed ion beam radius measured by the m
impact on the topography
R, unknown resistance Q
Ro reference resistance Q
AR radial difference between the lateral extent m
of topography and SCM signal of FIB ir-
radiated sample spots
E length, distance m
S slope of the C(V) curve F/V
t time, duration S
T temperature K
Tsensor temperature measured by the sensor be- K
hind the camera system of the AFM
AT temperature change K
AThead temperature change of the scanning head K
ATsiage temperature change of the z-stage K
ug dimensionless band bending deep inside (1)

the bulk
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Symbol Description Unit

Upy, dimensionless term based on the quasi- (1)
Fermi level Er,

Us dimensionless band bending at the semi- (1)
conductor surface

u(x) dimensionless band bending at a distance (1)
x from the semiconductor surface

Vachias AC bias voltage applied by the conven- V
tional SCM

UB dimensionless band bending deep inside (1)
the bulk

Vbcwias DC bias, voltage difference between the V
sample and the AFM tip, Vi, = —Vbcbias

Viopeit excitation voltage used to measure the dif- V
ferential capacitance

" excitation voltage applied to the high fre- V

quency resonator circuitry of the SCM
module

Vig flatband voltage Vv

Vb4 flatband voltage with systematic error \Y

Ve gate voltage, voltage difference between
the gate electrode and the substrate of a
MOS capacitor

s dimensionless band bending at the semi- (1)
conductor surface

Viip tip voltage, voltage difference between the V
AFM tip and the sample

v(x) dimensionless band bending at a distance (1)
x from the semiconductor surface

oV random voltage error \Y

AV systematic voltage error and voltage differ- 'V

ence
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Symbol Description Unit

AV, _piezo voltage change applied to the AFM’s z- V
piezo

w depletion layer width m

|74 diameter of the features on a ZrO, covered m
sample

W work function of aluminium Vv

Wiy work function of the AFM tip Vv

W, work function of the gate electrode \Y

Wons work function difference between the gate V
material or the AFM tip and the semicon-
ductor

W, work function of the semiconductor Vv

x position m

A impedance Q

a phase (1)

~ angle of attachment between the AFM tip (1)
and the tip holder

A intrinsic Debye length m

An extrinsic Debye length for an n-type semi- m
conductor

Ap extrinsic Debye length for a p-type semi- m
conductor

ion ion net mobility inside a dielectric layer m?/(V s)

{o ion mobility inside a dielectric layer at the m?/(V s)
limit of total activation of all ions

p(x) net volume charge density at a distance + C/m?
from the semiconductor surface

o standard deviation

bB potential deep inside the bulk \Y

s potential at the semiconductor surface \Y
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Symbol Description Unit

o(x) potential at a distance x from the semicon- V
ductor surface

b% electron affinity of the semiconductor \Y

Vg band bending deep inside the bulk \Y

(N band bending on the semiconductor sur- V
face

() band bending at a distance z from the V

semiconductor surface
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List of Constants

Symbol Description Value

k Boltzmann constant 1.3806503(24) x
10 2 J K-!

q charge of the electron 1.602176462(63)
x 1071 C

o dielectric constant of the dielectric layer Si0s: 3.9, ZrOs: 20

€5 dielectric constant of the semiconductor Si: 11.9

o permittivity of free space 8.854187817 X
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Appendix C

List of Publications

Publications in Context of this Thesis

Publications in Peer-Reviewed Journals

e W. Brezna, S. Harasek, E. Bertagnolli, E. Gornik, J. Smoliner, H.
Enichlmair; “Scanning capacitance microscopy with ZrO2 as dielectric

material”, Journal of Applied Physics, Vol. 92(5), 2002, pp. 2144-2148
e W. Brezna, H. Wanzenboeck, A. Lugstein, E. Bertagnolli, E. Gornik,

J. Smoliner; “Focussed ion beam induced damage in silicon studied by
scanning capacitance microscopy”, Semiconductor Science and Tech-

nology 18, 2003, pp. 195-198
e W. Brezna, H. Wanzenboeck, A. Lugstein, E. Bertagnolli, E. Gornik, J.

Smoliner, “Scanning Capacitance Microscopy Investigations of Focused

Ion Beam Damage in Silicon”, Physica E; Vol. 19, 2003, pp. 178-182
o W.Brezna, M.Schramboeck, A.Lugstein, S.Harasek, H.Enichlmair, E.

Bertagnolli, E.Gornik, J.Smoliner; “Quantitative Scanning Capacitance
Spectroscopy”, Applied Physics Letters, Vol. 83(20), 2003, pp. 4253-
4255

e W.Brezna, S.Harasek, A.Lugstein, T.Leitner, H.Hoffmann, E.
Bertagnolli, J.Smoliner; “Mapping of local oxide properties by quanti-
tative scanning capacitance spectroscopy”, Journal of Applied Physics,

Vol. 97, 2005, pp. 093701-1 — 093701-4

o W.Brezna, T.Roch, G.Strasser, J.Smoliner; “Quantitative Scanning
Capacitance Spectroscopy on GaAs and InAs Quantum Dots” submit-
ted to Semiconductor Science and Technology, 2004
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Conference Proceedings

e W. Brezna, S. Harasek, H. Enichlmair, E. Bertagnolli, E. Gornik, J.
Smoliner; “Zr02 as Dielectric Material for Device Characterization
with Scanning Capacitance Microscopy”, Electrochemical Society Pro-

ceedings, Vol. 3, 2003, pp. 378-385

o 5. Harasek, H.D. Wanzenboeck, W. Brezna, J. Smoliner, E. Gornik, and
E. Bertagnolli; “Utilizing MOCVD for high-quality Zirconium Dioxide
Gate Dielectrics in Microelectronics”, Electrochemical Society Proceed-

ings, Vol. 8, 2003, pp. 894-899
e W.Brezna, B.Basnar, S.Golka, H.Enichlmair, J.Smoliner; “Calibrated

Scanning Capacitance Microscopy for Two-Dimensional Carrier Map-
ping of n-type Implants in p-doped Si-Wafers”, 27th International Con-
ference on the Physics of Semiconductors I[CPS-27 Proceedings (Amer-
ican Institute of Physics Proceedings), to be published

Contributed Talks
e W. Brezna, H. Wanzenboeck, A. Lugstein, E. Bertagnolli, E. Gornik, J.

Smoliner, “Focused Ton Beam induced Damage in Silicon investigated
with Scanning Capacitance Microscopy”, 4th International Symposium
on Nanostructures and Mesoscopic Systems NANOMES-4, 2003, Tempe,
Arizona

e W. Brezna, S. Harasek, H. Enichlmair, E. Bertagnolli, E. Gornik, J.
Smoliner; “Zr02 as Dielectric Material for Device Characterization
with Scanning Capacitance Microscopy”, 203rd Meeting of the Elec-
trochemical Society, 2003, Paris, France

e 5. Harasek, H.D. Wanzenboeck, W. Brezna, J. Smoliner, E. Gornik, E.
Bertagnolli; “Utilizing MOCVD for high-quality zirconium dioxide gate
dielectrics in microelectronics”; 203rd Meeting of the Electrochemical
Society, 2003, Paris, France,

e W. Brezna, M. Schramboeck, A. Lugstein, S. Harasek, H. Enichlmair,
D. Rakoczy, E. Bertagnolli, E. Gornik, J. Smoliner; “Quantitative
Scanning Capacitance Spectroscopy”, 8th International Conference on
Nanometer-Scale Science and Technology NANO-8, 2004, Venice, Italy
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Invited Talks

e W. Brezna, M. Schramboeck, S. Harasek, A, Lugstein, H. Enichlmair,
E. Bertagnolli, E. Gornik, J. Smoliner; “Quantitative Scanning Capac-
itance Spectroscopy”, 27th International Conference on the Physics of

Semiconductors [CPS-27, 2004, Flagstaff, Arizona

Poster Presentations

o W.Brezna, H.Wanzenbock, A.Lugstein, FE.Bertagnolli, E.Gornik,
J.Smoliner; “Focused Ion Beam induced Damage in Silicon investigated

with Scanning Capacitance Microscopy”, Gesellschaft fur Mikroelek-
tronik (GMe) Forum, 2003, Vienna, Austria

o W.Brezna, T.Roch, G.Strasser, J.Smoliner; “Quantitative Scanning
Capacitance Spectroscopy on GaAs and InAs Quantum Dots”, Gesell-
schaft fiir Mikroelektronik (GMe) Forum, 2005, Vienna, Austria
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Co-Authorship in other Publications

Publications in Peer-Reviewed Journals

o A. Lugstein, W. Brezna, M. Stockinger, B. Goebel, L. Palmetshofer,
E. Bertagnolli, “Nonuniform-channel MOS device”, Applied Physics A,
Vol. 76(7), 2003, pp. 1035-1039

o A. Lugstein, W. Brezna, G. Hobler, E. Bertagnolli; “Method to charac-
terize the three-dimensional distribution of focused ion beam induced
damage in silicon after 50 keV Gat irradiation”, Journal of Vacuum

Science and Technology A, Vol. 21(5), 2003, pp. 1644-1648

o G.Fasching, K.Unterrainer, W.Brezna, J.Smoliner, G.Strasser; “Trac-
ing deeply buried InAs/GaAs quantum dots using atomic force mi-
croscopy and wet chemical etching”, Applied Physics Letters, Vol.
86(6), 2005, pp. 063111-1 — 063111-3

Conference Proceedings

o A. Lugstein, W. Brezna, E. Bertagnolli; “Impact of focused ion beam
assisted front end processing on n-MOSFET degradation”, 40th IEEE
International Reliability Physics Symposium IRPS Proceedings, 2002,
pp- 369-375

o A. Lugstein, W. Brezna, B. Goebel, L. Palmetshofer, E. Bertagnolli;
“Post-Process CMOS Front End Engineering With Focused lon Beams”,
32nd European Solid-State Device Research Conference ESSDERC Pro-
ceedings, 2002, pp. 111-114

o H.Wanzenboeck, S.Harasek, W.Brezna, A.Lugstein, H.Langfischer, E.
Bertagnolli, U.Grabner, G.Hammer, P.Pongratz; “FIB-TEM character-
ization of locally restricted implantation damage”, Materials Research
Society Symposium Proceedings, Vol. 738, 2003, pp. 5762

o G.Hobler, A.Lugstein, W.Brezna, E.Bertagnolli; “Simulation of focused
ion beam induced damage formation in crystalline silicon”, Materials
Research Society Symposium Proceedings, Vol. 792, 2004, pp. 635-640

o H.Wanzenboeck, S.Harasek, H.Langfischer, B.Basnar, W.Brezna, J.
Smoliner, F.Bertagnolli; “Local modification of microstructure and of

properties by FIB-CVD”, Materials Research Society Symposium Pro-
ceedings, Vol. 792, 2004, pp. 453-457
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Contributed Talks

o A. Lugstein, W. Brezna, E. Bertagnolli, “Impact of focused ion beam
assisted front end processing on n-MOSFET degradation” 40th IEEE
International Reliability Physics Symposium (IRPS), Dallas, 2002

o A. Lugstein, W. Brezna, B. Goebel, L. Palmetshofer, E. Bertagnolli,
“Post-Process CMOS Front End Engineering With Focused lon Beams”,
32nd European Solid-State Device Research Conference ESSDERC,
2002, Florence, Italy

Poster Presentations

o H. Wanzenbock, S. Gergov, W. Brezna, E. Bertagnolli; “Local deposi-
tion of silicon oxide for phase shift photomasks”, Informationstagung

Mikroelektronik (ME), 2001, Vienna, Austria
e H. D. Wanzenbock, S. Harasek, H. Langfischer, W. Brezna, J. Smo-

liner, E. Bertagnolli; “Deposition Mechanism of oxide thin films man-

ufactured by a focused energetic beam process”, Materials Research

Society Fall Meeting (MRS), 2002, Boston, Massachusets
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