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(zeneral Introduction

This thesis reports on the application of energy filtered X-ray PhotoElectron Emission
Microscopy (XPEEM) to analyze doped silicon patterns. It focuses on two important
aspects:

e the electrical and chemical mapping of pn junctions as a function of the surface
state,

e the influence of the junctions on PEEM imaging.

For the characterization of these materials a new concept of energy filtered PEEM
was used, and experiments were performed in both laboratory and synchrotron envi-
ronments. We have obtained complementary results to highlight our understanding of
the pn junctions in terms of electrical and chemical characterization. Thanks to full
field, energy-filtered electron imaging, this instrument directly measures spatial changes
in work function, core-level and valence band depending on the silicon doping type and
level and the surface state.

We have designed, produced and characterized optimised patterned silicon surfaces in
order to probe the band bending in the depletion zone due to the pn junctions. However,
because of the unavoidable presence of a native oxide on the surface, we have developed
a dedicated passivation protocol to attain flat band conditions conditions.

The second issue is dedicated to the imaging conditions themselves, since, when imag-
ing pn junctions, one has to take into account the inherent properties of the junction. We
focus on the local lateral electrical field existing across pn junctions, which influences the
photoelectron trajectories on their extraction from the surface. This field can alter lateral
resolution in PEEM imaging. To better appreciate its influence, we compare simulations
with experiments, varying different parameters.

This thesis work was done at the CEA LETI MINATEC in Grenoble, in collaboration
with the IRAMIS institute at the CEA of Saclay and the SOLEIL synchrotron facility in
Saint-Aubin.

The organisation of this manuscript is divided in five chapters:

e In chapter 1, a brief presentation of the physics governing silicon pn junctions is first
made. We position then our study in the 2D dopant characterization techniques
by reviewing the most important advantages and drawbacks of each of them. We
give then the various interpretations in terms of secondary electron contrast in
electron emission microscopy. We finish by reviewing the studies already performed
by XPEEM on silicon samples, in order to highlight the peculiarities of our analysis.



GENERAL INTRODUCTION

Chapter 2 introduces the physical principles of energy filtered PEEM. We present
the two main laboratory and synchrotron X-ray sources used during this thesis. We
then detail the performances of our instrument in terms of energy resolution, and
the state-of-the-art lateral resolution achieved in laboratory.

In chapter 3, the fabrication process of the different silicon doped samples is de-
scribed. It is completed by an extensive characterization study of these patterned
samples. We detail then the optimisation of a passivation protocol established to
remove the native oxide from the sample surface, and thus, reach flat band condi-
tions. We show the advantages and limitations of such a process thanks to XPS
analysis of the Si 2p core-level and compare the results with the existing literature
on the Si 2p spectra of passivated surfaces.

Chapter 4 is dedicated to the presentation of the results acquired with this energy
filtered PEEM, by microspectroscopy and spectromicroscopy at different energy
range: secondary electrons, core-level and valence band photoelectrons. The char-
acterization of the samples is done in terms of work function mapping, deconvolution
of high-resolved core-level Si 2p spectra, and valence band maximum determination.
We present core-level imaging integrated over the whole Si 2p peak.

Chapter 5 addresses first the contrast observed in photoemission threshold PEEM
at the junction. Secondly, we study in more detail the triple contrast observed for
closed micron scale patterns. Modelling the closed regions as a diode provides a
coherent explanation of the triple contrast. The chapter presents numerical sim-
ulations of modifications in the PEEM contrast due to the presence of a lateral
electric field across the pn junction. Electrical and physical topography influence
the apparent pattern size and junction position as observed in PEEM. A qualitative
comparison with experiment provides a better understanding of the phenomena. Fi-
nally, the possibility of observing indirectly the local electrical fields using dark field
imaging is explored.
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4 IMAGING OF SILICON PN JUNCTIONS
1.1 Needs for multiscale characterization of doping in
devices

The scaling of integrated circuits for technological breakthrough forces improvements
in terms of design and fabrication. To observe such structures requires the develop-
ment capabilities of characterization at different scales, from few microns to a tenth of
a nanometer. The fabrication processes must be fully understood since, for example,
defects can create dopant diffusion. In 2010, process simulations are also still performed
to describe in detail the interactions between implantation doping and defects [1|. The
devices complexity in terms of technological steps grows with the needs of better perfor-
mances. To improve indeed the fabrication of high-performance devices, it is necessary
to understand the surface properties and dopant distribution, whatever the device scale.

In most cases, semiconducting materials are doped with impurity atoms to change
their properties and create junctions. These junctions can be combined and exploited
to form devices having a key role in integrated circuits. One of the most common use
which can be cited is the Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
device: smaller and smaller transistor devices at the nano-scale are necessary for logic
applications, with current research performed on the 22 nm node. However, the semi-
conductor device landscape also concerns larger scales: this is the case for transistors
dedicated to power applications (Heterojunction field effect transistors HFETs) and for
nano- and micro- electromechanical systems (NEMS and MEMS). HFET devices present
gate lengths ranged from approximately 0.25 to 5 um with gate widths between 50 and 800
pm to be high-efficiency and compact power amplifiers. Silicon nanowires are expected
to have applications in field effect transistors, sensors, resonators and thermoelectric
systems. Another example are microelectromechanical systems (MEMS) which refer to
microscopic devices which have a characteristic length of less than 1 mm but more than
100 nm, and nanoelectromechanical systems (NEMS) refer to nanoscopic devices smaller
than 100 nm, down to 10 nm. Both combine electrical and mechanical components.
The measurement of 2D carrier or dopant distribution across the junction is becoming
more and more important, for example, locating dopants with ever-increasing precision at
different scales. Achieving two dimensions (2D) characterization of electrical and chemical
states requires multidisciplinary techniques at the micro- to nano- scales.

1.2 Structure of pn junction at thermodynamic equi-
librium

1.2.1 The pn junction

When n-type and p-type silicon are joined together under equilibrium conditions, the
Fermi level is flat through the entire structure, and corresponds to the straight horizontal
dashed line in figure 1.1 a), a pn junction is formed. This is not possible by joining two
materials mechanically, but by chemical processes allowing the existence of these two
different regions within a single crystal.

The region on the left is p-type with an acceptor density N, given by the holes which
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are majority carriers, while the region on the right is n-type with a donor density Ny
determined by the electrons concentration. The physical localisation where the different
doping types are in contact is called the metallic junction. It is important to distinguish
this notion from the electrical junction since, their positions do not always coincide. The
latter parameter is defined as the zone inside the depletion region, where the electron
concentration is equal to the hole one.

| [
Neutral ! | Neutral
P-region ! Zone ! N-region
| 5 |
x=x_ x=0 X=X
p n
a) Ee

A

b) + + + + + qu
+ + + + +
+ + + + + _
lzz;o | x
- - - I
-qN, L—— |
) V/Tvn
| v,
Vp i/ E l . >
O | ’
I 9

Figure 1.1: a) Energy band diagram of a pn junction at equilibrium. b) Distribution of charges and c)
representation of the potential in the space charge region at thermal equilibrium. Definition of the
built-in potential Vi;. d) Representation of the electrical field in the space charge region at thermal

equilibrium.
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1.2.2 Band bending and depletion zone

A physical system in equilibrium does not mean that everything is static: electrons and
holes are indeed flowing in both directions across the junction. The electrons leave behind
them ionized donors with a positive charge in the n-region of the junction, and the holes
leave a negative charge in the p-one, given the presence of ionized acceptors. This process
creates in the pn junction, a region around the junction where the free carriers density is
negligible: the depletion region or space charge zone.

Even a semiconductor which possesses localized electronic surface states usually induces
a perturbation of the local charge, creating a depletion zone. We will also study this kind
of depletion zone occurring, for example, at the buried interface with an oxide and the
sample surface which results in band bending.

The theory of the depletion zone at the surface of a semiconductor has been given by
Schottky et al. |2] and Mott [3|. Garrett et al. [4] also considered the properties of the
space charge region and the role of surface states at a semiconductor surface. The charge
redistribution depends on the surface dopant type and on the position of the Fermi level
at the surface. These surface states carry charge, which screens an opposite charge inside
the semiconductor material. The higher the electron density, the shorter the range over
which electrons have to rearrange in order to establish an effective shielding.

This depletion zone, is represented in figure 1.1. We consider two frontiers on the
abscissa x, and z,, respectively for the p-doped zone and for the n-doped zone. The
charge density in the pn junction can be expressed as:

0 for z <z, and z > z,
p(x) =< —qN, forz,<xz<0
qNg4 for0<x<ux,

where ¢ is the electric charge.

Its width depends on the doping concentrations of the n-doped and p-doped layers.
However, around x,, some electrons can penetrate into the depletion zone, and the same
phenomenon appears for the holes around z,,. This leads to a perturbation of the potential
on a certain distance called the Debye length, respectively Lp, in n-type region and Lp,
in p-type region.

kTe
Lpy = 4] —=— . 1.1
b 2q2Nd ( )
kTe
Lp,=4|——. 1.2
Dp 2q2Na ( )

To determine the space charge width in the n-doped region, the use of the expression
1.1 of the built-in potential yields:

1 NaN\ \ M2
= 2L . 1.
W D”(1+Nd/Nam( n? )) (1.3)

7
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By the same way, using expression 1.2, the space charge width in the p-doped region

1 NN V2
1y =2t (i () o

2

is:

The depletion width is given by the sum of the space charge extension of the two
regions: W = W,, + W,. If the junction is strongly asymmetric, the space charge zone
spreads over the less doped one.

1.2.3 The built-in potential

When, in thermal equilibrium, no external voltage is applied between the n-type and p-
type regions, there is an internal potential of the conduction electron which varies from a
value V, in the p-doped region, to a value V,, in the n-type one. Since thermal equilibrium
implies that the Fermi energy is constant through the entire pn structure, the difference
between these two regions, is called the built-in potential Vj;. 1t is defined as the difference
in energy between the n-type and the p-type semiconductor. Its value is clearly presented
in figure 1.1 ¢) and is equal to the full band bending in equilibrium.
As a consequence, the built-in potential is given by:

KT [ NyN,
Vm:—ln( d “) . (1.5)

n;

q 2
1.2.4 Lateral electric field across pn junction

According to Poisson’s equation, the charge distribution occurring in the depletion zone
results in an electric field which is accompanied by a band bending that can be inter-
preted as an energy barrier.

The presence of a space charge zone implies the existence of a potential variation across
the barrier, and thus, the presence of an electrical field: it is high in the major part of the
depletion zone, as presented in figure 1.1 d). The width of the depletion zone depends
on the doping concentrations of the n-doped and p-doped layers.

The behavior of the electrical field on the x axis is given by F = —dV/dx for the two
doped regions:
qNa
€

N,
E:q—d(:p—xn) for0 <z <ux,, (1.7)
€

FE =

(x —xp) forz, <z <0, (1.6)

where € is the vacuum dielectric permittivity.

1.3 2D dopant mapping of pn junctions: state of the
art of existing techniques

As one of the most recent two-dimensional dopant mapping techniques, it is important to
position energy-filtered PEEM within the field of existing techniques. The 2D carrier and
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dopant profiling techniques the most relevant for silicon dopant imaging are presented
with their present advantages and drawbacks. Techniques introduced have been classified
in five categories:

e Scanning ion probe techniques, such as Secondary Ton Mass Spectrometry (SIMS)
and Time of Flight (ToF) SIMS.

e Scanning probe near-field microscopy-based techniques, such as Kelvin Force Mi-
croscopy (KFM), Scanning Capacitance Microscopy (SCM) and Scanning Spreading
Resistance Microscopy (SSRM).

e FElectron microscopy-based techniques, such as Scanning Electron Microscopy (SEM)
and electron holography.

o Jon microscopy-based techniques which corresponds to the Atom Probe Tomography
(APT) technique.

e Photoemission-based microscopy techniques, such as Scanning PhotoElectron Mi-
croscopy (SPEM) and PhotoElectron Emission Microscopy (PEEM).

They are assessed on the basis of sensitivity, spatial resolution, nature of the information
provided by the technique (which can be either chemical or electrical), and capacity to
do non-destructive analysis of real devices [5].

1.3.1 Scanning ion probe techniques
1.3.1.1 2D Secondary Ion Mass Spectrometry and Imaging SIMS

SIMS can provide in-depth compositional information from materials. It can be extended
to investigate two- and three-dimensions (3D) elemental distribution for trace elements.
SIMS can be operated either in static or in dynamic mode.

An energetic primary ion beam of 1 keV to 20 keV sputters the sample, removing
material from the surface. These primary particles are either reactive or inert. It is
a destructive technique since the sample is damaged during the analysis [6]. Only a
small fraction of the sputtered material corresponds to atoms or molecules ionized, either
positively or negatively and are called secondary ions, the rest being ejected as neutral
atoms or molecules. The secondary ions are collected and separated in energy and mass
thanks to the combination of an energy analyzer and a magnetic analyzer, which forms a
secondary ion mass spectrometer [7,8]. The energy analyzer can be a sector, a quadrupole
or a time-of-flight. During the ablation, the surface is removed layer by layer, providing
a highly sensitive chemical profile concentration of the material.

The sample studied can be either bulk, thin layer or powder. The crater size can vary
from 100 nm to 500 pm. Sputter rates can be adjusted to analyse depths ranging from
many microns to few nanometers. All elements and isotopes can be recorded, including
hydrogen, with a high surface sensitivity from ppm down to ppb. The quantification
requires reference samples to calibrate the instrument: for each atomic species present,
concentration calibration with respect to the bulk matrix is established. This technique
is one of the most used for dopant depth profiling, thanks to its high dynamic sensitivity

range, from 10** to 102! atoms.cm 3.



2D dopant mapping of pn junctions: state of the art of existing techniques 9

Static imaging SIMS Static SIMS investigates the chemical composition of the outer-
most atomic monolayers, providing rapid characterization of both organic and inorganic
species present on the surface with a high sensitivity. In this configuration, a small num-
ber of primary ions are used to analyse the sample. It helps in studying phenomena such
as corrosion or adsorption. It can be applied by using the Time of Flight ToF-SIMS
configuration, where the secondary ions ejected are analyzed and separated thanks to the
fact that ions lighter have higher velocities than the heavier ones, and then, reach the
detector earlier. Figure 1.2 shows some negative secondary ion images obtained from a
Peptide Nucleic Acid (PNA) biosensor chip which was hybridized with complementary
deoxyribonucleic acid (DNA) [9]. The spatial distribution of specific chemical species can
be clearly identified. By scanning a finely focused primary ion beam over the sample
surface, and acquiring a mass spectrum at each pixel of the CCD detector, it is possible
to carry out the chemical mapping. The lateral resolution can be down to 100 nm but it
is limited by the ion beam diameter.

CN mc:6548 Si0, mc:237 PO; mc:5080 CgHePO, mc:69

Figure 1.2: Negative ToF-SIMS images of a Si wafer PNA/DNA biosensor chip. (25 keV Bi**, field
of view (1500 x 1500) mm?. Light gray corresponds to high intensity [9].

Dynamic 2D SIMS Dynamic SIMS enables 2D depth-profiling analysis of thin layers
and interfaces [10,11]. It is more destructive than static SIMS, since it uses high intensity
primary ion beams and prolonged exposure. Such conditions allow to remove much more
material and to acquire a series of mass spectra at different depths.

In this mode, material removal and mass spectrometry are carried out either simulta-
neously or in an alternating mode, producing mass spectrometric images. In ToF-SIMS
configuration, the entire mass spectrum can be stored at each cycle of the depth profile.
Then, the 2D dopant distribution is obtained by recombination of these depth profiles
thanks to algorithms. The major scientific impact of dynamic SIMS is the in-depth anal-
ysis of semiconductor materials, where low level dopants are analyzed in successive thin
slices of materials down to 1 or 2 nm thick [12].

The 2D SIMS method was developed by Hill et al. but the technique remains com-
plex [13]. Ukraintsev et al. demonstrated a simplest version where the SIMS lateral
resolution can be decreased down to the photomask pixel size, i.e. 10 nm, for a dopant
concentration sensitivity of 10" atoms.cm™2 [10].

The major drawbacks of this technique are firstly that depth analysis is limited by the
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capabilities of the primary ion beam to penetrate inside the sample. Moreover, the diffi-
culties to combine high resolution with sensitivity in low doped areas limits the samples
to be studied in such conditions. Secondly, spatial resolution is limited by the beam
width, which can not be decreased under 50 nm. Finally, the stoichiometric and matrix
properties of the sample must be known to interpret properly the data.

1.3.2 Scanning Probe Microscopy Techniques

Two reviews present the Atomic Force Microscopy (AFM)-based electrical characteriza-
tion techniques [14,15]. Table 1.1 summarizes the various techniques which can be consid-
ered, displaying the type of probe used and the measured physical quantity. Duhayon et
al. compared Scanning Capacitance Microscopy (SCM), Scanning Spreading Resistance
Microscopy (SSRM) and Kelvin probe Force Microscopy (KFM) [16] and De Wolf et al.
added Scanning Tunneling Microscopy (STM) to these three methods [17] for comparison.
The basic characteristics of these four main techniques are now introduced.

Technique Mode Probe Measured quantity

STM STM Metallic needle No. Doping atoms
I-V spectra

Topography after

Selective etching NC-AFM Ultrasharp Si

+AFM chemical etching
SCM C-AFM Metal—coate'd Si Depletion capacitance
or metallic C-V spectra
SSRM C-AFM Dlamond—coajced Si Electrical resistance
or metallic I-V spectra
Metal-coated Si Electrostatic potential
KEM NC-AFM or metallic (electric field)
SSHM STM Metallic needle Depletion capacitance

with microwave cavity

Table 1.1: Summary of the different scanning probe microscopy techniques which can be utilized for
2D carrier profiling. Column mode reflects the scanning mode (NC: non contact; C: contact) [17].
SSHM corresponds to Scanning Surface Harmonic Microscopy.

Scanning Transmission Microscopy This technique probes the surface topograph-
ical and electrical structure with high lateral resolution of conductive samples, down to
1 A. It is able to image atom arrangements on surfaces. STM is at the origin of the
scanning probe microscopies. It was developed by Binnig and Rohrer who were awarded
with the Nobel prize for physics in 1986.

The principle of STM consists in tunneling of electrons between two electrodes, corre-
sponding respectively to the outer atoms of the sample surface and those of a tip, under
an electric field. To keep a current constant, a piezoelectric feedback system enables small
movements by applying a voltage V' to the probe when the latter is scanned above the
sample. Its movement is recorded and displayed as an image of the sample local density
of states, as presented in figure 1.3 a).

STM can be used to image a depletion zone at a silicon pn junction surface [18,19|. Clear
contrast was observed between electrically different regions: n-, p- and the depletion zone,
shown in figure 1.3 b) [20].
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a) | Tip
ﬂ
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Figure 1.3: a) Schematic illustration of STM measurement on a nanoscale pn junction and resulting
image. b) cross-section of a MOSFET transistor with a gate length of 38 nm and STM 2D (CITS
mode) carrier profile extracted [21, 22].

This technique has some drawbacks: depending on the electrical conductivity in the

sample, the force between the tip and this latter can vary, creating mechanical tip-sample
interactions during the observations, which renders the ability to position the tunneling
tip reliably and reproducibly more difficult [23].
Moreover, variations of the depletion layer observed by Fukutome [21] depending on STM
bias voltage is considered to be due to the local band bending caused partially by the
STM tip. This very surface sensitive technique must be performed under Ultra High
Vacuum (UHV) to avoid contamination and native oxide on the samples surface since
it requires a conductive surface. To measure bulk electronic structure, it is important
to eliminate as much surface states or defects in the band gap as possible, since they
cause the surface Fermi level pinning [24]. A possibility to avoid them is to passivate the
surface, in order to obtain near flat band conditions [25].

Combining the spectroscopic capabilities and the scanning ability of an STM gives rise

to the Current Imaging Tunneling Spectroscopy (CITS) technique. This latter enables
to obtain 2D spatially resolved spectroscopic information from the tunneling current
characteristics which are used to construct images that reveal atomic- to nanometer-scale
variations in electronic structure on the sample surface.
Such a system works as follows: stabilizing the current at a fixed value for a given voltage,
a constant-current topographic scan is performed over the sample surface. For each point,
a current-voltage spectrum is measured, whose variations correspond to variations in
electronic structure across the sample surface. Plotting the current measured at specific
bias voltages is called a current image. In 2010, Fukutome [22] has realized a 2D view
carrier profile as a tunneling current image with UHV-STM in CITS mode of p-type
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET), with a gate length of
38 nm presented in figure 1.3 b) which highlights this technique breakthrough in device
characterization.
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Scanning Capacitance Microscopy This technique measures the variation of the
electric capacity dC' of a MOS structure formed artificially between a tip and an oxide-
covered surface, when applying an electrical modulation dV. It measures the doping
concentration, and the carrier type of cross-section or planar samples [26]|. For pn junction
imaging, the technique is often utilized at constant voltage mode: the alternating current
(ac) voltage is applied to the sample and the change in capacitance under the tip is
recorded. SCM has a lateral resolution of 10-20 nm and the junction position is directly
obtained [27-29].

The main drawback is the sample preparation: cross-section samples are difficult to
obtain since it is very hard to control the attack speed and to stop at the exact required
localization. One solution is to use Focused Ion Beam (FIB) preparation combined with
plasma etching [30]. Moreover, the nature of the dielectric oxide coverage on the sample
surface is of prime importance: high-quality surface oxide with constant thickness in the
scanned region is required, otherwise artifacts can appear [31]. The 2 nm native oxide
growing on the silicon is too thin whereas a thicker uniform oxide of 3 nm or more, grown
by dry or wet oxidation enables SCM measurements. The combination of this oxide and
diamond-coated probe is suitable for stable, reliable and reproducible measurements, but
remains difficult challenging [32].

Topography SCM

Figure 1.4: a) Schematic cross-section of the wafer: AFM and SCM images of this wafer b) with

mask misalignment and c¢) with correct mask alignment [33].

The breakthrough in sample preparation has avoided the contrast reversal effect,
characterized by the fact that the SCM output is not always a monotonically increasing
signal with decreasing dopant concentration [34]. This drawback, which has prevented
quantification for many years can be due to interface states, semiconductor work-function
or interface trap density depending on the polishing quality and the oxide preparation [35].
New procedures based on the use of peak dC/dV at every spatial point, for dopant profile
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extraction have improved the measurements [36]. Figure 1.4 shows that SCM visualizes
and identifies the position of the dopant areas and can help for example, in the detection
of wrong mask alignment during fabrication process: comparing b) and c¢) images of the
n well adjacent to the Pt areas represented by the two red arrows on a silicon wafer, one
observe that this latter is too narrow in b) and that current leakage occurs [33].

SCM is sensitive to 10'° to 10%° atoms.cm ™3, and is almost non destructive. Its spatial
resolution is limited by the sensitivity of the capacitance sensor and the tip-sample contact
area, the tip geometry, and the dopant level and the topography of the sample surface.
For this latter case, Buzzo et al. [37] compared a 2D dopant analysis of 4H silicon carbide
pn junctions with SCM to quantify the influence of the surface roughness on the junction
position.

Scanning Spreading Resistance Microscopy This technique consists in scanning
a hard conductive diamond-coated silicon probe, in contact mode across the sample. It
measures the electric resistance between a contact tip and the contact on the sample
backside when applying a potential difference. The resistance depends on the doping
level but it is not possible to determine the carrier type. On ultrashallow pn junction for
the delineation of carriers within silicon devices, Zhang et al. [38] have achieved a 1 nm
spatial resolution, as presented in figure 1.5 a).

1350m__  Poly Si

" SDE

100nm Halo (a)

Figure 1.5: a) SSRM images of ultrashallow junction p-type MOSFETs, gate lengths of a) 135 nm, b)
60 nm, and c¢) 40 nm [39].

SSRM employs a strong tip pressure and thus, both the sample surface and the scan-
ning tip are damaged [40,41]. The technique is less dependent than SCM to surface
preparation: it provides a better spatial resolution, sensitivity, quantification and repro-
ducibility [42,43]. The dopant gradient resolution is higher: 1-2 nanometers per decade,
thanks to the resistance increase for small carrier concentrations [44]. SSRM also gives
some complementary information about highly doped region, and enables, as seen in fig-
ure 1.5 b) and ¢) to distinguish an arsenic-halo corresponding to impurities within the
p-type MOSFET device.

The limitations of this technique are the impossibility to distinguish n-type from p-type
and, as for SCM, the tip shape which restrains the resolution. Hence, SCM and SSRM
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are complementary ambient techniques for dopant characterization. Both are sensitive

to the whole dynamic range between 5x10'* atoms.cm™3 and 2x10%! atoms.cm 3.

Kelvin Force Microscopy Thisis anon contact and non destructive electrostatic force
microscopy technique. Its principle consists in scanning a sample with an AFM cantilever
excited electrically by applying a voltage (ac-+dc) to the tip. The amplitude of vibration
is proportional to the electrostatic restoring force between the tip and the conductive
sample. This potential difference between the tip and the sample is obtained by varying
the direct current voltage until the alternating current vibration of the tip at the frequency
near the cantilever resonance becomes nil. The electrochemical potential of the sample
surface is measured with respect to the tip one. This potential depends on the work-
function difference, from which one can deduce the local carrier concentration. However,
quantitative potential profiling is limited by surface charges and adsorbed molecules which
induce band bending. Saraf et al. [45] have measured the 2D-potential distribution inside
asymmetric pn junctions. Combining with a 3D analysis of the tip-sample electrostatic
interaction, they are able to deduce the direct local measurement of surface charge and
band bending in semiconductors.
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Figure 1.6: a) Surface potential image of a pn junction array measured by KFM [/6]. b) The
topography 1- and surface potential 2- images of Static Random Access Memory (SRAM). The
cross-section profiles along the directions indicated with red arrows in 1- and 2- are shown in the top
and bottom parts of 3- [47].

KFM is sensitive to variations in dopant concentration between 10 to 10?° atoms.cm 3.

Tsui et al. have established correlations between surface potential difference of a pn junc-
tion and carrier-dopant concentration. Besides, the cross-sectional profile of a pn junction
array extracted from its surface potential mapping has been successfully demonstrated
by Tsui et al. [46], and is presented in figure 1.6 a). Figure 1.6 b) shows the clear contrast
which can be obtained depending on the dopant type for Static Random Access Memory
(SRAM) studies. The spatial resolution can attain 30 nm using a low humidity environ-
ment, such as nitrogen gas flushing.

A higher imaging resolution can be achieved by using a smaller probe tip, when modifying
the Atomic Force Microscope cantilever with a Multi-Walled Carbon Nanotube (MWNT):
it helps resolving the dopant distribution to within 10 nm in air [48]. The sample sur-
face potential being very sensitive to surface changes and to adsorbed molecules, KFM
encounters more difficulties in concentration quantification than SSRM [16].
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1.3.3 Ion microscopy-based techniques
1.3.3.1 Atom Probe Tomography

Atom Probe Tomography (APT) provides real analytical atomic scale mapping of chem-
ical species, including ultra-shallow and extremely highly-doped pn junctions, as well
as MOS structures [49]. It utilizes a high voltage to evaporate atoms as charged ions
one-by-one using, either a pulsed field, or a mass spectrometer, and is completed by a
delay-line position-sensitive detector [50]. The original position from which the atom field
evaporated can be determined, and data are then rearranged in a 3D reconstruction of
the volume using computer calculation. An introduction to the history of this technique
and the underlying physics is given by Miller and Forbes [51].

This technique is sensitive to field evaporated ion species in a field of view of typically
50 nm to 100 nm in diameter where it is possible to distinguish the physical variations
in dopant distribution down to 0.5 nm in lateral resolution [52|. Figure 1.7 presents two
atom maps of silicon devices: a) is a Si:SiGeB:Si multilayer test structure. Here APT
spatial sensitivity for interface analysis is clearly seen and also helps in identifying areas
of local Ge accumulation. Figure 1.7 b) shows the APT capabilities to provide atomic
scale maps of chemical species, here when characterizing a metal-oxide-semiconductor
(MOS) structure.

60 40 20 0 -20 -40 -60 13,
a) = )

6420244
s N

6420248

60 nm

Figure 1.7: a) Si:SiGeB:Si multilayer test structure [53]. b) Spatial distribution of elements within a
polySi/Hafnia high k dielectric stack. FEach point represents an atom [5]].

The major limitation of this technique is the sample preparation, which requires
milling of sharp needle shaped specimens of several nanometers in diameter. Mechanical
stresses in the specimen can provoke fractures. The sample must also have a good electri-
cal conductivity for voltage pulsed field evaporation [55,56]. Moreover, the information
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is collected in 3D, the data acquisition is long and the zone probed stays small, around
10% nm3. The lateral resolution is degraded for larger volumes. The detection level is
10" atoms.cm ™2 for arsenic and 5x10'® atoms.cm™2 for boron [52].
Laser pulsing to evaporate atoms have drastically improved the capabilities of the tech-
nique in terms of mass resolution and the Signal-to-Noise Ratio (SNR) increase, thus
improving the spatial resolving power of the instrument [49,57|. This leads to a better
sensitivity to low concentrations, and an ultimate detection limit of tens of ppm.
Another limitation of the technique is the inclusion of materials with different kinetic
of field evaporation in the same sample volume: when considering species with higher
evaporation fields, they evaporate more slowly, complicating the depth reconstruction of
the volume.

1.3.4 Electron microscopy-based techniques
1.3.4.1 Electron Holography

Electron holography is a high resolution coherent interferometric technique. It maps the
local concentration of active dopants via electrostatic potential distribution [58,59|. This
technique can be also used on reverse biased pn junctions or deep submicron transistor
structures [60]. Recently, Yoo et al. [61] reported the quantitative analysis of a pn junction
and estimated the built-in potential across the junction. Electron holography provides
access to the phase of the electron wavefront which has crossed the sample. It is a
technique allowing the combination of nanometer scale spatial resolution and sufficient
sensitivity to detect the implanted dopants [62,63] with doping levels from 10' to 102!
atoms.cm ™ [16,64] and a resolution of 10 nm [65].

The electron optical geometry for off-axis electron holography in Transmission Elec-
tron Microscope (TEM) is presented by Midgley [67]: highly coherent electrons emitted
from a field emission gun are divided into a reference wave, traveling in vacuum, and an
object wave, passing through the sample. Due to its inner potential which increases the
electron kinetic energy, the electron wavelength becomes shorter in the specimen than
in vacuum. An electrostatic biprism placed after the sample bends the two waves so
that they form an interference pattern called hologram recorded by a 2D detector. This
hologram contains the electron wave, as presented in figure 1.8 a): amplitude and phase
informations. The phase shifts relative to the reference wave since the inner potential
changes as a result of the built-in potential generated at the junction. Part b) of the
same figure presents the reconstructed amplitude and phase image of the transistor, the
phase images being proportional to the inner electrostatic potential distribution.

The sample preparation is difficult since this method requires specimen whose thickness
should be in the range of 200 nm to 400 nm, in order to optimize the signal-to-noise
ratio [68]. Several methods exist, such as tripod polishing, Ar ion beam milling and
FIB milling but they induce electrically dead layers near surface regions. Damage in-
duced by FIB can be of two types: amorphisation of the silicon surface and gallium
implantation [69]. Their presence create interactions with the electron beam and affect
the holography measurements [70-72]. Figure 1.8 c) illustrates this for FIB prepared
samples, the theoretical phase profile being compared to the experimental one for differ-
ently doped pn junctions. For the lightly-doped specimens, the phase profile measured is
less than theory, whereas for specimens with higher dopant concentrations the measured
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Figure 1.8: a) Hologram of a 0.18 um p-MOS transistor structure. b) Reconstructed amplitude and

phase image of the transistor [60]. ¢) Top images represent phase images of 400 nm-thick-specimen for

each of the pn junctions with different doping, and prepared by conventional FIB milling. Bottom

images show the experimental phase profile extracted from the white rectangles, compared to the

theoretical step in phase for perfect bulk-like specimens [66].

profiles fit the theoretical one. Cooper et al. [66] deduced that the electrically inactive
thickness is strongly dependent on the dopant concentration in the specimens.
Charging can also have a serious effect on electron holographic measurements of electro-
static potential, especially in sample regions close to the interface with vacuum. For low
doped samples, the measurements are dependent on the strength of the electron beam
due to the number of electron-hole pairs created in the sample which can be closed to
the carrier concentration in the pn junction. Therefore, the relative effects of charging
can be stronger for low doped samples, which implies this technique not to be used below

10'" atoms.cm 3 [73].
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1.3.4.2 Electron Microscopy

Scanning Electron Microscopy This technique is the best known and the most
widely used to study the surface of materials. The contrast in the Secondary Electron
(SE) image reveals information about the sample composition and its surface topogra-
phy and potential. Images in SEM are acquired by scanning a highly focused primary
electron beam on the sample surface. Its energy varies in the range 5 keV to 30 keV. The
SE emitted are then collected by a detector.

The implementation of field-emission electron guns helps in such studies. Field-Emission
SEM (FE-SEM) is particularly well suited for the delineation of electrical junctions [74]:
it improves resolution and reduces surface damages due to the radiation. It enables the
direct observation of electrically active dopant distribution. It detects contrast with sen-
sitivity to dopant concentration of 10'° to 10?° atoms.cm~3, and a sub-10 nm spatial
resolution with an accuracy of £10% [75,76], as can be seen in figure 1.9. Such resolu-
tion is possible thanks to the primary electron beam which can be highly focused down
to very small spots. Contrary to conventional instrumentation, this technique has the
advantage to provide narrower probe diameters with low voltages. It generates much
smaller interaction volumes, i.e. lower penetration depths around 5 nm to 50 nm, hence
giving rise to higher resolution imaging capabilities. The specimen is usually immersed
in a relatively strong magnetic field in order to obtain high resolution of 1 nm or even
less with a primary beam energy of 15 keV.
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Figure 1.9: SE image of cleaved silicon and the corresponding SEM intensity profile. The p-doped

layers labeled A, B, C, D, E, and F are B-doped to 2x10'°,1 x 10'?, 1x10', 1x10'®, 1x10', and

1x10'7 atoms.cm™3 respectively. Layer G is an intrinsic layer, and layer H is an n-doped layer (Sb
doped) with a doping concentration of 5x<10*® atoms.cm™3 [77].

SEM can be used to observe silicon pn junctions but it is important to be careful
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when interpreting the images, keeping in mind the sample surface quality influences the
observations: contamination layer deposited on the surface affects indeed the intensity
signal. Moreover, dopant profiling of devices can imply to prepare a cross section through
the area of interest. Preparing samples with FIB, or by polishing, due to topography can
also generate a thick damaged surface layer which brings difficulties to observe a good sec-
ondary electron dopant contrast with secondary electrons [30,78|. It is better to observe
cleaved samples, or FIB choosing conditions to reduce the damaged layer [79]. The image
quality is also degraded in presence of native oxide. Hydrofluoric acid (HF) cleaning is
often used to minimize this problem.

Though conventional SEM is sensitive to the doping level and its logarithmic depen-
dence of contrast regarding the p-type carrier concentration being well known, it is not
possible to distinguish differently n-doped zones. Schonjahn et al. [80] have got rid of
this problem by using an energy-filtering detector. Conventional SEM remains qualita-
tive whereas reliable quantitative analysis of the dopant concentration can be derived
from the energy distribution of secondary electrons emitted per doped regions with this
energy-filtering system.

SEMs can be operated with different kinds of filters, some of whom are presented in
chapter 2, section 2.2. Liu et al. [81] showed that SEM is an excellent tool to characterize
the leakage mechanisms in SRAM junctions. Kazemian et al. [82] measured the poten-
tial difference across pn junctions of different doping levels. They observed that filtered
secondary electron imaging reveals and quantifies the dopant distributions. First appli-
cation of the SE contrast on silicon carbide was realized, showing the possibilities of this
technique to quantitatively delineate the electrical junction on both hetero- and homo-
junctions [83,84]. Further investigations are still in progress to establish a quantitative
conversion of this contrast into the local carriers density and then, into the dopant profile.

The growing use of secondary electron imaging to map dopant distributions has mo-
tivated investigation of the mechanisms that give rise to dopant contrast, a point which
will be detailed in section 5.2.

Scanning Low-Energy Electron Microscope A SEM can easily be converted into a
SLEEM. These acceleration voltages in the column are lowered, usually below 50 eV, by
using a retarding-field optical element such as a cathode lens. The sample is biased at a
high negative potential in order to retard the primary electrons before their impact [85].
This achieves nearly constant spatial resolution through the energy scale. A good review
on this technique is given by Miillerova et al. [86].
SLEEM is a valuable addition to the standard SEM because it is sensitive to structure
and orientation in crystalline materials. Moreover, since the incident electrons diffuse
into a smaller interaction volume, it works at lower sampling depth and is able to image
surfaces with high sensitivity, as can be seen in figures 1.10 a) and b). Regarding the
lateral resolution, nearly the same as the SEM one can be achieved with an electron
beam at 1 keV and a retarding field optics. Resolution of about 4 nm at 100 eV was thus
obtained experimentally in such conditions.

An important drawback to both SEM or SLEEM is the carbon contamination layer
formation of the sample surface irradiated. Contamination is created by the decomposi-
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Figure 1.10: SLEEM images: a) patterned 80 nm Pt layer on Si and b) Pt type doped area on N type
Si(111) for several electron energies [87].

tion of adsorbed hydrocarbons under electron beam impact. Low primary energy beam,
in the range 50 €V to 100 eV, corresponds for the secondary electrons to the minimum
of the inelastic mean free path. This implies not taking into account the photoemitted
electrons and the fast backscattered electrons [88]. The role of the different types of
secondary electron SE, and SE3 in Low Voltage SEM has been studied by Cazaux [89)].

1.3.5 Photoemission-based microscopy

Photoemission electron microscopy is a powerful surface-sensitive technique suitable for
imaging of doping-induced contrast in semiconductors. Two kinds of imaging methods are
presented: the microspectroscopy, or Scanning PhotoElectron Microscopy (SPEM) and
the spectromicroscopy or PhotoElectron Emission Microscopy (PEEM). These techniques
are in reality spatially resolved photoelectron spectroscopy. The PEEM technique being
the heart of this thesis, a more complete overview will be realized in chapter 2 section
2.1.2.

SPEM The SPEM requires a well focused photon beam which scans the sample sur-
face as depicted in figure 1.11 a). The photoemitted electrons are collected by a detector.
By scanning the sample with the photon beam, a 2D image of this surface is acquired.
One can obtain a chemical map but this procedure can cause artifacts when following
dynamical processes [90].

SPEM spatial resolution is only limited by the photon spot size. In laboratory con-
ditions, the resolution is not better than several tens of microns due to the size of the
focused X-ray spot. To obtain high resolution, SPEM is performed with synchrotron
radiation and zone plates or mirror optics can focus spot sizes down to 100 nm [91,92].
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a) X-ray focusing
Sample Sample Screen

Figure 1.11: Difference between a) SPEM and b) PEEM techniques.

Reaching lateral resolution better than 50 nm remains difficult due to signal and working
distance constraints [93].
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Figure 1.12: a) Scanned Si 2p SPEM intensity maps showing energy dependent contrast across a
silicon p-stripe, at electron energies of b) 397.22 €V, ¢) 396.98 eV, and d) 396.82 eV. Field of view
(FoV) is (6.4£12.8) pm [94].

PEEM In contrast to SPEM, PEEM does not use a scanned focused probe beam but
the sample is uniformly illuminated, generally reducing beam induced damages on delicate
surfaces. The data acquisition is full-field, as can be seen in figure 1.11 b). The surface
magnified image can be observed directly and in real-time onto a fluorescent screen. This
technique gives the electronic and chemical surface properties with spatial resolution only
limited by the chromatic aberrations of the objective lens. It varies between 10 nm to
30 nm when considering SE imaging, these particles having thus a kinetic energy close
to zero [92,95,96|. Spatial resolution down to 5 nm has been measured on biological
specimen with a PEEM aberration corrected in synchrotron environment [97]. PEEM
can perform real-time imaging, and is well adapted for real time observations. The time
resolution can be decreased down to 180 ps using a PEEM combined with an imaging
retarding field analyser [98].

The advantages of full-field microscopy with PEEM versus those of scanning mi-
croscopy with SPEM have been presented by Margaritondo, Renault et al. and Barinov
et al. [93,99,100]. The major drawback of these techniques is that both are sensitive to
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artifacts if the sample is not flat or conductive. Photoemission electron microscopy is a
surface-sensitive probe providing dopant contrast in imaging.
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Figure 1.13: Top: selected XPEEM images from the energy filtered image series across the Si 2p core
level on sample N* /P. Bottom: local Si 2p core level spectra and best least squares fits: the Sitt
component due to the native SiO, oxide is in light gray, the sub-oxide components gray and the Si°
substrate component black. FoV is 25 um [101].

The combination of an energy filter and an electron microscope enables to obtain full

spectral information available to characterize in detail the chemical and electrical proper-
ties of the imaged surface. Imaging the contrast variations across a silicon pn junction can
be achieved in SPEM or in PEEM. Figures 1.12 and 1.13 respectively show contrast on
core-level images of lateral silicon doped pn-junction, thus, variation in the energy bands
across a device can be imaged directly. Core-level imaging with a sub-micron resolution
is possible, and less than 500 nm have been reached with an X-ray laboratory source.
Lateral resolution of 100 nm has been reached by Bailly et al. [102] using synchrotron
radiation.
Combined with an electron analyser, the XPEEM can indirectly determine dopant con-
centrations from band lineup due to variations of the Fermi level. Ballarotto et al. have
observed that differences in relative PEEM intensities show a systematic variation with
p-type dopant concentration in the range of 1x10'" atoms.cm™ to 2x10?° atoms.cm ™2,
as seen in figure 1.14 a) [103]. Figure 1.14 b) presents the intensity on the PEEM image
increase with doping concentration, at a rate of approximately 2 per decade, in good
agreement with calculations based on photoemission from the valence band for a photon
energies up to 0.18 eV above threshold.

1.3.6 Summary

The visualisation of 2D dopant mapping is still of importance nowadays, as the study
of pn junction for devices at different scales. A non exhaustive list of the most used
techniques has been done with their drawbacks and advantages that we have to be aware
of for choosing the most suitable technique for the problem to be studied.
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Figure 1.14: a) PEEM image of lateral array of pn junctions. The doping concentrations are given in
the image. b) Calculated threshold photoyields from Si(001) versus doping level at the sample surface.
The red diamonds show the measured relative values of the PEEM intensities. 0E corresponds to the

position of the pinning states relative to the surface valence band [103].

A comparison of different dopant profiling techniques using identical samples has
been done by some laboratories [16,17]|. They provide a state-of-the-art preview of the
techniques. Table 1.2 is extracted from reference [17], resuming well the last part of this
chapter. Note that the improvements since these publications in sensitivity or resolution
have not been taken into account.



Method Resolution Range Concentration D/C  Quantification Comments and problems
(nm) (em=3) resolution
SCM 10 10151020 Power C Limited Uncertainties at junctions,
poor quantification procedure
SSHM 5 NA Power C No No quantification procedure
STM-atom counting atomic 1018-1020 Linear D Yes Only GaAs, not on Si
STM-STS/CITS atomic NA Log. C Limited Only junction delineation and
type (n or p) identification
STM-STP 10 NA Limited C Limited Only junction delineation
KPM 100 10151020 Limited c Limited Poor quantification procedure,
stray-fields limit the resolution
SSRM 20 10151020 Linear C Yes Availability diamond probes
Chemical etch 17 1120 - - Difficult to quantify,
+ AFM/STM ! 107-10 Limited © Limited poor reproducibility
Imaging SIMS 100 NA Linear D Yes Sensitivity limited by target volume
2D-SIMS 30-50 1016-1021 Linear D Yes Special structures required
. Special structures required.
2D-Tomography SIMS 50 NA Linear D Yes -
Complex sample preparation
Lateral SIMS 5-10 Done Linear D Yes Ouly the lateral dose
Distribution is measured
2D-SRP 100 1015-1021 Linear C Yes Special structures required
Chemical etch 17 1021 - s
+ SEM/STM 20 10°°-10 - C Limited Ounly qualitative
FE-SEM 10-20 4.1016-1020 Limited Limited Robust model for quantification
is not available
Electron Holography 1-10 1017-1020 Limited C Limited
Inverse modeling NA NA Inverse modeling C Yes Resolution and accuracy are unknown,

with C' -V

techniques

long calculation times

Table 1.2: Comparison of two-dimensional doping (D) and carrier (C) profiling methods (NA=not available) for direct measure of the dopants [16].
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1.4 Imaging of pn junctions with electron microscopies

1.4.1 Introduction to contrast

Contrast in electron microscopy corresponds to spatial variations in the image intensity.
It depends on both local secondary photoemission yield and on the photothreshold energy
distribution of the electrons photoemitted.

To quantify dopant contrast, we compare the averaged intensity values between two zones
in an image. If we consider a doped layer deposited on a substrate, their intensities,
respectively 4., and Iy, are different and give rise to a contrast between the two doped
zones. The dopant contrast value C' can be extracted according to the relation:

Ide _Isub
=2 1.8
Idep + [sub ( )

1.4.2 State-of-the-art of the interpretation of contrast when imag-
ing pn junctions with an electron microscope

Chang and Nixon [104] were the first to observe in SEM that the SE yield changes across
a pn junction: the p-type region emits more SE than the n-region, appearing brighter
in the images. Venables et al. [76] highlight the sensitivity of PEEM to the dopant
concentration. In addition, SE contrast on pn junctions depends on the doping level.
There are several possible contributions to the changes in the SE distribution [105]:

e band bending effects at the surface due to a change of the relative electron affinity
in the presence of a built-in potential across pn junctions,

e the change of Schottky barrier at the surface due the presence of surface states,
carbon contamination or native oxide,

e the change in the escape depth due to differences in the attenuation rate of hot
electrons, i.e. photoexcited electrons, hence when reabsorbed, create electron/hole
pairs with different yield,

e effects due to external electric fields influencing SE trajectories, from the p-doped
towards the n- doped zone.

1.4.2.1 Schottky barrier and band bending

Surface states Band bending at the surface of a semiconductor with doped patterns
has an effect on SE contrast. Contrast can be created by surface states present in differ-
ently doped zones which induce surface band bending [74]|. The effective electron affinity
being a potential barrier, the escape probability increases with decreasing the surface
barrier [106,107]. A smaller energy transfer is required to excite an electron from the
valence band to the vacuum in p-type material, than in n-type.

Ballarotto [103,108| considers SE contrast due to a difference of ionization energy,
which has an impact on photoelectron generation, emitted above the surface barrier.
This implies a modification in the photoemission yield. Surface states pin the Fermi
level, which results in band bending. If the distribution is inhomogeneous, it leads to a
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spatial variation of the effective photothreshold [109]. In their study, Ballarotto et al.
used a PEEM without energy filtering, they concluded that both photoyield position and
intensity contribute to contrast and depend on:

e The doping level (position).
e The position of surface states relative to the bulk Fermi level (position).

e The density of states (intensity).

Surface states hence change the surface potential and reduce the difference in escape
energy for electrons coming from regions of different dopant concentration and type. A
reduction in surface state density should increase the contrast.

Giesen et al., in their paper [110] discuss contrast due to the Fermi level pinning
between the valence and the conduction band edge at the surface since PEEM is a suitable
technique to observe variations in the near-surface electronic structure induced by a high
density of surface states.

Built-in potential Elliott et al. [75] have studied dopant contrast from silicon pn
junctions with structures varying in doping level and width, and confirmed that contrast
arises in SEM images due to the built-in junction potential Vj;. It can be expressed in
terms of changes of the relative electron affinity in the presence of the built-in potential
at the junction [111], resulting in different ionization energies for p- and n-type. In this
way, Kazemian et al. [79] report quantification of the dopant profiles with energy filtered
secondary electron imaging. They also show that at high magnifications with SEM, a
large number of electron-hole pairs are generated, which reduce the built-in potential,
and hence the contrast [77].

Dapor et al. [112] performed Monte Carlo modeling to match the experimental SE
emission distribution from doped silicon, taking into account the dopant contrast ap-
pearing when observing different doped zones. To understand it, they calculate the SE
emission from a doped silicon, taking into account the electron affinity which behaves like
a potential barrier.

A recent study carried out by Volotsenko et al. [113] with a KFM, shows that SE
contrast is governed by the SE escape depth and their escape probability, which is related
to the SE distribution, and as seen before, to the effective electron affinity [113]. As can
be seen in figure 1.15, surface states trap holes on the surface of the p-doped region,
which results in a depletion zone in the n-doped region, the bands bending up by AV,,.
In a symmetrical way, electrons are trapped in the n-doped zone and the band are bend
down in the p-doped one AV,,. This behavior reduces the built-in voltage AV, at the
surface, comparing to its bulk value.

Miillerova and Frank [86] give a role of the angular distribution of SE emission on
the contrast mechanisms in SEM, and Sealy et al. [114] add that the higher the surface
potential barrier, the narrower the emission angle of SE. In case of n-doped region, due
to its higher surface barrier compared to p-doped one, its SE emission is lower. In their
paper, Sealy et al. also present a range of experimental results used to demonstrate the
wide applicability of the SE contrast for dopant mapping.
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Figure 1.15: Energy band diagram for a pn junction. The dotted line represents the vacuum level with
modified built-in potential [75].

Surface contamination The contrast in SE images is strongly affected by the presence
of surface contamination. We can mention for example:

e native oxide,
e carbon,
e charging effects,

since all of these factors induce a modification of the Schottky barrier at the sample
surface.

El Gomati et al. [115] have studied in low voltage SEM the effect of SE escape depth
on their energy distribution. A carbon contamination layer created from adsorbed hy-
drocarbons deposited by the electron impact in SEM, 4-5 nm thick, can behave with the
silicon surface as a metal-semiconductor contact. A Schottky contact is thus formed with
the n-type whereas an ohmic contact is created with the p-doped zone. The electron
transfer from the silicon to the contamination layer, increases the potential barrier for
SE. Thus, the total SE yield from n-type is lower than the p-type one, which creates
contrast in SE imaging.

Miillerova [116] has shown that SLEEM mode is more sensitive to dopant contrast
than SEM since the carbon contamination is smaller. Dapor et al. [112] in their Monte
Carlo modeling also outline the influence of surface effects in dopant contrast imaging.
Cazaux [117,118] discuss the influence of changes in the work function or in the electron
affinity of the SE escape probability. Surface cleanliness can affect the potential barrier of
the surface when observing a metal in SEM. Though his calculations are done for electron
beam sources, this approach can be applied in the case of other excitation sources, in our
case, X-rays.

The native oxide on silicon can also induce band bending and modify the SE emission.
Zaggout et al. [119] have shown that the oxide thickness influences the contrast in both
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low voltage SEM and PEEM.

Device structures buried under ultrathin oxides can be probed by PEEM technique. This
study performed by Ballarotto et al. [120] has shown the change in SE contrast with
the oxide thickness: the thicker the oxide, the more the signal is attenuated. This is
due to band bending in the depth direction perpendicular to the surface at the buried
interface between the oxide and the semiconductor. However, due to a contrast reversal
observed in the thicker oxide, the authors have added a contribution from the interface
states within the gap.

Using a free electron laser excitation source, Ballarotto et al. [108] have investigated pn
junctions buried under a native oxide and how different surface states due to this oxide
affect doping-induced contrast. However, they have only studied p-type doped patterns.
They showed that PEEM is sensitive to doping-induced contrast even when the surface
is covered by an overlying oxide up to 15 nm [120]. A native oxide on the surface implies
a change in the work function due to a band bending modification, itself depending on
the surface state and the doping type and concentration.

A SPEM with energy filtering and synchrotron illumination was used for imaging Si 2p
core-level variations across heavily doped p silicon patterns on n substrate. In this study,
Phaneuf et al. have highlighted the role of the native oxide layer in the deduced band
alignment and band bending at the pn junction interface as a function of the underlying
doping level and type [94].

1.4.2.2 Electron-hole pair creation by hot electrons

Franck et al. [121] consider the role of hot electrons in the SE emission yield. They have
worked with a high pass energy-filtered PEEM and demonstrated contrast inversion for
faster electrons. They have shown that the contrast between p- and n- type silicon doped
can be influenced by different absorptions of hot electrons capable of passing over the
surface barrier potential. The hot electrons are likely to be scattered inelastically above
the vacuum level, and can be returned below the surface barrier. This can create electron-
hole pairs whose generation rate depends on the electron energy relatively to the valence
band maximum, modifying thus the electron-hole pair creation yield with the doping type.

Electron energies required for SE to pass through the surface barrier potential of a

semiconductor are different for n- and p- doped type. For a given energy, a photoelectron
excited is more likely to be emitted from p-type than n-type. Thus, with respect to the
energy levels governing inelastic events, the reabsorption of hot electrons is higher for
n-doped regions. The more the electron absorption, the lower the spectra yield, since the
electron-hole pair production requires an amount of energy. A difference in photoyield
occurs, hence explaining that the n-type zone appears darker than the p-type.
Contrast variations can thus be explained by the differences in the absorption of these
hot electrons on their way to the surface depending the type of semiconductors, since
the surface barrier is different. However, Kazemian et al. [77] have shown that electron-
hole pair generation has a negligible effect on the doping contrast in SEM, except when
considering high magnifications and low scan frequencies.
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1.4.2.3 Electrical contrast

The SE contrast can be modulated by electrical fields which appear above the sample
surface, and are called external patch fields. They are generated in the vacuum by the
built-in potential existing at the contact zone of different semiconductors, such as pn
junctions.

Buzzo et al. |[83] explain that close to the depletion zone, this built-in potential produces
an electric field above the surface which deviates the SE. In the vicinity of the junction,
they simulate the electric fields lines. If SE have low kinetic energy, these fields being
closed loops, the electrons can be either attracted towards the surface, or highly deflected
in the horizontal direction, as shown in figure 1.16. These effects reduce the number of
SE reaching the detector. In this case, electrons emitted from the p-doped region are
accelerated out of the surface while the ones emitted form the n-region are retarded.
Variations in the photocurrent distribution occur then in the image plane.
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Figure 1.16: Stray potential and stray electric field resulting at the surface of an abrupt unbiased SiC

g

Junction produced by the built-in potential (simulation by DESSIS). The vectors representing the electric
field point in the opposite direction as the electrostatic force. The radial thin lines are equipotential

lines, whereas the thick lines represent the field lines [84].

In the same manner as subsurface electric fields can affect the measured photocurrent,
surface electric fields can also deform the angular characteristics of electron emission.
The study of contrast formation due to electric fields on the sample surface was also per-
formed by Nepijko et al. [122|. They have defined the main factor as being the difference
of the emission current density due to the lateral electric field between different regions
of the sample.

1.4.2.4 Conclusion

In conclusion, the secondary electrons have to deal with lots of interactions on their
transport towards the surface, including surface states at the interface with vacuum. The
basic explanation of SE contrast due to difference in doping is clearly too simplistic.
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Other mechanisms can influence the SE intensity and thus, it is of interest to bear in
mind the factors which can be responsible. One of the last study to date, lead by Chee et
al. [78] provides a detailed understanding of the doping contrast mechanisms in a SEM.
They have developed a quantitative numerical model for doping contrast, enabling the
effects due to surface band bending depending on the density of states considered, surface
external patch fields and external fields due to the detection system of the instrument,
specially the detector solid collection angle. However, whatever theory is preferred, the
sample surface state is a very important factor which influences the SE contrast on
semiconductor surfaces either by SEM or by PEEM.

In the next section, we present the different interpretations advanced to explain the
mechanisms leading to the formation of material and electrical contrast when imaging
silicon doped patterns such as pn junctions with a PEEM.

1.4.3 Positioning of our study in PEEM imaging

A well-established way to obtain 2D images of dopant is to use electron microscopy,
such as SEM or PEEM to map the spatial distribution of secondary electrons emitted
from the surface. However, some factors can influence the contrast obtained on imaging at
threshold. These latter are briefly introduced in the beginning of this section. We present
then a state-of-the-art of the XPEEM studies performed on silicon doped samples, mostly
at threshold.

1.4.3.1 Origin of contrast in XPEEM imaging

Contrast mechanisms can be divided into several categories, as graphically presented by
Mutoro in figure 1.17.
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Figure 1.17: Contrast mechanisms: a) Work function, b) Material, ¢) Topography, d) Shadow effect,
e) Chemistry [123].
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It is important to understand the factors responsible of the imaging degradation to
differentiate their effects from the physical mechanisms we are interested in.
Problems of charging hiding contrast have been avoided during this thesis since researches
were focused on semiconductor samples and not insulating ones. However, some interest-
ing papers on this topic can be quoted: [90, 124, 125].

Material contrast At threshold, contrast can be explained by the fact that regions
with same work function appear with different brightnesses in the image, due to a dif-
ference in the photoemission yield: this is the material contrast. An other contrast, the
work function contrast is observed from regions with different work function presenting
different emission probabilities. If the work function of the observed region exceeds the
photon excitation energy, no secondary electron emission appears. For more explanation,
see the paper of Pryzchowski et al. [126] on the influence of work function differences on
the photocurrent. Contrast due to work function variations depends on both the surface
density and the crystalline orientation of the surface, as presented in the study of Renault
et al. on copper grains [127].

Absorption contrast In X-ray Absorption Spectroscopy(XAS), the photon energy
through absorption edges of elements in order to excite the core-level electrons up to
the empty electronic states below the vacuum level. The resulting core-holes are filled
by transition to allow the de-excitation of the system, creating fluorescence emission and
Auger electrons. These electrons are collected as the total yield photocurrent, directly
proportional to the absorption coefficient. The area on the surface containing the ele-
ment of interest emits more photoelectrons and thus, at the given absorption edge X-ray
energy, appears brighter.

Near Edge X-ray Absorption Fine Structure (NEXAFS) furnishes the chemical contrast:
differences in images taken at several X-ray energies near a given absorption edge allow
to determine the local bonding state of surface atom responsible for the fine structure
modification of the absorption coefficient.

Magnetism contrast X-ray absorption is frequently dichroic and depends on the ori-
entation of the electric field vector with respect to the sample magnetization.

e X-ray Magnetic Linear Dichroism (XMLD)is used to study the properties of anti-
ferromagnetic systems.

e X-ray Magnetic Circular Dichroism (XMCD), the absorption of left or right handed
circularly polarized light depends on the orientation of the magnetic moment in the
sample and is used to study the properties of ferro or ferrimagnetic materials [128].

Since this thesis deals with studies on non magnetic semiconductor surfaces, we do not
discuss further this contrast. It is well presented by Stohr et al. [128] and by Schneider
[95].

Topographic and shadow effect contrast FElectron imaging is sensitive to the object
topography. If this latter is not smooth, the electrical field created between the sample
and the extractor lens is modified. Hence, the photoelectron trajectories in the vicinity
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of this zone are deflected, giving brighter or darker zones within the images [95,129].

It is possible to simulate the influence, for example, of step height on electron trajectories
in an electron microscope column [129,130]. Chapter 5 is dedicated to such topographical
influence on PEEM imaging, based on simulations performed with SIMION software [131].
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Figure 1.18: Topographic contrast in PEEM imaging due to local electrostatic fields [132].

Thus, topography can be responsible for contrast variations due to the presence of
local electrostatic microfields [130]. Lateral field strength increases with the step height of
the structure and influences the photoelectron trajectories, creating a topographic image
contrast, as presented in figure 1.18.

The surface relief is also partially responsible for contrast variations in imaging which
limit the lateral resolution: geometrical structures present step edges which create shadow
zones in the images depending on the illumination angle of the sample. We mention this
point since it was a necessary requirement when realizing a new batch of localized epitaxial
silicon doped patterns for this thesis. Our aim was to minimize the step height between
the different doped zones. Rempfer et al. [133| have gone further in this way, reporting
the effects of positive and negative surface relief in PEEM imaging.

In their review, Schneider and Schonhense [95] describes other contrast mechanisms, such
as Smoluchowski contrast or interference effects but in our case, these effects were not
the most important.

Electric contrast Electric contrast is the last important factor deteriorating the res-
olution, but not represented in figure 1.17. Electrons are sensitive to the presence of
potential microfields at the sample surface. Such fields distort the normally strong ac-
celeration field between the extractor lens and the sample surface, deviating the electron
trajectories, hence changing the image intensity. They appear at the junction when con-
sidering two zones with different work function, but they can appear artificially when
applying external bias on the sample surface [134,135]. PEEM can be used to visualize
and measure the distribution of electric field and potential on the surface either in the
case of beam restriction by a contrast aperture, or without restriction of the photoelectron
beam [136]. This point will be discussed in chapter 5 where simulations and experiments
performed during this thesis will be compared.
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1.4.3.2 XPEEM imaging at threshold

Many authors, have contributed to the understanding of the contrast in PEEM images
at threshold. We have reviewed in table 1.3 all the studies carried out up to now in order
to highlight the peculiarities of our study.

First Author Reference Excitation Sample Filtering Passivation
p subs. 10%° High
Hovorka [137] Synchrotron 105 to 1010 pass Yes
p and n subs. 10'° High
Hovorka [138] UV He n and p: 106 to 1017 pass No
14
Ballarotto [108] FEL UV n subs. 10 No No

4.2eV -52eV p: 107 to 10%°
n subs. 104

Ballarotto [103] UV Hg br 1015 t0 1020 No No
14
Phaneuf o SThemoton S“b;_' i SPEM No
n subs. 5x10'* High
Frank [139] UV Hg p: 1019 pass No
UV Hg p subs. 101% High
Frank [121] 4.9 eV n: 1019 pass No
14
Giesen [135] g}gg\% . Sub;_' 110?§< 10 No Yes
14
Giesen [110] f;/G I;I\% . S;bi'()1180 No No

Table 1.3: State of the art of contrast imaging studies with PEEM on silicon pn junctions.

We note that most of the photon sources used in these studies are near-threshold
excitations. These latter present two drawbacks: firstly, they can have a possible influence
on the contrast observed, allowing photoelectrons to be excited in the direct transition
type. Secondly, core- and valence- levels are not accessible, to fully characterize the band
alignments. Regarding the instrumentation used to understand the doping contrast in
the literature, the instrument used in this work, the NanoESCA, has several advantages
which will be detailed in chapter 2:

e a full band-pass energy filter, which can be used with high energy resolutions, and
allows a complete spectroscopic analysis of the sample to be studied,

e high excitation energies, either using a laboratory X-ray source or synchrotron
radiation, far from the nominal silicon photothreshold, which is not the case when
considering near-threshold excitation sources. The tunability of the synchrotron to
vary the photon energy is particularly well adapted for our studies to probe different
sampling depths,

e the combination of a good energy and lateral resolutions, thanks to the double
hemispherical analyser compensated for aberrations, which reduces the instrument
aberrations to those of the immersion lens,

e the possibility to perform spectromicroscopy, i.e. the ability to obtain laterally re-
solved XPS spectroscopy from different doped areas in order to quantify photoyield
difference.
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More sophisticated analyses with energy filtering have begun to appear, demonstrating
contrast inversion as a function of the electron kinetic energy [138]. According to Giesen
et al. [135], the contrast in PEEM imaging for various surface states gives qualitative
information about the position of the surface states within the gap which renders this
technique well adapted for pn junction characterization.

1.5 Surface Photovoltage investigation: impact on 2D
dopant techniques

One has to be careful when studying silicon doped pn junctions since a photovoltaic effect
can influence the observations. It can be intentionally studied, to determine the carrier
diffusion length and can be used as a contactless technique to characterize semiconductors
surface states [140]. It is also capable of providing informations on a variety of other
quantities such as surface charge, surface dipole, surface and bulk recombination rates,
distribution and properties of surface states and bulk states.

It occurs whenever light induced charge carriers, under the shape of electron-hole pairs,
are separated within a depletion zone, electrons being moved in the conduction band and
holes in the valence band.

Two very good reviews on this factor theory and history were performed by Kronik and
Shapira [141], and by Schroder [142]. Two other reviews discuss SPV experimental set-up
and present applications for surface and interface characterization [142,143].

1.5.1 Carrier generation and recombination

Electron-hole pairs are generated by two main factors: the thermal excitation and the
optical one. In this thesis, we will not consider the case where electrons thermally excited
across the gap produce electron-hole pairs at high enough temperatures.

An excitation source can also create excess carriers by illuminating the surface of a
semiconductor. If the incoming photons have an energy hv higher than the semiconductor
gap E,, they excite electrons from the valence band across the gap into the conduction
band, hence generating an electron-hole pair. This second factor, combined with the space
charge region created by the surface states, is responsible of the surface photovoltage.
Note that a surface photovoltage can also be observed when the surface is illuminated
with photon energies smaller than the band gap, due to photostimulated population and
depopulation of localised trap states within the gap. More complex scenarii are also
possible such as transfer between several states into the band gap but are not detailed in
this section.

1.5.2 Surface Photovoltage

As mentioned previously, in the absence of radiation, the equilibrium carrier concentra-
tion of semiconductors is established by a dynamic balance between thermal and optical
generation of electron-hole pairs on the one side, and annihilation of these same pairs on
the other side.

Under illumination, incident light leads to a non equilibrium where excess charge carriers
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are generated via band-to-band transitions and release captured carriers via trap-to-band
ones. The electric field present in the depletion zone causes majority carriers to be carried
out into the bulk whereas the minority ones are trapped near the surface. They compen-
sate the space charge hence, change the surface potential and produce a change of the
band bending compared to equilibrium value. This shift is called the surface photovoltage
(SPV) and is presented in figure 1.19. It occurs only if carrier generation is followed by
a net charge redistribution. It depends on photon flux, recombination rate, temperature
and band bending. For a constant temperature, the SPV increases exponentially with
the fundamental gap width. There is also an important dependence of the SPV magni-
tude on photon intensity at room temperature. Even at low temperatures, SPV effects
in photoemission are still observed [144].

equilibrium non- equilibrium (SPV)

energy

Figure 1.19: Schematic drawing of the surface photovoltage influence An on the band bending Vi,
considering a band bending upwards [144].

Since electron-hole pairs are created, their number being equal, SPV has a more
important impact on the concentration of minority carriers than on the majority ones.
Hence, this injection of minority carriers into the near surface produces indeed a reduction
of the band bending and tends to flatten the energy bands at the sample surface, whatever
the type of the semiconductor:

e if it is n-doped, the band bending at the surface is upwards and the SPV goes
downwards,

e if it is p-doped, the band bending at the surface is downwards and the SPV goes
upwards.

We will see in the next chapter that XPS technique alone or combined with an
XPEEM, requires a bright excitation source, which can influence the band bending at
the sample surface. With synchrotron radiation, the high intensity of the beam induces
a strong SPV which has an influence on the band back bending, as developed now.
Hecht [145] has modeled the SPV by equating the current of minority carrier produced
by X-ray excitation to a current of majority carriers flowing through the depletion layer,
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given only the position of the Fermi level at the surface. If the surface is the dominant
site for recombination, the photocurrent density of minority carriers arriving at the sur-
face J,. is proportional to the photon flux illuminating the sample. In the theory of the
thermionic emission, the photocurrent density of majority carriers through the depletion
region is:
—Va —qV.
Jin = Joe Fo [1 — e kT ] : (1.9)

where the sensitivity of the surface potential to illumination is set by .Jy which is expo-
nentially dependent on the Schottky barrier height V,:

—4Vn

Jo = A*T2e " | (1.10)

Ey depends on the dominant current flow mechanisms, k is the Boltzmann constant, and
T the temperature. Thus, in the stationary state, SPV can be evaluated from the balance
of the surface current densities for minority and majority carriers. Setting J,. = Jy,, and
considering low temperatures V > %T, we can focus on contributions from thermionic
emission over the barrier and field emission through it:

V, = Byln (i) , (1.11)
7.

where

Jo ) _ 1 ok Vo Va 7 EgogN, E -1
() = g A Toerp | o — 42| (Gip) /=55 [cosh(sg)] ™" . (112)

with

EQ = EOQCOth (qu,ZQO) s (]_]_3)

and

Ego = 18.5 x 1071, /-8 (1.14)

r€r

This last factor is 0.0259 eV, in the case considered.

1.6 Conclusion

In this chapter, we first highlighted the need, driven by the ever increasing specifica-
tions of the International Technology Roadmap for Semiconductors, for multiscale 2D
characterization of doping in advanced semiconductor devices, the scale of which extends
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from the nanometer- (22 nm nodes and beyond for CMOS transistors) to the micron-
range (HFET devices for power applications, micro-/nano-systems). Such a spread of
the characteristic scales to be addressed requires the use of complementary characteriza-
tion techniques, with, for each of them, a comprehensive understanding of the contrast
mechanisms involved for a quantitative analysis of images of doped semiconductors. Pro-
totypical devices for such an understanding are pn junctions.

We have introduced the fundamental physical concepts around silicon pn junctions,
recalling the characteristic electrical quantities relevant for the experimental and theo-
retical work performed in this thesis (depletion width, built-in potential and resulting
electric field across the junction).

Then, a review of the state-of-the-art in existing techniques performing 2D character-
ization of doping was made. Five different methods were considered: scanning ion probe
techniques (Tof-SIMS), near-field probes (KFM, SCM, SSRM), conventional electron mi-
croscopies (SEM, holographic TEM), atom-probe methods (APT) and photoemission-
based techniques (SPEM, PEEM). This has highlighted their complementarities in terms
of sample preparation, lateral resolution, quantitative capabilities, accessible doping con-
centrations and sensitivity, depth sensitivity. Among electron microscopies, the pecu-
liarities of PEEM-based methods were recognized for their intrinsic surface sensitivity
and specific contrast mechanisms like the work function contrast. However, we showed
that, although many studies in the field were already reported over the last decade, such
contrast mechanisms were not fully exploited due a lack of energy filtering and the use of
excitation sources limited to the low-energy UV range. The importance of the control of
the surface properties (residual oxide layer, carbon contamination) was also underlined.
Therefore, we conclude that in-situ spectroscopic control of the surfaces imaged is neces-
sary for a better understanding of the contrast obtained.

These considerations underline the specificity of the work presented in this manuscript,
with the combined use of spectroscopic, energy-filtered PEEM and high energy photon
excitation in the X-ray range, enabling imaging with true secondary electrons and a
simultaneous spectroscopic control of the surfaces imaged. The latter is fundamental
since, in energy-filtered XPEEM, spectroscopic imaging is performed and therefore the
image contrast of pn junctions is highly dependent upon the relative position of the
electronic energy levels. We have reviewed the effect of surface photovoltage which may

affect the relative energy level positions, and hence, the resulting image contrast in energy-
filtered XPEEM.



38

IMAGING OF SILICON PN JUNCTIONS




Chapter 2

Energy-Filtered XPEEM
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Benefits of the energy filtering, when considering electron microscopy have been in-
troduced. X-ray Photoelectron Emission Microscopy (X-PEEM) can make a significant
contribution to the emerging surface analysis techniques thanks to its principle charac-
teristics: non destructive, elemental, chemical and electronic state sensitivity, lateral and
energy resolution and depth sensitivity. We will now focus on it and to go deeper in the
understanding of this technique.

39
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This chapter is dedicated to the explanation of the two surface analysis techniques
which have a key role in the development of spectromicroscopy: X-ray Photoelectron
Spectroscopy (XPS) and X-ray PhotoElectron Emission Microscopy (XPEEM). We will
then present a new generation of PEEMs with energy filtering. To finish, we show the
state-of-the-art laboratory results on improved lateral resolution obtained with this in-
strument.

2.1 Principles

2.1.1 Photoelectron Spectroscopy
2.1.1.1 Background

Photoelectron Spectroscopy was first developed by Kai Seighahn and his research group
at the university of Uppsala in Sweden. He published his first results study on XPS in
1957 and was rewarded in 1981 for his research with the Nobel Prize.

First known under the acronym of ESCA for Electron Spectroscopy for Chemical Analysis,
the use of an X-ray source to extract the photoelectrons from the sample gives it the
name of XPS for X-ray Photoelectron Spectroscopy. 1t is a powerful analytical method in
applied and fundamental surface science whose use has steadily increased over the last
decades [146]. The possibility of spatially resolving elemental and chemical states with
a good sensitivity has also attracted considerable interest [147|. Firstly, we will describe
the principle of this technique, giving theoretical aspects about threshold and core-level
analysis. We will finish this section by presenting in more detail the instrumentation.

2.1.1.2 Theoretical background

XPS reveals the chemical elements present at the surface of a sample and informs about
the chemical bounds nature existing between them. It is based on Einstein’s explanation
of photoelectric effect discovered, in 1887 by Hertz [148]. The interaction of a photon of
sufficient energy hr with a solid results in the emission of an electron from its surface.
The photon radiation, is capable to induce electrons not only from the outer shells, but
also from core-levels of elements. If this energy is sufficient, the electron leaves from its
atomic orbital and is extracted from the surface with a kinetic energy FEj.
The process can be described by the Einstein equation:

hV = EB —|— Ek s (21)

where E'p is the binding energy of the electron. Thus, measuring the kinetic energy Fj
and knowing the energy of the photon source hv, Ep is easily determined.

Irradiating a sample can be done with photon sources of different energy, depending
on the type of electrons studied:

e It can be either photons emitted in ultraviolet (UV), with low energy, which only
probe the outermost electrons broadened in the valence band. This first kind of
spectroscopy is called UPS for Ultraviolet Photoelectron Spectroscopy. It uses photon
sources such as He I or He II respectively at 21.2 eV and 40.8 eV, or Hg, at 4.9 eV.
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e [t can also be an X-ray source which, thanks to its higher photon energy, can
also probe the core-level atoms. This second kind of spectroscopy is called XPS, as
already presented. Two X-ray sources in common use are based on the Ka radiation
from Al (1486.7 eV) or Mg (1253.6 V).

To summarize, XPS analyzes the kinetic energy distribution of electrons emitted by
the photoelectric effect when the sample surface is irradiated by a photon source. It pro-
vides qualitative and quantitative informations on all the elements in presence (except H
and He), giving some of their chemical properties. To be more precise, we can graphically
represent the energy distribution of the electrons in the figure 2.1 and detail it with the
following features:

e A large peak at low kinetic energy is due to the secondary electrons.

e The center of the spectrum is composed of peaks corresponding to the atomic orbital
from which the photoelectrons are ejected. They are called core-level photoelectrons
and come from localized levels. These latter are sensitive to the chemical environ-
ment of the atom. As we will see in subsection 2.1.1.4, the chemical nature of the
neighboring atoms of the emitter can be determined.

e Valence electrons come from delocalized levels which determine the electronic struc-
ture of the material, giving its nature: conductor, semiconductor or isolant.

¢ Spectral width =hv - ¢ ———=
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Figure 2.1: Schematic of a full photoemission spectrum [1/9].

The measured intensity depends on the instrument transmission, the elemental con-
centration, the atomic photoionization cross-section o of the considered atomic level, and
the depth probed. This depends on the inelastic mean free path .

Photoionization cross-section ¢ The atomic photoionization cross-section o repre-
sents the probability of an incident photon to ionize an orbital for a given element. It
depends on the atomic number of the atom, the core-level considered, and the photon
energy. Values are typically taken from the calculations of Scofield [150] or Yeh and Lin-
dau [151] and can be represented graphically, as in figure 2.2, for the silicon core-levels
2s, 2p, 3s and 3p with an AlK«a excitation.
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Figure 2.2: Silicon case. For a given photon energy, o of a core-level increases as the binding energy

increases [151]. The cross-section unit is given in Mb: 1 Mb = 10718 em?.

Inelastic mean free path A\ XPS is a surface characterization technique which gives
informations only in the near surface because the emitted photoelectrons are likely to
lose energy due to inelastic collisions before they escape from the surface. The important
factor here is the mean free path. It is defined by the International Organization for
Standardization ISO 18115:2001 as the average distance that an electron with a given
enerqy travels between successive inelastic collisions. It strongly depends on the kinetic
energy of the electrons and varies with materials. It can be obtained theoretical or
with certain types of experiments. The physical parameter of interest is the electron
attenuation length, defined as the thickness of material through which electrons may
pass with a probability e~! that they survive without inelastic scattering. It is obtained
experimentally from overlayer-film experiments and with use of a model in which the
effects of the elastic electron scattering are ignored.
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Figure 2.3: Universal curve of the inelastic mean free path X for electrons in solids for various
materials in symbols [152]. The dashed line describes the experimental data fit [153].

Figure 2.3 shows the experimental values of mean free path for different materials: A
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depends on the density, the nature of the matrix, and also on the photoelectron kinetic
energy. As can be seen on the curve, the mean free paths are very high at low energies,
fall to 0.4-0.8 nm for energies in the range 30-100 eV and then rise again as the energy
increases. This makes XPS a unique surface-sensitive technique for chemical analysis.

Powell et al. [154] summarize procedures to accurately determine this fundamental
material parameter among others. Tanuma et al. [155] report calculations of electron
mean free path in a group of 15 inorganic compounds, including SiO,. In their paper [156],
Gergely et al. present past and present research on this topic, giving a comparison
between calculation and experiment.

Escape depth The contribution of an overlayer of thickness z with a detection angle
with respect to the surface normal 6 is given by:

—z
I=1I, (1 — exp /\sine) , (2.2)

where [, is the XPS signal obtained for an infinitely thick layer, and A sin € is called escape
depth. It is determined as the distance normal to the surface at which the probability
of an electron escaping without significant energy loss due to inelastic processes drops to
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Figure 2.4: Relative contributions of the signal intensity of different layers of thickness
Asin® [157,158].

The information depth d is the average distance normal to the surface from which a
specified percentage of the detected electrons originates. The overlayer films of thickness
Asin @, 2Asin @ contribute respectively to 63 % and 86 % of the XPS total signal. When
the percentage of detected photoelectrons is 95 %, d is called sampling depth and is
estimated to be:

d~3\sind , (2.3)

Using Al or Mg X-rays, the probe depth is generally a few nanometers.

In their papers [159,160], Jablonski and Powell summarize the relevant theory to define
practical expressions of the inelastic mean free path, the sampling depth and the effective
attenuation length in materials.
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2.1.1.3 Binding energy calibration

In XPS, the sample is in electrical contact with the spectrometer. This puts the Fermi
level Er of both the sample and spectrometer at the same energy at thermodynamic equi-
librium. The difference in energy between the Fermi and the vacuum levels corresponds
to the minimum energy required to eject an electron from the highest occupied level into
vacuum. It is called work function. Hence, we introduce the spectrometer work function
®,, and the sample work function &, [161].

Halas et al. calculate work function of elements and express it in terms of Fermi
energy and bulk properties [162-164]. See also theoretical and experimental work by
Henke et al. [165] or by Takeuchi et al. [166].
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Figure 2.5: Energy level diagram for a sample grounded to the spectrometer.

Referring to figure 2.5, we can define the photoelectron binding energy Ezj; measured
by the spectrometer and referenced to their common Fermi level as:

Bl =h—E,—®, (2.4)
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where E, is the photoelectron kinetic energy with respect to the sample vacuum level.
But the spectrometer measures kinetic energies Eypeasured, Stated:

Ek:measured - Ek - (q)sp - @s) . (25)

Thus, the binding energy measurement is independent of the sample work function
®,, but dependent on the spectrometer work function ®,, and can be expressed as:

Eé = hv — Ekmeasured - q)sp . (26)

The local work function is related to the photoemission threshold. In a similar man-
ner, information about electronic states close to the Fermi level can be deduced from the
valence band photoelectrons and chemical information from the core-level ones. Keep-
ing in mind figure 2.1, considering the case (®,, — ®,) negative [118] we can add some
precisions:

e The spectrum low energy cut off is at Ej, = ®,. Below this value, electrons have a
kinetic energy smaller than the sample work function.

e The high energy cut off is at £y = hv — &, when the electrons are ejected from the
Fermi level whose binding energy is defined to be 0 eV.

2.1.1.4 Core-level analysis

Variations in terms of binding energy for core levels arise from different effects, which can
be divided into two groups, namely initial state and final state. The initial state before
photoemission is determined by the chemical environment of the atom of interest. The
latter is due to the intervention of the photoelectrons with all the other electrons in the
solid. We will detail now these two processes.

Core-level chemical shifts One of the most important features of XPS is that the
core-level positions depend on the valence state of the atoms: changes in the local charge
and potential of an atom cause shifts in the core-level binding energy and are called chem-
ical shifts. By studying them, one can obtain information on the valence state of an atom.

The basic physics underlying the change in binding energy is as follows. The energy
of an electron in a tightly bound core state is determined by both the attractive potential
of the nuclei and the repulsive core Coulomb interaction with all the other electrons. We
can use a simple model to relate the binding energy to the effective charge:

Ep=Eg’ +ke+qV , (2.7)

where Ej is the binding energy of the considered core-level in the atom, E° is a reference
energy, k is a constant, e is the valence charge on the atom and V' is the potential at the
atom due to point charges on surrounding atoms.

A change in the chemical environment gives rise to a spatial rearrangement of the
valence charges, leading to a different potential created by the nuclear and electronic
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charges on all other atoms in the compound. Thus, the shift in binding energy AFEp
of a core-level measured for an atom in two different compounds A and B with valence
charges respectively e? and e?, is given by:

AEp = K. (e! —e”) +qAV . (2.8)

The first term is called real chemical shift. Tt reflects the initial state effects on the
chemical environment of the atom A, i.e. before photoemission. It describes the differ-
ence in the electron-electron interaction between core orbital ¢ and the valence charge, the
coupling constant K. being the two-electron integral between core and valence electrons.
A change in the atom charge of K. (eA — eB) forces thus all core-levels of the atom to
shift their binding energy by the same value. This phenomena includes in the case of
semiconductor samples, a possible shift of the Fermi level position in the gap, depending
on the nature and the temperature of the dopants, and also on their concentration.

For two atoms A and B with the same valence band filling but an electronegativity
EN, < ENg, B tends to attract electrons from the valence band of atom A. The charge
transfer of an electron from A to B gives rise to a contraction of both core hole and
core-levels of the atom A, as shown in figure 2.6. Thus, an increase in positive charge
is therefore accompanied by an increase in binding energy, this is why atoms of higher
positive oxidation state exhibit a higher binding energy.

Charge

Valence
electrons

Core-t
electrons

Contraction of corehole

Figure 2.6: Representation of the initial state effect on the binding energy on a core-level. The more
the atoms surrounding atom A are electronegative, the higher the binding energy of core-level electrons
of atom A.

The second term gAV represents the influence of the final state. When an electron
escapes from its core-level, as seen in figure 2.7, the valence orbitals contract, screening
the positive charge created. The core-hole of the final state has a polarizing effect on
surrounding electrons and corresponds to relaxation. This contraction of the valence
levels corresponds to a decrease of the final energy ¢ AV which, by convention, is positive.
In their paper for XPS analysis [167], Pauly and Tougaard have focused on two effects:
the core hole left behind in an XPS process which causes intrinsic excitations on the one
hand, and excitations due to the photoelectron on its way to the surface region on the
other.

Shape of photoemission peaks Photoemission peaks are not simply delta functions
and broadening occurs due to different effects which have to be considered. The shape
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Figure 2.7: Representation of the final state effect on the binding energy of a core-level: core-level

binding energies increase with the atom oxidation state.

of a peak should be determined separately for every chemical compound. Practically in
most cases (except high-resolution measurements) the symmetric peak shape can be well-
described by the Gauss-Lorentz (Voigt) profile for semiconductors and insulators and the
asymmetric peak is described by the Doniach-Sunjic profile for metals. Resolving peaks
due to different chemical states depends on their energy separation and the experimental
resolution.

The ejected photoelectron leaves behind a positive core hole which decays when another
electron relaxes to fill it according to an associated lifetime. This effect causes Lorentzian
broadening of the photoemission peak. The term AF, is determined by a lorentzian
function and corresponds to the lifetime of the core-hole state after the photoelectron
emission. From the Heisenberg’s uncertainty principle, we obtain the inherent line width

of a core level:
AB, =" (2.9)
T
where h is the Planck’s constant, and 7 the core-hole lifetime. The deeper the orbital,
the shorter the lifetime of the core level remaining after photoemission and the broader
the peak width.
The XPS analyzer broadening AFE, is described by a Gaussian profile. X-ray sources,
either laboratory or synchrotron, present also a Gaussian spectral shape AF, because of

the instrumental broadening introduced by a monochromator.

The observed photoelectron peak through the instrument has a width AFE defined as
the full-width-at-half-maximum of the peak after background subtraction. The several
contributions can be approximated by the overall energy resolution of the instrument:

AE = /(AE,? + (AE.)? + (AE,)? , (2.10)

where AF, is the natural linewidth of the core level, AE, is the photon band width
and AFE, is the analyser resolution. The determination of this last factor AFE, will be
explained in equation 2.13.

Shape of photoemission background All photoemission spectra contain background
due to inelastically scattered electrons from the processes. Scattered emitted electrons
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which have lost energy due to inelastic interactions, but still have enough energy to escape
from the surface, contribute to the background signal in an XPS spectra. To estimate the
real peak shape from an experimental spectrum, the background has to be subtracted.
Different models of background shape can be used: a simple linear-type background can
be chosen for fast spectral analysis, whereas for more accurate line shape analysis, more
sophisticated background are to be preferred.

Shirley suggested a background shape on the assumptions of a constant energy spectrum
of scattered photoelectrons and a constant scattering probability in the peak region [168|.
This Shirley background is a smoothed step function which is a good approximation to
fit the background intensity.

Other backgrounds used for subtraction from photoemission spectra include a linear func-
tion, and a Tougaard background (a more complex smooth step background used to ac-
count for inelastic processes).

For all core level photoemission spectra in this thesis, a Shirley background has been
removed. To go further in understanding the different methods and procedures for back-
ground subtraction on spectra for monochromatic Al X-ray, see for example Powell [169].

2.1.1.5 Instrumental aspect

A high vacuum environment is necessary to enable the emitted photoelectrons to be
analysed without collisions with residual gas molecules. Moreover, the surface compo-
sition of the sample should not change during the experiment: it is important to avoid
surface contamination. XPS experiments are performed in UHV, at pressures less than
5.1071° mbar. The equipment is also fitted with mu-metal shielding to prevent magnetic
field penetration into the analyser and the analysis space.

Electrostatic analyser The analyser is an electrostatic hemispherical deflector anal-
yser, also called Hemispherical Single Analyser (HSA). It is composed of two concentric
hemispheres, biased negatively with respect to Vg which is the median equipotential sur-
face between the hemispheres, and respectively in absolute value, higher for the inner
sphere and lower for the outer. This analyser disperses electrons according to their ki-
netic energy and focuses them from the entrance plane to the exit one. Variable slits
are located at both the entrance and the exit of the analyser, controlled by a rotary
feedthrough. Though it is not schematically represented in figure 2.8, it is important to
mention the presence of an input electrostatic lens at the entrance of the hemisphere.
This latter collects the photoexcited electrons and focuses them onto the entrance slit w;
of the hemisphere, adjusting their kinetic energy to match the pass energy of the analyser.
This lens defines also the analysis area and the angular acceptance 2a of photoelectrons
passing through the hemispherical analyser.

The two hemispheres have radii respectively R; and R,. The mean radius is Ry. The
entrance and exit slits are both centered on Ry as represented schematically in figure
2.8 a). A potential is applied on each hemisphere, respectively V; and V, producing an
inverse squared 1/R? electrical field between the two hemispheres is produced, bending
the photoelectrons trajectories. Its equipotentials are green lines simulated in figure 2.8
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Figure 2.8: a) Representation of an HSA. b) Simulation of electron trajectories [170]. The blue line is
the equipotential for 0 V.

The geometry of the analyser and the potential applied on each hemisphere define the
analyser energy, also called Pass Energy, E,, as:

g _1a=-V)

p = 4<& - &> , (2.11)
Ri ~ R

where ¢ is the electric charge.

This value corresponds to the energy an electron should have when entering into the

analyser to exit from it with a trajectory of mean radius Ry. Electrons whose kinetic

energy is less than £, — % strike the inner sphere. Those whose energy is higher than

E,+ % are stopped by the outer sphere. A retarding voltage R is applied at the entrance

of the analyser to select the kinetic energy.

There are two modes of analysis: the photoelectrons kinetic energy can be scanned
either by varying directly the pass energy, while holding the retarding ratio constant, or
by varying the retarding ratio, while holding the analyser pass energy constant.

In the first mode, electrons entering the analyser are retarded by the entrance lens by a
constant proportion of their kinetic energy, so that the ratio of electron kinetic energy
Ej, to analyser pass energy F), is kept constant. This ratio k is called retarding ratio:

(2.12)

During a spectrum acquisition, the pass energy of the analyser is continuously varied
to maintain k constant. Since sensitivity and resolution are proportional to the pass
energy, they also vary. The lack of a fixed resolution is a limitation of this mode called
Constant Retard Ratio (CRR).
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Most of XPS instruments are run in the second mode known as Constant Analyser Energy
(CAE) scan mode. In this mode of operation, the analyser pass energy is held constant,
and the retarding voltage is changed thus scanning the kinetic energy of detected elec-
trons. The resolution obtained in CAE is constant throughout the whole kinetic energy
range.

For more details on an analyser transmission equipped with an universal lens enabling
both kinds of analysis, see the paper written by Ruffieux et al. [171].

Energy resolution The analyser energy resolution AFE, depends on the pass energy
E,, the mean radius Ry, the angle of electrons entering the analyser at the entrance slit
a with respect the the optical axis of the analyser (see figure 2.8), and the width of the
entrance and exit slits, respectively w; and ws. It can be expressed as:

(w1 + wy) 2
AE, =E,| ——+a“ | . 2.13
(o 219

Figure 2.8 shows that decreasing the slit widths reduces the half angle of acceptance
«, which improves the energy resolution. However, high resolution, obtained by choos-
ing small slits, reduces count-rate. It is important to find a good compromise between
resolution and good signal-to-noise ratio.

The detector The detector is a channel electron multiplier (Channeltron) placed in
the analyser exit plane. It amplifies the current of a single photoelectron by a factor
about 10°. This small current pulse is passed through a vacuum feedthrough and then
brought directly to the preamplifier. The signal is first filtered to reduce noise. Then, it
is converted into an optical signal, and transfered via an optical fiber in order to maintain
low noise to a receiver unit. This last system converts the optical signal into an electronic
pulse which is counted by a pulse counter.

The recorded spectra are sets of data containing the intensity corresponding to the
total counts versus the electron kinetic energy referred to the sample Fermi level (E— Er).
The intensity is most of the time given in counts per seconds. The energy scale can be
expressed either in terms of measured kinetic energy or, if the position of the Fermi level
is known, in terms of binding energy.

2.1.1.6 Depth profiling by Angle-Resolved XPS (ARXPS)

We define the angle 0 as the angle between the sample surface and the analyser direction.
If the sample is rotated by #, maintaining the photon source and the detector in fixed
position, the effective sampling depth decreases by a factor sin @, as seen in equation 2.3.
The electrons emitted have to travel through more material at higher angles, so that
only those originating from the vicinity of the surface tend to escape with no energy loss,
as presented in figure 2.9. The relative intensities of surface and subsurface XPS peaks
change when the photoemission angle varies.

We have chosen to detail this method since the system of ARXPS is available on the
Multiprobe XPS instrument (MXPS). We used it to study the efficiency of a passivation
protocol on our samples. This point will be detailed in chapter 3 section 3.3. Current
status and future prospects for ARXPS are described by Herr [172].
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2.1.2 PhotoEmission Electron Microscopy (PEEM)

This section is dedicated to the PEEM instrumentation. This includes the electronic
optical column and the detector. It is completed by the presentation of X-ray photon
sources, especially those used in laboratory and in synchrotron environment during this
thesis.

2.1.2.1 Background

PhotoElectron Emission Microscopy (PEEM) dates back to the 30s [173,174] when elec-
tron lenses were being developed. The first commercially available PEEM based on a
cathode lens system was built in the 60s, but its applications were restricted due to the
limitations in terms of vacuum quality [175].

PEEM systems with high lateral resolution have now been available for 15 years using
low-energy UV sources. Full field imaging combining XPS and PEEM has existed since
the 1980s [176,177] giving information about the chemical composition of the surface.
However, due to the lack of high-transmission on the one hand, and the scarcity of bright
X-ray sources on the other hand, it was difficult to perform core-level imaging with good
resolution [178|. Nowadays, a new PEEM conception allows better imaging of core-levels
either with synchrotron radiation or in the laboratory, and will be described in sections
2.2.3 and 2.2.4.

2.1.2.2 Electron optics: the PEEM column

PEEM column PEEM without energy filtering is the simplest case encountered. There
are two basic conceptions of PEEM imaging:

e The sample is near ground potential and the extractor anode, part of the first lens in
the immersion objective, is at high positive voltage, as illustrated in figure 2.10 a).
The PEEM column consists of electrostatic elements: the immersion objective lens
composed of an electrostatic octupole stigmator, an adjustable contrast aperture
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situated in the back focal plane of this objective lens, and two projective lenses
which are necessary to project the intermediate image onto the screen.

e The sample is held at a high negative potential and an electric field is created
between it and a grounded anode. The whole column is biased to negative voltage to
focus the photoelectrons on the image plane. The lenses are, in this case, magnetic.
Most of PEEMs installed in synchrotron beamline are of this kind.
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Figure 2.10: a) Schematic layout of a PEEM column [91] where the sample is at ground potential. b)
Schematic layout of a PEEM column [179] where the sample is held at high negative voltage. This
Spectromicroscope for PHotoelectron Imaging of Nanostructures with X-rays (SPHINX) X-PEEM, is

installed at the University of Wisconsin Synchrotron Radiation Center.

In general, small fields of view improve imaging conditions. The photoelectron tra-
jectories are very closed to the optical axis corresponding to approximately Gaussian
optics.

PEEM transmission The combination of an immersion lens and a contrast aperture
has a pronounced low-pass filter behavior. In figure 2.11 a) and b), the secondary electrons
yield sees its distribution in energy decrease after passing through the optics. The width
of the low-pass filter depends on the contrast aperture diameter placed in the focal plane,
as presented by Anders et al. [180]. Figure 2.11 ¢) represents the energy distribution of
electrons transmitted through a PEEM column using apertures of different diameters:
the smaller the aperture, the smaller the energy width and the lower the intensity of the
secondary electron spectrum.

2.1.2.3 The detector

The detector consists of three elements: microchannel plates (MCPs), a fluorescent screen
and a CCD. The aim is to convert the electronic signal collected by the column in an
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Figure 2.11: SE spectrum before a) and after b) passing through a PEEM column [91,95]. ¢) Energy

distribution of electrons transmitted through a PEEM, using apertures of different diameters (in
um) [180].

optical one, which can be recorded by a camera.

This implies firstly to emphasize the collected signal: incident electrons are multiplied
thanks to an avalanche multiplication system when passing through the MCP [181] which
are compact electron multipliers with high gain. Then, these electrons are accelerated
onto a fluorescent screen. The screen can be made of YAG crystal or phosphor, and
emits a photon when an electron hits it. A cooled CCD equipped with a lens collects
these photons. The optical image resulting on the fluorescent screen corresponds to the
electronic image of the surface obtained by the PEEM. Details about such system are
well presented by Moldovan et al. [182].

2.2 Energy-Filtered XPEEM

Over the last two decades, PEEM imaging has seen an important breakthrough thanks
to the development and the implementation of several energy filters on PEEM columns.
This section is organised as follows: after some state-of-the-art of actual trends in energy-
filtered PEEM, we will present some general features concerning the instrument used
during this thesis: the NanoESCA. Then, we will detail its overall performances before
finishing with some details concerning its operation with laboratory sources and in a
synchrotron environment.

2.2.1 Present trends in energy-filtered PEEM

PEEM combined with the energy filtering of the photoelectrons allows spectroscopic
imaging. Alternative approaches of energy-filtered PEEMs and their main characteristics
are now briefly presented. The aim of this overview is not to realize an exhaustive list of
energy filtered PEEMs existing, but almost to situate our NanoESCA instrument among
the PEEMs family. In their review on photoelectron microscopy, Giinther et al. [91] have
described the different alternative approaches of energy-filtered PEEM systems more in
detail.
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Wien Filter A Wien filter consists of orthogonal electric and magnetic fields, respec-
— —
tively E and B, perpendicular to the photoelectron trajectory. Only the photoelectrons

satisfying the condition E:? X 13, travel undeflected through the Wien filter [183]. By
choosing kinetic energies characteristic of the elements thanks to a slit placed after the
Wien filter, the image reflects their distribution, as presented in figure 2.12 a). How-
ever, one drawback is the low sensitivity, since the acceptance angle is small. A solution
simulated with the charge simulation method by Niimi is to correct it with a multipole
arrangement [184,185].

A detailed view of an XPEEM system using a Wien filter-type electron energy analyzer
is presented in figure 2.12 b). Tsutsumi et al. have developed this kind of energy-filtered
PEEM, which has the advantage to carry out an easy alignment of the electron optical
axis. They also discuss about future applications to organic devices [186,187].
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Figure 2.12: a) Wien-filter scheme [188] and b) energy-filtered PEEM equipped with a retarding
Wien-filter [183].

Omega Filter The Omega filter system is implemented on the Spectro-Microscope with
Aberration correction for many Relevant Techniques SMART instrument, available on
BESSY II facility. It consists of four sector magnets arranged like the greek capital letter
omega. It is also combined with multipole magnet correctors, as can be seen in figure
2.13. The configuration discriminates the photoelectrons and the secondary electrons. A
slit in the dispersion plane of the Omega filter allows to define an energy window. The
pass energy is kept constant in order to avoid magnet realignments. Basic principles of
the Omega system, and the various modes of operation and the optical design of the
SMART instrument are presented by Fink et al. [189].

Time of Flight (TOF) This mode is similar to spectroscopic TOF experiments, but
implemented in a PEEM. It requires a linear microscope column and a pulsed photon
source which can be either a laser or a synchrotron source.

When emitted after a single impulse of photon, photoelectrons are dispersed in time
according to their velocity. The rear part of the PEEM column is elongated with a drift
tube at reduced potential, where electrons are retarded to the desired drift energy allowing
the detection of the dispersion. To analyze the energy distribution of photoelectrons in
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Figure 2.13: SMART instrument schematic layer including an Omega filter [190)].

PEEM, the time of flight for electrons passing this section is measured, referenced to the
time structure of the pulsed photon source. Figure 2.14 presents a schematic view of this
setup. One characteristic of ToF PEEM is to reduce the chromatic aberrations of the
microscope due to the energy distribution of the secondary electrons.
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Figure 2.14: Schematic view of a Time of Flight PEEM called IS-PEEM [191].

Two ways of fast image detection can be encountered at the back of the instrument:
either a fast gated intensified CCD camera as presented in figure 2.14, or a special count-
ing electronics in combination with a delay line detector. This latter collects all electrons
arriving at different times in a 3D (x,y,t) data histogram: both the two dimensions posi-
tions (x,y) and the time marker of the excitation are acquired simultaneously. Compared
to a CCD camera with an ultrafast gated optical intensifier, it has a superior time resolu-
tion in the sub-nanosecond range since it detects any single counting event. Its principle
is well explained by Oelsner et al. [192]. The main limits of the delay line detectors are
determined by the detector system, but nowadays, time resolution down to about 100 ns
is possible [193].

Good work presenting the developments in time and energy resolved PEEM over the
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past few years was also realized by Oelsner et al.. Characteristic parameters for both
pulsed excitation sources suitable for ToF PEEM and time-resolving detection units are
tested and presented by Schonhense et al. in tables 1 and 2 of reference [194]. With
such systems, studies of magnetization dynamics can be done at sub-picosecond time
resolution [195].

Retarding Field Filter The retarding field analyzer can be designed either with a
retarding field lens system or with a combination of two retarding lenses L; and Ls plus
double grids G; and Go [196] as visible in figure 2.15. The lens elements form the pre-
retardation optics: voltages are set to decelerate photoelectrons and to achieve normal
incidence of their trajectories on the grids. These grids are connected together and form
an homogeneous electric field. The behavior of such system is a high-pass one, allowing
only photoelectrons having an energy higher than G5 voltage to pass through.
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Figure 2.15: Schematic view of the lenses optics of a PEEM, including a retarding field filter in front
of the MCP [197].

Hemispherical Deflector Analyzer This filter presented in figure 2.16 is the elec-
trostatic analyser used in XPS spectroscopy, as detailed in section 2.1.1.5, which acts as
a band-pass filter [198]: only photoelectrons having an energy in the pass energy range
can travel through the electrodes forming the analyzer at constant radius, and can be
imaged thanks to a 2D detector positioned at the screen plane.
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Figure 2.16: Hemispherical Deflection Analyzer [199].

Double Hemispherical Analyzer Last but not least, among XPEEM instruments
fitted with high transmission band-pass energy-filters [200], one has to consider those
equiped with a double hemispherical analyser. It is based on a tandem arrangement
of two hemispherical energy analysers used as an imaging energy filter. A good review
on such a system was realized by the manufacturer Omicron [201]. The main spherical
aberration (a?-term) of the analyser is corrected by the antisymmetry of the tandem
configuration which leads it to be a state-of-the-art energy filtered spectromicroscope.
The advantages of such configuration over a simple hemispherical analyser are:

e its lateral resolution independent of the pass energy, and the total resolution is only
limited by the aberrations of the PEEM lenses,

e high transmission imaging is available at low pass energies with good lateral and
energy resolution, since the second hemisphere compensates the aberrations of the
first one,

e real core-level and valence band imaging can be performed since this configuration
provides band pass filtering of photoelectron kinetic energies.

It is possible to use it with a bright laboratory X-ray source [202| as described in
subsection 2.2.3 and with synchrotron radiation. Photoelectrons from several range of
kinetic energies can be imaged, bringing lots of information about the surface properties,
as depicted in figure 2.17. The blue rectangles represent the energy windows available
with such instrument. This figure is the same as figure 2.1 completed with properties
deduced from each kind of energies. A wide series of studies led with this instrument can
be given in example: single silicon nanowires [203|, doped patterned surfaces [101], work
function of single copper grain [127|, magnetic domains imaging [204-206], or pre-solar
meteorites [207,208].



58

ENERGY-FILTERED XPEEM

o Spectral width =hv - ¢ ——————i
Secondary 3 ¢
Electrons

Work g
Function Core-Level
photoelectrons

()Band bending
Oxidation state

Valence
Band
(> Surface

states
Electronic
structure

[ <o

s Kinetic Energy (eV) F

Figure 2.17: Range of kinetic energies observable in energy-filtered PEEM imaging and informations

deduced [149].

2.2.2 The NanoESCA

2.2.2.1 Introduction

The NanoESCA represents a new concept for spectroscopic imaging. The design combines
a fully electrostatic PEEM column and a double hemispherical analyser as energy filter.
Figure 2.18 shows a side-view of the instrument indicating the different optical paths
corresponding to three different operation modes:

e Direct non energy filtered PEEM imaging: 1

e Selected area spectroscopy: 2

e Energy filtered PEEM imaging : 3

The description of the instrument presented in figure 2.18 can be detailed as follows:

e The PEEM column is composed firstly by the immersion objective lens, which

consists of a sample near ground potential and an extractor anode that can be kept
up to 15 kV. The electrons are focused onto the entrance slit of the energy analyser.
The lens is used in CAE scan mode, hence retards the electrons relative to the energy
at which they leave the sample surface. It also provides variable magnification and
angular acceptance to select the sample analysis area. A variable iris aperture in
the PEEM allows to select areas down to 1 pum diameter for microspectroscopy.
The projective lenses are either used to project the first intermediate image onto
the screen for the mode 1, or to adapt the electron energies to the pass energy of the
analyser for modes 2 and 3. The electrons being decelerated towards the column
and not towards the analyser, this has the advantage to maintain high transmission.

Two hemispherical energy analysers of 125 mm mean radius, with double focusing
geometry thanks to a transfer lens in between,
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Figure 2.18: a) Schematic representation of the different operation modes of the NanoESCA [209]. b)
Photography of the instrument: 1 and 3: MCP, 2: PEEM column, 4: X-ray source detailed further on
subsection 2.21 and 5: IDEA [201].

e A set of slits at the entrance and exit of the energy analyser defines the resolution
of the analyser,

e A detector consisting of a Channeltron electron multiplier mounted focusing the
exit slit of the second hemisphere,

e Two imaging units, based on an MCP, a fluorescent screen and a CCD for the two
modes 1 and 3.

For the mode 2, the second hemisphere deflection field is switched off: the electrons
are focused by the transfer lens into a Channeltron detector allowing microspectroscopy
in the field of view.

We will focus now on the double hemispherical analyser implemented as energy-filter
[210], also known as Imaging Double hemispherical Energy Analyser (IDEA).

2.2.2.2 Characteristic of the NanoESCA: the IDEA system

The principle is based on Kepler's law of planetary motion on ellipses: the electron
trajectories after a complete revolution coincide, independently of start energy or angle, as
seen in figure 2.19 a). The second half of the elliptical orbits compensates the aberrations
of the first half, generating an achromatic image without geometrical aberrations. Their
action is illustrated in figure 2.19. This underlines the importance of the second analyser
which corrects for the o term due to the angle of acceptance, responsible of the blurring
energy-filtered images at low-pass energies, as seen in figure 2.19 b).

In defining the NanoESCA performances, it is as important to consider both the
energy and lateral resolution and their influence on transmission.
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Figure 2.19: a) Absence of geometrical aberrations in a closed spherical sphere [201]. b)
aberrations introduced while passing through the first hemisphere are compensated by the trajectories in
the second [209].

2.2.2.3 Energy resolution

The energy resolution of the IDEA analyser is the same as determined in formula 2.13 [201]
for a HSA:

AE, = E, (% + 042) . (2.14)
0

It depends on the electron pass energy E,, the slit widths w and the acceptance angle
of the lens system « with respect to the optical axis of the analyser. To obtain a good
energy resolution, providing the o?-term is negligible, one has just to increase the trans-
mission of the NanoESCA.

The transmission T is given by the equation [209]:

AFE
T x —a2R (2.15)

/B,

where « is the constant aperture angle at the analyser’s entrance slit, as already defined.
Decreasing the pass energy, or taking small slit widths, is an advantage to acquire images
with good spatial and energy resolutions, but it is necessary to keep in mind that the
photon flux of the excitation source is intense enough to observe a good signal-to-noise
ratio. A typical value of £}, is 100 eV but it is possible to go down to 50 eV.

2.2.2.4 Lateral resolution

The IDEA system itself does not limit the lateral resolution since the second of its two
hemispherical analysers always compensates the dispersion of the first one. Hence, con-
trary to a HSA, the lateral resolution of the NanoESCA is independent of the pass energy
and depends only on the aberrations of both the extracting field and the optics before
and behind the IDEA, but especially those of the cathode objective lens [211].
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According to Escher et al. [209], the total resolution d;, can be approximated by the
resolution disc diameter:

Td

dyoy = 2\/dzc + 2+ d? (2.16)

where d7_, d? and d?, are respectively the chromatic, the spherical and the diffraction
contributions to the disc radius. These parameters can be expressed as:

E Eo \*?| AE
d?“c = lU Ot + Cc (U_Ot) FQO(() , (217)
1| E Eo \*?
dry = 1 ZUOt +C, <U_Ot) ag , (2.18)
d?“d = 4073 ) (2'19)
Eysin (ap)

where [ is the field length, U.,; the potential of the extractor anode, Fy the starting ki-
netic energy of an electron which leaves the sample surface with a starting angle aq, and
Cs and C, respectively the spherical and chromatic aberration coefficients. The definition
of these aberrations and their influence on image formation and resolution obtained are
well explained by Rempfer et al. [212,213].

The lateral resolution of the NanoESCA objective lens for electrons with 100 eV
kinetic energy has been calculated and is presented in figure 2.20 for three different
values of the extractor potential. The resolution decreases when decreasing the contrast
aperture diameter and increasing the extractor potential. It is easy to understand why
small apertures improve the spatial resolution of the instrument: these latter filter indeed
photoelectrons, conserving only the closest to the optical axis, and those with small
entrance angles, allowing to approach Gauss conditions. However, small contrast aperture
does not correct aberrations due to the PEEM column, they only limit them. The
minimum of lateral resolution is limited by the three dashed lines corresponding to the
aberrations intrinsic to the system. Two values obtained from real experiments (red stars)
with 12 kV extractor voltage were also added.

Astigmatism is another factor which has an influence on lateral resolution. It has
also to be taken into account, even if it does not appear in figure 2.20. It comes from a
problem of symmetry around the optical axis due to a misalignment between the sample
and the optical column, or due to a misalignment between the different lenses of the
PEEM column. The octupole stigmator implemented on the PEEM column can com-
pensate this astigmatism. A patent was registered during this thesis on an astigmatism
correction method for secondary electron imaging but above all for core-level imaging.
This will be detailed in subsection 2.4.3.

Another strong feature of this instrument is that it can be operated using both labo-
ratory X-ray or UV sources and synchrotron beamline. Thus, we can use UV (Hg or D,
radiation) and VUV (He I and He II) sources, but also monochromatic AlK« radiation
using a laboratory Focused X-ray Source (FXS). We will detail the two X-ray sources
used on the instrument: the FXS, and synchrotron radiation.
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Figure 2.20: Lateral resolution of the NanoESCA objective lens for an extractor potential U..; =E of
5kV, 10 kV and 15 kV [201].

2.2.3 The laboratory Focused X-ray Source (FXS)

The laboratory X-ray source used in the NanoESCA is a unique high flux X-ray source,
providing a bright focused monochromatic beam on the sample surface whose size can
be adapted to provide the most uniform illumination conditions. It is more intense
than conventional AlK« source since it uses a focused electron beam scanned upon an
aluminum anode for X-rays generation. Moreover, thanks to the high cooling efficiency
of this anode, this latter tolerates higher heat brought by the small electron beam, and
thus, delivers a higher photon flux density.

An ellipsoidal quartz crystal monochromatizes the X-ray beam and focuses it onto the
sample.

Monochromator crystal

Electron gun

Sample

Figure 2.21: Focused X-ray Source scheme.

2.2.3.1 The electron gun theory

The electron gun filament is a LaB, source. Appropriate voltages give an intense finely
focused electron beam which is scanned across the X-ray anode, stimulating the emission
of X-rays from the anode. The movement of the electron beam across the anode is
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reflected by the X-ray beam across the sample. The electron beam size determines the
X-ray beam one.

2.2.3.2 The monochromator

The monochromator is based on a 200 mm Rowland circle where a quartz (100) crystal
is bent on an ellipsoidal substrate whose center is tangent to the Rowland circle in order
to generate micro focused X-ray beam.

The X-ray energy dispersion eliminates the Kas 4, Kas ¢ and K3 X-ray lines and also
the Al bremsstrahlung radiation background. It also narrows the AlKq; line, allowing
core-level and valence band spectra to be acquired with both high energy resolution and
good signal-to-noise ratio. The narrower X-ray line width, the higher analyser energy
resolution, as seen in equation 2.10.

The ellipsoidal monochromator operated according to Bragg’s law for X-ray diffrac-
tion. A single wavelength of Ka X-ray from a conventional aluminum anode is reflected
from (100) quartz crystal surface at a specific angle of reflection 6:

nA = 2dsind , (2.20)

where n is the integer determined by the order chosen, d is the spacing between the planes
in the atomic lattice and A the wavelength considered. In the specific case of AlKa;, the
values of these factors are: d = 0.4255 nm, A = 0.834 nm, § = 11.5°.

Typically the X-ray source monochromator delivers Al Koy radiation with the follow-
ing features:

e 1486.7 eV of photon energy,
e 0.26 eV of photon bandwidth (AE;),

e A photon flux of 10'? photons.s~'.mm~2,
e The X-ray beam is incident at the sample surface at an angle of 66° with respect
to the surface normal,

e The X-ray spot size on the sample surface can be adjusted between 30 ym and
200 pm,

e A 30 um X-ray spot size corresponds to a power load on the Al-coated anode of
4.3 W.

2.2.4 Synchrotron sources

Synchrotron radiation was first observed from accelerators dedicated to particle colli-
sion experiments in nuclear physics. One observed that the charged particles lost kinetic
energy under the form of electromagnetic radiation when they were orbiting in the syn-
chrotron. For the collision experiments, the energy loss was an undesired effect but one
discovered the advantages of such radiation. In the 1970s, storage rings dedicated for this
purpose were started to be built.
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The principle is as follows: charges submitted to an acceleration, moving in a closed
curved path under the influence of magnetic fields, radiate some electromagnetic radia-
tion. Their kinetic energy being highly relativistic, due to this acceleration, and combined
with a deviation of their trajectory, they emit light in a continuous spectrum whose in-
tensity maximum is proportional to the radius of curvature and inversely proportional
to the cube of the electron energy. Moreover, the emitted radiation is concentrated in a
very narrow cone tangential to the electron orbits whenever a magnetic devices force the
particles to change their trajectory. We will come back on this point later.

A synchrotron radiation source is composed of three accelerators: a linear accelerator
the LINAC, and a circular one, the booster. The last one is the storage ring itself, where
the circulating particles are kept at the operating energy. These different parts of most
of third generation synchrotron installations are now detailed. The parameters values are
given for the SOLEIL machine in Saint-Aubin (France). Figure 2.22 displays a schematic
of the synchrotron facility.

The LINAC A LINear ACcelerator (LINAC) is used as a pre-injector which acceler-
ates charged particles. It is composed of adjacent metal cylinders at opposite electrical
potential, called drift tubes. The metal acting as equipotential surface, particles travel at
a constant velocity. The LINAC runs in two main operation modes: the multibunch mode
is the standard user operation mode in which the storage ring is filled with 416 bunches
of electrons for a total current of 500 mA. The temporal structure mode corresponds to
the use of 8 bunches separated by 140 ns, and its lifetime is 18 hours.

© SOLEIL - JF Santarelli - EPSIM

Figure 2.22: Synchrotron SOLEIL principle. Courtesy of SOLEIL [214].

The electrons extracted from the LINAC have an energy of 100 MeV and must be
accelerated to higher energies. This is the aim of the injector called booster, a circular
accelerator of 157 meters diameter, in which the electron beam circulates several times
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before being injected into the storage ring. For each revolution, electrons pass through
two radio frequency cavities in which electromagnetic fields oscillate. They are increased
until the beam operating energy is reached, i.e. at 2.75 GeV.

The storage ring The storage ring allows the current of electrons to circulate along
a closed trajectory of 354 meters perimeter under vacuum, around 1.107Y mbar. The
energy lost by the radiating electrons is restored by radio frequency cavities which are
regularly positioned around the ring. The third generation synchrotron light sources can
produce light with high spectral flux and brilliance in a wide range of energies thanks to
magnetic devices inserted into straight sections of the storage ring which induce devia-
tions of the trajectories of the relativistic electrons. Wigglers are more effective insertion
devices than simple bending magnets since they correspond to an association of several
magnets with alternating field directions.

Most modern machines preferentially use undulators instead of wigglers since they are
the most powerful generators of synchrotron radiation. They generate a thin beam of
coherent light. The emitted radiation intensity is proportional to the square of the num-
ber of magnets. Its polarization can be linear, elliptical or circular, depending on the
magnetic geometry used.

The synchrotron radiation can be of different ranges of energies: the low energies are
covered by radiation coming from bending magnets and undulators, whereas the high
energy range is covered by radiation coming from wigglers. Synchrotron radiation has a
broad continuous spectral range. In the case of insertion devices, intensity is concentrated
in harmonics typical of the undulator or wiggler setting.

The beamline FEach beamline has its own insertion device to optimize the X-ray beam
characteristics for its specific experiments. After the beam of light is generated in the
storage ring, it travels towards the experiments through several elements which are nec-
essary for beam conditioning:

e Windows are thin sheets of metal, which transmit almost all of the beam, but
protect the storage ring vacuum from contamination.

e A monochromator filters out a single desired wavelength of radiation with a narrow
bandwidth. For radiation in the UV region of the spectrum, a reflection grating
monochromator is used. The incident beam is focused onto the grating by a first
mirror. The grating Bragg diffracts the beam, distributing the different wavelengths
over a cone of radiation. By use of a suitable slit, the desired wavelength can
be chosen and the resulting monochromatic beam is focused onto the exit of the
monochromator by a second optical system.

Advantages for photoelectron spectroscopy The advantages of synchrotron third
generation sources can be summarized in three points:

e Tunability: The continuum spectrum synchrotron radiation covers from the far
infra-red to X-rays. It is possible to probe the sample, obtaining hence spectro-
scopic informations either from the surface or the volume bulk without changing
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the detection angle by exploiting the kinetic energy dependence of the inelastic
mean free path 2.1.1.2. Here, the energy distribution spectrum is recorded at a
fixed value of emission angle for several photon energies. Band structure, electronic
surface states or the density of states can be determined. Moreover, choosing the
wavelength of the synchrotron beam allows optimization of photoionization cross-
section which helps in having better chemical sensitivity than in laboratory.

e Variable polarization of synchrotron light: it is possible to select linear or circular
one with the appropriate undulator. Synchrotron light is horizontally polarized in
the deflection plane of the storage ring. When moving up or down, polarization
becomes circular, which can be of interest in magnetic dichroism studies.

e High brilliance: thanks to the small divergence of the beam and the use of insertion
devices, the brilliance available with synchrotron light is six orders of magnitude big-
ger than that of laboratory sources between 10 and 10?° photons.s~!.mm~2.mrad 2.

The use of synchrotron radiation also helps in increasing the overall energy resolution
of the system (source+IDEA), since its own resolution is given by the relation:

hv

AE, = — .
°* RP

(2.21)

where hv is the energy of the synchrotron beam and RP is the resolving power of the
optics used in the beamline to bring the X-ray beam to the instrument.

During this thesis, two synchrotron campaigns were performed on the Time resolved

Experiments on Materials with PhOtoelectron spectroscopy (TEMPO) beamline at SOLEIL
(Saint-Aubin). TEMPO is a soft X-ray beamline designed for time dependent studies of
electronic and magnetic properties. Its resolving power is 5000. The energy range avail-
able is from 50 eV to 1500 eV.
We usually worked with a linear horizontal polarization since it offers the best signal
intensity. For each beam energy used to carry out the experiments, the NanoESCA pass
energy was not set constant. This is due to the photoionization cross-section o which
decreases for high excitation energies. Increasing the pass-energy for high photon energies
can help in compensating the decrease of ¢ to maintain a high sensitivity.

Some very good reviews have been published on the physical principles and the ex-
perimental realization of the PEEM using synchrotron radiation for chemical [215] [92]
or magnetic imaging [91]. Concerning this topic, Schneider and Schonhense [95] have
reviewed PEEM imaging of magnetic systems and resume very well electron-optical con-
siderations. Storh and Anders [132] provides many examples to illustrate the various
applications of the XPEEM technique in technological areas (TiSi interconnexions, thin-
films polymer blends, antiferromagnetic exchange bias materials, etc.). Finally, chemical
imaging of surfaces and interfaces by XPEEM is discussed by Locatelli and Bauer [92].



Information available from Energy-Filtered PEEM imaging 67
2.3 Information available from Energy-Filtered PEEM

imaging

2.3.1 Data format

The images are recorded by a 12-bit cooled CCD camera which produces images with
different binning, the binning 1 corresponding to (1024x768) pixels. Images are stored
in a 16-bit fit format for data preprocessing, ’fit’ standing for Flexible Image Transport
standard.

The data are recorded either as single images or as image stacks. In the latter case,
a predefined range of photoelectron kinetic energies is scanned by changing the voltage
applied to the sample, according to a chosen energy step size. This implies an automatic
refocusing of the immersion lens. Hence, a 3D image stack is obtained. Each image
corresponds to the intensity distribution I, as a function of the position within the field of
view. Each step represents the kinetic energy E with respect to the sample Fermi level,
within a determined range: I(x,y,E), as represented in figure 2.23 a).
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Figure 2.23: a) Image stack representation in 3D: I(x,y,E). b) Local extraction of the spectrum for
the area presented in green in a), and threshold fit corresponding in red.

Thus, the photoelectron spectra and the intensity maps can be extracted from the
data ’cube’ in the range of interest: secondary electrons, core-levels or valence band.
XPEEM spectromicroscopy thus provides full spectral information at every pixel of an
image, and spectra can then be extracted from chosen areas within the field of view, as
seen in figure 2.23 b). Thus a complete chemical mapping of the imaged surface area is
possible.

In the next subsections, we will explain how it is possible to extract local work function
from the threshold image series or to realize spectroscopic core-level imaging. To finish,
we will describe the preprocessing steps required to extract the maximum information

from the acquired images.
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2.3.2 Work function mapping

In PEEM, the absolute work function is deduced from the SE emission threshold, since
the energy scale is measured with respect to the sample Fermi level [216]. The local work
function can be extracted either using the whole secondary electron energy distribution
with Henke’s model, or just considering the rising edge at threshold. In our experiments
and MATLAB developments, the second option was used.

For example, the photoelectron spectrum of the area of interest represented by the green
square in figure 2.23 a) was extracted. It was then fitted in red, as presented in figure
2.23 b).

The work function ® of this specific area can be deduced by fitting the threshold

with a Heaviside function convoluted with a Gaussian [127], which corresponds to the
complementary error function:

I(E - Ep) =

Loz [CD —(E — EFp)
.erfe
ov/2

where o is the standard deviation of the gaussian due to the energy broadening of the
analyser at the pass energy used, I,,,, measures the step magnitude, /,;; represents a
constant offset and (F — Ef) is the photoelectron kinetic energy above the Fermi level.
The fit use a function that solves nonlinear curve fitting problems in the least squares
sense. That is, given input data, and the observed output data, it performs weighted
least squares fit applied to the equation with which we want to fit our data.

Two further steps are necessary:

} + Lofy s (2.22)

e Considering ideal conductors, one has firstly to include a shift in energy of the work
function of 98 meV due to the Schottky effect caused by the strong accelerating
field E applied by the extractor lens on the sample [163]. Considering a charge in
vacuum, at a distance x from the sample surface, £ induces an opposite charge on
this latter, at a distance —z from its surface. This image potential gives thus rise
to an attractive force which corresponds to the potential energy of an electron at
this distance = from the sample. The Schottky barrier lowering at a metal surface
is estimated to be:

qF
AEwschotz‘,lcg,( = —q (47T€0) s (223)
where ¢ denotes the electric charge, and ¢y the vacuum dielectric constant. For
others materials, such as semiconductors, this value is only an upper limit.

e Secondly, the filtered images obtained by the NanoESCA have to be corrected
for an intrinsic energy dispersion over the image AF. In a given field of view, as a
function of position along the vertical plane, non-isochromaticity occurs, as outlined
by Zagonel et al. [217|: each filtered image does not correspond to photoelectrons
having a kinetic energy E, but (E + AFE), where AF is calculated to be:

M 2
AE = E, ( 1y°) : (2.24)

f
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where M, is the first lateral magnification of the microscope in the image plane in
front of the analyser, and g is the distance between the line of the image considered
and the line where the minimum in dispersion occurs in the field of view. f is the
focal length of the extractor voltage, which is 29 mm in our NanoESCA instrument

[201].
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Figure 2.24: Work Function mapping of copper surface: a) from image series non corrected for the
dispersion in energy and b) from image series corrected for the dispersion in energy. Field of view:

15 pm.

To correct this energy spread inside the energy-filtered images, a MATLAB routine
was developed. The extraction and fit of the local spectrum are then performed for each
pixel of the image in order to determine the local work function. Thus, we are able to
map the work function within the field of view chosen to realize the image series [218].
This correction efficiency is clearly seen in figure 2.24: in a) the work function values
extracted from both top and bottom regions are lowered due to the non isochromaticity
of the image stack, giving wrong information about the surface. After correction, as
presented in b), it is possible to compare any area of the field of view without error.
This process will be of prime importance in our studies on doped silicon patterns at
threshold to highlight work function trends.

2.3.3 Core-Level imaging

CCD noises and pre-process steps CCD sensors directly produce images with a
good sensitivity in digital format, suitable for immediate computer processing. A good
compilation of the principles of a CCD has been realized by the Class of Physics of the
Royal Swedish Academy of Science [219]. Since we consider electronic image sensors,
noise is present and deteriorates the images. It is necessary to ensure that the signal-to-
noise ratio is sufficient to allow capture of accurate image information.

The three sources of noise in a CCD imaging system are dark noise, read noise and
photon noise, all of them must be considered when preprocessing image stacks. See
chapter 7 of the book written by James Janesick [220] for a detailed overview of these
factors. In a few words, we can define each noise and give the protocol to remove them:
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e During the exposure, a parasitic thermal signal consisting in an accumulation of
electrons generated at the level of each pixel is created. This signal is called dark
stgnal since it can be observed even when the sensor is in total darkness. The
principal consequence of the dark current is a noise added on the image, proportional
to the square root of the thermal signal. To remove this noise, it is necessary to
acquire several images in darkness with an exposure time equal to the one used to
acquire the image series to be processed. Then, one has to average them, hence
obtaining an image of this dark signal. The correction of this noise on the image
series is made by a simple subtraction.

e There is also nearly constant offset signal added to the image, independent of the
integration time. It changes the true intensity levels, rendering for example a black
object into gray level on the image. This offset is induced by the CCD output
amplifier and video electronics features. It can easily be determined by averaging
several images acquired with a minimum integration time in darkness. This noise
is eliminated by subtracting the offset image from the images to be processed.

e The CCD pixels do not all have the same sensitivity to the light. Hence, if the
detector is illuminated with an uniform source, the resulting image will not be
necessarily uniform. This non-uniformity to light corresponds to local fluctuations
of the pixels gain. This effect can be corrected by dividing the acquired images by
the image of an uniform field. The resulting image is called the flat-field.

Core-level imaging Since core-level images can have a lower SNR than SE imaging, it
is usually necessary to acquire several series in the same range of kinetic energies. Thus,
the addition of images with the same energy improves the SNR. For all the core-level
images obtained, specially for the lateral resolution measurement presented on subsection
2.4.4, we defined a protocol during this thesis to process the images in order to extract the
maximum of information from this energy filtered image series: due to the non constant
offset of the CCD used, we just have to remove the dark noise from our single images by
a simple subtraction, and then dividing them by the non uniform flat field taken out of
focus. Hence, after correcting these preprocessed images for photoemission background
measured on either side of the peak considered, we are able to obtain true XPS imaging
coming from a core-level such as those presented in figures 2.25 and 2.26 corresponding
respectively to the Ge 2p3/; and the Si 2p transitions.

This is the strength of the energy-filtered technique: contrast in core-level imaging
brings chemical informations about the surface. Figure 2.26 presents an example of sili-
con doped patterns imaged at the Si 2p transition with a synchrotron source at 160 eV.
Extracting photoemission spectra from different zones of a full core-level image series
allows determination of the local variations in XPS spectra.

In this figure, the difference in spectra shape clearly appears as a function of the
doping type: though the oxide component corresponding to the peak towards high binding
energies is similar, the Si’ peak shifted 4 €V towards lower binding energies is different
between the p-doped zone represented in red and the n-doped zone represented in green.
A contrast in the image series presented below the spectra is visible on the two doped
zones, specially at lower binding energies, in the vicinity of the Si® peak. This reveals
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Figure 2.25: XPEEM image obtained over the peak of the Ge 2p3/> peak after standard Shirley
background subtraction [221].

doping dependent variations of the native oxide thickness: the signal substrate is more
attenuated over the P zone than over the N* zone, which suggests that the native oxide
is more important on low p-doped region.
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hv =160 eV
AE=0.6eV

Intensity

102 101 \ 100 98\ 97
Binding Energy (eV)
S

Figure 2.26: Contrast on Si 2p core level imaging of highly n-doped patterns on p-doped substrate.

The ozide thickness is function of the doping.

We can go further in the estimation of the native oxide thickness depending on the
doping type and concentration. A study performed by de la Pena et al. on the core-level
image stacks acquired by Barrett [101] shows that the depth distribution of the silicon
sub-oxide as a function of the doping can be extracted pixel per pixel [222].
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It is thus possible to map each oxidation state within the field of view, as can be seen in
figure 2.27. We can also extract the oxide and sub-oxides thicknesses for each pixel of the
whole image stack. In such case, thanks to the full capabilities of the spectromicroscopy,
it is possible to probe the silicon structure at the SiO, /Si interface, specially their distri-
bution over pn junctions. The Si 2p spectra is extracted pixel per pixel, fitted iteratively
with a five components model which will be detailed in chapter 3. This analysis helps
in deducing the variations in the thickness of the different oxide layers on micron scale
silicon doped patterns.
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Figure 2.27: Silicon sub-oxide peak area maps obtained from best fits to the Si 2p spectra generated
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from the highly n-doped zone on p-doped silicon bulk [222].

2.4 Improvement of state-of-the-art spatial resolution
with core-level laboratory XPEEM

2.4.1 Introduction

The aims of this experiment were to:

e Improve a measurement protocol dedicated to core-level imaging in laboratory. It
includes to take into account and remove numerical noises due to the CCD, to
increase counting statistics, as seen in section 2.3.3.

e Improve the best lateral resolution measurements obtained in laboratory with an
energy-filtered PEEM.

Factors which have to be taken into account to improve the best lateral resolution
are numerous: they concern not only the instrument itself, but also the sample to be
studied. We have already mentioned the physical and electrical topographies which play
an important role for imaging with high resolution: the less the topography, the better
the resolution. Moreover, the use of X-ray sources delivering high photon flux induces
image blurring: Locatelli et al. have reported a degradation of more than 50 nm on both
core-level and secondary electron images acquired with an energy-filtered PEEM, for a
photon flux of 2.10"® photons.s™ [223].

The lateral resolution is also limited by the aberrations of the objective lens, which,
contrary to the IDEA system, are not compensated.
The predominant aberrations depend on the photon energy range used for excitation:

e For UV-PEEM, the most important aberrations are the chromatic and spherical
ones of the accelerating field between the extractor lens and the sample.
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e For X-PEEM, one has also to take into account the chromatic and spherical aber-
rations of the focusing lenses.

These aberrations have been detailed in subsection 2.2.2.4. Different approaches exist to
reduce them in electron microscopes. We can quote as examples: electron mirrors, Wien
filters, or multipoles [224] but also electrostatic correctors [225]. Schonhense [226] sum-
marizes the available ways for aberration correction and gives at the same time another
approach, based on the use of time structure of pulsed excitation radiation.

With the NanoESCA, obtaining a ultimate lateral resolution implies:

e A well adapted and dedicated sample, with low electric and geometric topographies,
e Increase the extractor voltage up to 15 kV,

e Reduce the contrast aperture diameter to 30 pum if the signal-to-noise ratio allows,
e Optimize the astigmatism correction,

e Minimize and account for the image background intensity which can decrease the
image contrast for core level acquisition, thus hiding the smallest objects and lim-
iting the measured resolution [212],

e Improve the counting statistics thanks to high MCP voltages, and accumulate sev-
eral image series.

Before optimizing these parameters, it is important to understand the definition of
lateral resolution, and to review the measurements already obtained with energy-filtered
PEEM.

2.4.2 Lateral resolution measurement
There are different methods to measure lateral resolution [227]:

e The straight edge method, suitable for instruments where the lateral resolution is
expected to be larger than 1 um,

e The grid method, suitable if the lateral resolution is expected to be less than 1 pm
but more than 20 nm,

e The gold-island method, suitable for instruments where the lateral resolution is
expected to be less than 50 nm.

Following ISO standards 18115:2001 and 18516:2006, the resolution can be defined as
the distance over which the signal has changed from 12 % to 88 % of its maximum value.
With this definition, the signal can be modeled as the convolution of an ideal step func-
tion with a gaussian function exp(—z?/20?) representative of the NanoESCA transfert
function [102]|. The lateral resolution is taken to be the gaussian function FWHM, which
is 2.35 0. Another possibility to test lateral resolution is to use new type of certified
reference material for length calibration, such as the BAM-L200 composed of epitaxi-
ally grown layers of Al,Ga;_,As and In,Gay_,As |228,229]. It provides a pattern with
square-wave gratings and isolated strips.
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Table 2.1 summarizes the different lateral resolution measurements as a function of
the photon energy, obtained with the NanoESCA. We have already presented the lateral
resolution obtained with the FXS source in laboratory. Note that core-level Ga 3d mea-
surements using the synchrotron radiation at 400 eV were performed on the BAM-L200
sample, as were the secondary electrons with a laboratory UV source.

Wavelength range Photon source considered Lateral Resolution Reference

UV Hg — 4.6 eV 35-40 nm [127]
X AlKqy = 1486.7 6V 650 nm [230]
SR 400 eV 150 nm [201]

Table 2.1: Lateral resolution measurements with the NanoESCA depending on the photon source
considered.

Even with synchrotron radiation, there are still a very limited number of published
studies reporting on the use of XPEEM for true core-level imaging using band-pass energy
filters [101,222,231,232|. This indicates the difficulty of core-level imaging at high lateral
and energy resolutions. Hence, we improve high lateral resolution on core-level images on
the NanoESCA with the laboratory X-ray source by defining a protocol presented below.

2.4.3 Improving the lateral resolution

Lateral resolution measurements have been performed on a sample made of cross-sectioned
epitaxial Si/SiGe layers.

A method for correcting astigmatism of an electron emission spectromicroscope has been
developed and a patent has been registered [233]. It applies to samples which do not have
on their surface symmetrical patterns to help astigmatism correction. This was the case
for the Si/SiGe layers, as can be seen in the top image of figure 2.28 a) and b).

The first step consists in making a reference pattern in the vicinity of the area of
interest, as can be seen in figure 2.28 with, for example, FIB. The instrument must
be itself corrected for astigmatism defects so as not induce distortions in the reference
structure. The shape, size and almost nature of material of this pattern are determined
depending on several parameters whose some are listed:

e The shape must be symmetrical, either round or square. The topography of the
deposited pattern must be as flat as possible, less than 20 nm if possible, to avoid
possible distortions of the images. A SSRM study has been necessary to determine
the best parameters in terms of depth and diameter for milling and depositing, as
presented in figure 2.28 c).

e The material choice for the reference structure must enable firstly contrast at thresh-
old. Moreover, for core-level imaging, one of its constituent elements must have a
high photoionization cross-section at the excitation energy of interest. An esti-
mation can be given greater than or equal to around 0.1 Mbarn. If possible the
core-level photoelectrons imaged should have a binding energy not too far from the
core-level of the pattern of interest. This, in order to correct astigmatism in the
same energy range.
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e Depending on the lateral resolution expected, which depends itself on the XPEEM
configuration, the reference structure size and shape are chosen: the distance be-
tween the different portions of the reference structure and their width may be
greater than or equal to around two times, or between around 1.5 times and 2.5
times, the best spatial resolution of the spectromicroscope during an observation of
the structure of interest.

e The reference structure on the sample must be deposited near the structure of
interest. However, the distance must be greater than 100 ym from the structure,
to avoid any deterioration or contamination of it when depositing the material.

In our case, tungsten patterns have been chosen since their work function is different from
the silicon bulk one: 4.55 eV against 4.85 eV. Figure 2.28 a) shows the contrast in PEEM
imaging of such reference structure on silicon bulk at threshold. Moreover, its core-level
W 4f has a high photoionisation cross section at 1486.7 eV (ow,,—0.15 Mbarn), though
the binding energy is low, around 33.6 eV, which degrades the NanoESCA transmission.

The second step consists in correcting the astigmatism aberration at threshold, using
the SE signal. We first optimize instrumental settings such as focus voltage, deflection,
and then improve the instrument astigmatism correction thanks to the reference patterns
dropped on the sample surface. Since a variation in diameter of the field of view appears
when changing the photoelectrons kinetic energy, it is important to calibrate the pattern
size at threshold.

The last step is dedicated to correct the astigmatism aberration on the reference
pattern at core-level, using the correction determined for the nearby reference pattern,
before imaging the pattern of interest.

a) Pattern of b)

interest

¢)

Reference
pattern

40 pm

Figure 2.28: W pattern realized by FIB and observed by: a) Energy-Filtered PEEM, b) SEM, c¢) AFM.
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For both threshold and core-level imaging, the astigmatism correction is realized by
changing the focus and observing the deformation of the imaged pattern. An alternative
for astigmatism correction is presented for electron microscopes in the patent [234].

2.4.4 Results achieved with an AlK«a laboratory X-ray source

To improve lateral resolution, it is necessary to select core-levels with a low kinetic energy,
thus to increase the transmission. This is why our choice was to image Ge 2ps, core-level
of cross-sectioned epitaxial Si/SiGe layers.

The first step is to acquire images at threshold. After calibration of the field of view,

we can determine the size of the structure which will help in the quantitative of core-
level imaging. The results on lateral and energy resolutions on cross-sectioned epitaxial
Si/SiGe layers are presented at threshold in figure 2.29 a). This cross-section was imaged
with a photoelectron energy of 266.4 eV referred to the Fermi level of the sample, which
corresponds to the Ge 2p;, transition [221] in figure 2.29 b). In this experiment, the
PEEM objective lens was set to 15 keV, and images were acquired with a double hemi-
spherical analyser pass energy of 125 eV, and the entrance slits width of 1 mm.
Despite an elemental contrast of only 50 %, XPS imaging performed by this mean had
an edge lateral resolution of (477 £+ 110) nm and an energy resolution of 0.56 eV. This
result is the best ever obtained in XPS imaging [91,235|. It constitutes an improvement
of nearly one order of magnitude with respect to existing laboratory data.

The experimental result obtained has the same order of magnitude expected theoret-
ically from the contrast aperture diameter expressed in nanometers i.e., 500 nm [236].

Threshold
4.6 eV

Figure 2.29: a) Cross-sectioned epitazial Si/SiGe layers imaged at threshold [221]. b) Single energy
of the SiGe layers at 266.4 eV corrected from photoemission background. Inset: intensity profile
extracted from the region marked on the image. The fit of the experimental profile is performed with a

complementary error function and is displayed in red [221].
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2.5 Conclusion

Spectromicroscopy is a unique tool for spatially and energy resolved electron spectroscopy
on the micron scale. Full-field imaging spectromicroscopy is a non destructive tech-
nique which enables spectroscopic measurements with high lateral and energy resolution.
Energy-filtering provides information on the local chemical and electrical properties of
the surface, using secondary, core-level or valence band electrons.

The NanoESCA is a state-of-the-art of energy-filtered XPEEM instrument. Its main
characteristics are its double hemispherical analyser as energy filter, whose geometrical
and chromatic aberrations are compensated by the system configuration. Moreover, its
relatively high transmission factor over a wide range of photoelectron energies makes
its particularly suitable for XPS imaging. Its complementary operating modes in syn-
chrotron and laboratory environment make it particularly interesting to observe samples
in both sources environments. Thanks to a patented protocol, we are able to correct the
instrument for astigmatism aberrations. This has led to an improvement of the lateral res-
olution on core-level images obtained with a high intensity optimized Al K, X-ray source,
reaching a state-of-the-art measurement in laboratory environment down to (477 & 110)
nm with an energy resolution of 0.56 eV.

The full spectromicroscopic potential of the NanoESCA makes it an ideal instrument
for studying the physics governing the contrast in PEEM images of silicon pn junctions.
The results are presented in the following chapters.
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Chapter 3

Patterned doped silicon samples by
localized epitaxy
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At the origin of our work is a previous study using energy-filtered PEEM which was

led on n-doped patterns on a p-doped bulk, and p-doped ones on a n-doped bulk, both
covered with a native oxide. Quantitative band alignments were extracted from the dif-
ferent zones of these samples [101].
We deepen this study, using the same kind of samples, but bringing also some improve-
ments in terms of pattern technological choices and surface cleaning. Our objective was
to use dedicated silicon samples which allow better understanding of their flat band elec-
tronic structure by exploiting the full capabilities of the energy-filtered PEEM.

The first section introduces the basis of photoemission in silicon for the understanding

of our interpretations in chapter 4. The second part deals with the sample definition and
preparation. Obtaining flat band conditions requires removing the native oxide from the
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sample surface. The last section reviews the passivation study performed on silicon doped
samples.

3.1 Framework for XPEEM studies: photoemission in
silicon

In energy-filtered XPEEM, spectroscopic XPS imaging is performed. The image contrast
of patterned semiconducting surface governed by the relative XPS intensity at a given
photoelectron energy is highly dependent on the relative position of the electron energy
levels. In order to understand the experimental results presented in chapters 3 and 4, we
recall the characteristic features of photoemission from silicon surfaces.

3.1.1 Flat band conditions and band bending
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Figure 3.1: Schematic representation of band structure for different doping types.

Flat band conditions The general electronic band diagram at the silicon surface is
given in figure 3.1 a): the conduction band (CB) and the valence band (VB) are separated
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by an energy corresponding to the silicon bandgap E, equal to 1.12 eV at 300 K. The
energy between the conduction band and the vacuum level Ej is the electronic affinity x
which is 4.05 eV for silicon.

The Fermi level Er for a doped silicon sample is defined regarding the intrinsic Fermi level
Er; of the matrix (not represented in figure 3.1), and the carrier density N, concerning
the electrons and N, concerning the holes:

| N,
Elorm9 — B+ kTin (—d> ,for the n doped zone (3.1)
doping Na
EP" = Ep; — kTln | — | , for the p doped zone. (3.2)
1

where k is the Boltzman’s constant, n; is the intrinsic carrier concentration for silicon
(1.4x10" atoms.cm~3)and T is the temperature.
The core-level binding energy BE,,., corresponding to Si 2p transition is thus given by
the energy between the Fermi level and the core-level, as presented in figure 3.1. The
energy difference between the valence band maximum (VBM) and the core-level Si 2p
is fixed at 98.74 eV. This situation is described as flat band conditions, the effect of the
surface state on the band line-up has not been considered.

Band bending Charges in surface or interface states cause an electrostatic potential
that bends the bands near the surface, as schematically represented in figure 3.2 in case
of patterned silicon surface. A number of surface of interface states in the gap to about
1/1000 of a monolayer is sufficient to induce band bending [237].

a) Plane view b) In depth

P aloping
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' N doping | o

Oixide interface

/)

i junction

Figure 3.2: Band bending and band lineup represented schematically on the two views: a) plane view
(z,y) and b) in depth (z).

Studying the electronic structure of doped silicon patterns consists in determining
the band alignments as a function of the position within the pn junction. However local
variations in depth of band bending have also to be taken into account: they are called
band lineup. This implies to consider the problem of band bending in 3D: when observing
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the band bending at the interface of a pn junction, as illustrated by figure 3.2, below the
surface oxide in the plane (x,y), it is necessary to include this band bending variation at
the oxide/semiconductor interface in the plane (z).

Figure 3.3 takes into account the band bending direction and strength at the silicon
surface due to localized surface or interface states, which depends on the doping type and
level:

e This band bending is upwards for N- type doping, and downwards for P-type.

e The magnitude of the band bending depends on the doping concentration: the
higher the doping, the stronger the band bending, and the smaller the depletion

width.
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Figure 3.3: Schematic representation of band structure for different silicon doping types with band
bending. For the two extreme cases PT and Nt , the surface Density of States (DOS) is schematically

represented.

Referring to the electronic band structure for silicon mentioned in figures 3.1 and 3.3
we will now present more in detail what happens in terms of work function and core-level
binding energy variations for ideal flat band case and experimental case.
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3.1.2 Work function and core-level studies

Work function Theoretically, the work function ¢g; can be calculated thanks to the
following equation:
E;lroping

, (3.3)

doping
EF

Gsi = Xsi +

where yg; represents the silicon electron affinity (4.05 V), is the Fermi level po-
sition depending on the doping level and type, as defined in equations 3.2 and 3.1 for
respectively p-doped and n-doped silicon, with respect to the conduction band.

Figure 3.1 helps in understanding the influence of doping type on work function mea-
surements, for different silicon doped samples in theoretical flat band conditions. We
observe a shift in the values which depends on the doping type and level, since it depends
on the Fermi level position within the gap. The expected ranking for the work-function
values in flat band conditions is as follows:

Ppt > Op > Oy > O+ (3.4)

Considering band bending of the electronic levels on the sample surface as presented
in figure 3.3, the work function measurement is modified. Since it depends on the band
bending magnitude, work function shifts due to differences in terms of doping concentra-
tion and type can be strongly attenuated, even inverted, with respect to theoretical flat
band case.

And thus, the ranking of the work-function values mentioned in 3.7, can be modified
in presence of band bending at the silicon surface:

Opr < Op (3.5)

and
P+ > Oy (3.6)

To conclude, the exact ranking of the work-function will depend on both the doping
level and the degree of band bending.

Core-level binding energies In flat band conditions, the Si 2p core-level energy is
measured relative to the Fermi level, and thus, is shifted with the sample doping type
and concentration in the following rank:

BE},” < BE}, < BE), < BE}| (3.7)

It depends on two terms: the fixed reference energy between the valence band maximum
and the Si 2p core-level (equal to 98.74 eV) and the quantity (Ep-Eypy) known from
bulk doping and inducing the Fermi level movement since it depends on the doping level
and type.

When considering band bending due to interface states AFEgp, and measuring the
binding energy of a core-level photoelectron BFE,,.s, its value can be inferred from a
relation linking this binding energy BE,,., with several factors:

AEgpp = BE,cs — AEYP™ _ AEgpy | (3.8)
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where AEf,Op "9 is the binding energy of the Fermi level depending on the doping type
and level considered (see equations 3.2 and 3.1), and AEgpy is the binding energy shift
due to the surface photovoltage introduced in chapter 1.

3.1.3 Objective

Several studies and interpretations of contrast over pn junctions [120,121, 135,138, 238|
at threshold or at Si 2p core-level have already been carried out to characterize silicon
doped areas in terms of band alignments and band bending as a function of the underlying
doping level and type. Our objective is to use the full spectromicroscopic capabilities of
our XPEEM to study the correlations between contrast obtained in core-level PEEM
imaging and localised Si 2p and valence band microspectra. The interpretation of work
function variations but, above all, of core-level shifts at silicon doped surfaces will help
in such a reasoning.

3.2 Sample fabrication and characterization

3.2.1 Requirements
3.2.1.1 Technological choices

Planar pn junctions can be fabricated either by implantation or by epitaxy. For XPEEM
studies, it is desirable to image well defined planar junctions with the highest possible
in-depth doping uniformity (this latter being ideally bigger than the probing depth) and
the lowest surface roughness. Although implantation is the conventional way to perform
doping, it has intrinsic drawbacks:

e The high temperatures, around 1000°C, required for the activation of dopants in-
duce diffusion of both boron and phosphorus across the junction. This broadens the
originally sharp junction. A low thermal budget surface preparation is preferable
to avoid significant redistribution of the dopants.

e [on implantation introduces defects, such as vacancy impurities or clusters, as
well as generation and migration of electrically active defects over thousands of
angstroms or microns, farther than the projected range of the implanted ions [239].
Studies at ultra low energy ion implantation suggest that it is possible to achieve
phosphorus doping of silicon without annealing, but this remains a special case [240].

Contrary to implantation, localized epitaxy does not require significant annealing
to activate the dopants. This process is successfully used in the growth of high mobility
strained SiGe channels of sub-32 nm MOSFETS requiring a high control of doping. Figure
3.4 shows such results a TEM images of such a device with a 23 % Ge content, by electron
holography. The sharp edges between source/drain zones and substrate indicated by the
arrows illustrate the high quality of the process, controlled at the decananometric level.
The dark-field electron hologram of figure 3.4 ¢) is an additional evidence of the perfect
control of this process.

For all these reasons, we have chosen to focus on silicon patterns fabricated by localized
epitaxy. The samples were prepared in the LETI clean rooms at MINATEC.
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100 nm

Figure 3.4: a) High-resolution TEM image of 28 % SiGe CMOS device. b) high resolution bright field
image and c) dark hologram of the region of interest [241].

3.2.1.2 Sample structure and doping choices

We have optimised the choice of both p and n doping concentrations. The objective is
to obtain a set of planar homo-junctions (same doping type on both side) and hetero-
junction (different doping type) samples with different doping concentrations affecting the
depletion width and the electrical field across the junction. Therefore, the requirements
are the following:

e To have both bulk p and n doped silicon. For an easier fabrication, they will be
slightly doped and named as substrate P and N.

e For the patterns, it is interesting to have strong doping concentrations in order to
obtain asymmetric depletion zones on either side of the junctions. These will be in
the following named as pattern zones Pt and NT.

These considerations lead to four major combinations to realize various pn junctions:
P*/P, N* /P, Nt /N, P*/N. They correspond to the schematic presentation in figure 3.5.

Pattern zone

Pattern zone

-mtrﬁ-

Figure 3.5: Panel of the different samples realized in this set: P* /P, N* /P, N* /N, Pt /N.

N'/P
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The second question is the quantitative dopant levels, which have to be chosen with
regard to two points:

e The doping levels should be compatible with typical technological requirements.

e In order to quantify the influence of lateral electric fields across pn junctions on
PEEM imaging, different field strengths across pn junctions are necessary, of the
same order of magnitude as the extractor field, which is 6.6 kV.mm™?.

Several combinations of doping level were tested thanks to a MATLAB program de-
veloped in this purpose and calculating several factors based on equations of section 1.2.1.
This enabled to evaluate the built-in voltage in the depletion zone, the depletion zone
width and the maximal intensity of the electric field across these junctions. Taking into
account the localized epitaxy capabilities in terms of dopant concentration, the values
chosen for each sample set, either full wafer or patterned samples, and the expected values
in terms of factors of interest are presented in table 3.1.

Doping/bulk  Concentration ~ Vy;  Total depletion Electric field

(atoms.cm™3) (V) width maximum intensity
(pum) (kV.mm™!)
P+ /P 2x10%/10®  0.851 1.05 -1.62
N+t /P 4x10'/10%  0.869 1.06 -1.63
N+/N 4x10'/10'  0.988 0.114 -1.74
P*/N 2x1019/10'"  0.970 0.113 -17.21

Table 3.1: Built-in voltage, depletion width and maximal electric field across the junction for
theoretical doping concentrations of the selected samples of interest: P* /P, N* /P, N* /N, and P* /N.

Finally, we wish to analyse contrast in relation with surface properties in quasi flat-
band conditions. This underline the necessity of studying samples after a well controlled
passivation. Such a point will be detailed in section 3.3 but requires preliminary tests
to check this passivation efficiency. For this reason, silicon doped full-sheet wafers have
been prepared for each of the four doping types.

3.2.1.3 Fabrication process

The mask The mask for the nanoscaled planar pn junction fabrication (total chip size
is (21x21) mm?) is composed of 46 zones, whose size is (3x3) mm?. Each zone is dedi-
cated for a certain analysis, and is identified by a number located on their top right. A
special zone of (3x6) mm? dedicated to SEM observations is one of interest for this work.

The mask is in positive lithography: a line implies the presence of chromium, thus a
presence of resin on the wafer. In the SEM zone, two types of structures are present: lines
and dots. We concentrate on the lines, which are themselves divided into two groups, the
difference being the basis structure, repeated several times, for several line widths:

e a) The line widths L are: 70, 80, 120, 140, 160 and 200 nm. The spacings S are
proportional to them: S=L, S=1.5L, S=2L.



Sample fabrication and characterization

87

e b) The line widths L are: 0.25, 0.5, 1, 2, 5, 10, 20, 40, 80 and 100 um. The spacings
vary between 10, 20 and 40 pm.

Each group of lines was identified by figures and shapes with identical doping levels.
They are schematically represented in figure 3.6.
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Figure 3.6: Schematic representation of the patterns a) and b) in the region SEM of interest.

Sample fabrication The bulk chosen is Si(100) slightly p-doped on 200 mm wafers,
with a resistivity of 5-10 {2.cm. This process is realized inside the 200 nm Epi Centura,
Reduced Pressure-Chemical Vapor Deposition (RP-CVD) [242,243|. For samples where
the bulk needed is n-doped, a first epitaxy of 150 nm thick n-type silicon is deposited on
the p-type full-sheet wafers.
The organization of the different zones at the wafer surface follow a chess like organisation:
only every second chip is observable, the other being etched and then recovered by a
thermal oxide, as can be seen in SEM in figure 3.7. This figure shows line structures
in cross sections observed under two different angles. The line width equals the spacing

width (300 nm).

The fabrication process consists of six main steps summarized here, but visible in

detail in figure 3.11:

e The active area is patterned by a Deep-UV photolithography and cleaned by an
HF-last wet cleaning at 950°C, in an automated bench that gets rid of native oxide.

e The bulk is then partially etched over 100 nm at 750°C using gaseous HCI in high
partial pressure of 180 Torr. This selective etching is realized in the Si active areas
and leads to the formation of faceted cavities, clearly visible on SEM, as shown in
figure 3.8. Since this etching is isotropic, even silicon under the thermal oxide is
laterally etched. This trimming was chosen to reduce the patterns size by 20 nm
from each side. Thus, the nominal line dimensions given above need to be corrected.

The recess cleans the cavities, however some surface defects can remain in the bot-
tom of the cavities, either between patterns, or in the open zone, i.e. the large zone
without patterns over distances greater than 500 ym. These latter were observed in
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600 nm

500 nm

Localisation chip

Chip to be analysed

NAATPIC-0168

Figure 3.7: Optical image of a wafer. Onset: SEM images of one cross-sectioned silicon chip used for
localisation: one clearly sees the oxide coverage in light gray on a) 45° view, and b) normal observation.
S=L=300 nm.

) Oxide mask

Cavitig

500 nm

Figure 3.8: SEM images of cross-sectioned silicon chip after HCI recess: view at a) 45° and b)
normal observation.

SEM shown in figure 3.9 a) and could be organic residuals which have settled after
etching. AFM measurement in b 1) gives a roughness of 60 nm at the bottom of the
large areas, and the work function contrast obtained in b 2) by KFM confirms that
its chemical nature is different from the substrate one. Hence, we have to consider
the silicon growth in the cavities could locally cover such defects.

e After patterning, a selective epitaxial growth of around 100 nm of boron-doped
and phosphorous-doped silicon is done at 950°C and 20 Torr, in the cavities. Pure
dichlorocylane SiH,Cl, is chosen as Si gas precursor. Diborane B,Hy is used for
p-doped zones, and phosphine PH, for n-doped ones. These two gases are diluted
in H, at 950°C. By varying the mixing, it is possible to obtain a large range of
dopant concentrations, as presented by Gonzatti et al. [243] who have done four
points probe measurements on B and P activated ion concentrations.
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Figure 3.9: a) SEM images of cross-sectioned silicon chip after HCI recess at 45°. b) AFM images of
open zone: 1) amplitude and phase. 2) corresponds to the potential observed in KFM.

The resulting structure SEM cross-section structure is presented in figure 3.10: the
localized epitaxy top is at the same level as the bulk, if the bright lines corresponding to
unremoved oxide on the sidewalls from the sample surface are neglected.

b) Surface plane
Oxidejmask Oxide mask

500 nm Bt 500 nm

Figure 3.10: SEM images of cross-sectioned silicon chip after localized boron epitazy at a) 45° and b)
normal observation.

As mentioned previously, figure 3.11 shows the different steps of the patterned samples
fabrication. For the samples with N substrate, a first step is added at the beginning of
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this process, consisting in an epitaxially growth of a 150 nm thick N layer over the P

walfer.

I -

Epitaxy N layer
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(new substrate)

Oxi1de mask
@) pn

Litography
@ + HF last
wet cleaning

HCL recess of
the substrate

pattern zone
~100 nm

Oxide mask
removal

Figure 3.11: Schematic protocol of the sample fabrication, for samples with N substrate, the step 1b)

has to be added in the protocol.
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3.2.2 Characterization

The pn junctions of interest in this thesis are not only simple lines, but also more com-
plex patterns, such as numbers, located next to lines to give their theoretical width, as
described. We focused on two numbers: ’zero” and ’eight’ because they are numerous on
the sample surface and contain both open and closed highly doped areas.

SCM, SSRM, SEM and optical microscopy were performed on the same junctions
analyzed by XPEEM with synchrotron radiation. For SIMS and infra-red spectroscopy
FTIR, however, the patterns were taken from the same wafers, from chips in the vicinity
of the one observed by the other techniques. Hence, the section concerning the effective
doping concentration measurements deals with the four sample combinations, the two
others, focused on topography, roughness and lateral measurements concern only the
junctions: P*/P, N*/P and P*/N observed by XPEEM using synchrotron radiation.

3.2.2.1 Characterization of doping
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Figure 3.12: SCM measurements on P™ /P, N* /P and P* /N samples. The scans are presented for
several Vg values: a) -1 V, b) 0V, ¢) +1 V, d) is the return to -1 V. The profiles below are extracted

from the zone presented in a).

Nature of doping at the sample surface AFM in SCM mode can be used to dis-
tinguish the carrier type of the patterns. For pn junction imaging, the technique is
utilized at constant voltage mode and the alternating current V,. bias voltage applied
to the sample is maintained at 1 V. For different values of Vg.: -1 V, 0 V, +1 V| the
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change in capacitance is recorded as a function of doping and carrier concentration un-
der the tip, at a scan rate of 0.1 Hz. After the V . sweeping, another scan is done for
-1V to check the reproducibility of the measurements and the absence of charging effects.

Both samples and tip spent one night under dry nitrogen purge before analysis. The
results are presented in figure 3.12. For each of them, a section is taken by averaging
eleven lines within the thick black line shown in panels a) of figure 3.12.

The results are in good agreement with the localization of the dopants on the samples.
The zero corresponds to the bulk.
The measurements are reproducible after V. sweeping, for P™ /P and N*/P: this means
there is no memory effect of the voltage on the P and Nt doped areas. For P*/N, the
reproducibility is acceptable, but the SCM signal is lower compared to the data obtained
for the two previous samples, evidence that V. has a small effect on both the P™ and N
doped areas.

Effective doping concentrations in depth uniformity The effective doping concen-
tration was measured on as-prepared silicon doped patterns (i.e. with a native oxidation
layer) with a SIMS Cameca IMS-5f instrument. The zone chosen to perform this analysis
is not the SEM zone presented previously, but a zone where the doped patterns are series
of line of 500 pm wide.

To improve resolution, a 1 keV OF (Cs™) primary beam for boron (phosphorus) profiling
were used. The primary beam is incident at 45°. Since an oxidized surface improves
the silicon ion yield, the observations are performed at a pressure of 3x10~% mbar. The
raster area is 200 um. The spectrometer measured the emission of positive secondary ions
clusters from silicon surface. Sputter rate has been determined from depth information
of a profiling reference sample to be 0.018 nm.s~!. Boron concentration was determined
from the Relative Sensitivity Factor relative to 2®Si signal at 9.8 x10?? atoms.cm 3. For
the phosphorus profiling, a 1 keV Cs* primary beam was used.

Figure 3.13 shows the profiles obtained for PT, N and N*. The P profile is not
represented in figure 3.13, since the doping values were below the instrument detection
limit. However, a mean estimation of the surface doping concentration was still possible
using the wafer datasheet (electrical specifications of the manufacturer).

For both P* and N* doping conditions, STMS measurements show the same order of
magnitude as the nominal doping concentrations.

The analysis shows also a non uniform in-depth doping concentrations, specially im-
portant for N-doping with a variation of about two decades. This non uniformity is
typically the sampling depth in photoemission and XPEEM. Moreover, the major ob-
servation is a variation in dopant concentration near the surface that is as yet not fully
understood. This non uniformity over the first nanometer can have the following origins:

e a measurement artifact affecting partially the near-surface profile due to an effect
of ion-induced roughness.

e residual doping atoms on the Si substrate after epitaxy, perhaps incorporated in
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Figure 3.13: Phosphorus and boron concentration depth profiles in the silicon samples.

the native oxide, or due to segregation. However, in the case of boron, the addi-
tional atoms can be considered electrically inactive under the shape of clusters in
interstitial sites [243].

e a shadowing effect of the incident beam produced by the initial sample roughness.

In table 3.2 we compare the required, nominal doping concentrations, with different
doping concentrations relevant to photoemission measurements with XPS or XPEEM, as
deduced from the SIMS profiles of figure 3.13:

e First we can consider a doping concentration of interest in XPS, corresponding to
an average concentration over the Si 2p photoelectron escape depth concerning 65%
of the collected signal. For a collection angle of 90°, this depth is determined by the
inelastic mean free path which is 2.96 nm in the case of Si 2p in silicon oxide [155].

e The second relevant doping concentration D.ss is integrated over the whole sam-
pling depth 3\ (see figure 2.4) taking into account the relative contributions to the
photoemission signal of three first layers of thickness equal to the escape depth. We
can express this effective doping concentration as:

Dess = 0.63 x Dy 4 0.23 x Dy +0.09 x Dy | (3.9)

where Dy is the doping concentration averaged over the first layer (3 nm depth),
D, the one integrated over the second layer (3 nm to 6 nm depth), and D3 the one
integrated over the third layer (6 nm to 9 nm depth).

From table 3.2, we see that D.sy is similar to the doping concentration at 3 nm for
both Pt and NT doping. Therefore, for both patterns, it is reasonable to approximate
D.s¢ by the doping at 3 nm. We give thus in table 3.3 a modification of table 3.1 taking
into account the experimental doping concentrations at 3 nm for all sample combinations.
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Nominal doping Doping concentration Integrated doping

Doping Doping type  concentration at 3 nm concentration
(atoms.cm™3) (atoms.cm™3) (atoms.cm™3)
Pt Boron 2x 1017 1x10%? 1.3x10%
P Boron 1x10%° 4.0x10" -
N Phosphorus 1x10'7 5.4x10"7 6x10'7
N+ Phosphorus 4x%10% 1.8x10% 1x10%

Table 3.2: Nominal doping concentration and experimental one for each kind of doping type in
patterned samples at 3 nm depth and integrated over 8 nm, deducted from figure 3.13.

Doping/bulk  Concentration Vi Total depletion Electric field

(atoms.cm™3) (V) width maximum intensity
(pm) (kV.mm™!)
PT/P Ix1019/4x 10" 0.869 0.533 73.26
N*/P 1.8x10'/4x10% 0.884 0.540 -3.29
P*/N 1x1019/5.4x10'  0.996 0.050 -41.70

Table 3.3: Built-in voltage, depletion width and maximal electric field across the junction for

experimental doping concentrations.

3.2.2.2 Topography

Even if the process of localised epitaxy is well controlled, the surfaces are not atomically
flat. Some SEM images taken on P /P sample cross-section and plane view, show on
both large patterns and straight lines that topography is clearly visible on the sample,
especially in the vicinity of the pn junctions by contrast variations in a) or simply by the
step difference between two zones in b).

Figure 3.14: a)In-plane SEM imaging of a sample surface, and b) zoom on the junction between the

two doped zones PT /P. The images seem distorted because the observation angle is 45°.

Topographic measurements were performed in KFM-tapping mode using a Digital
Instrument Nanoscope IITa Dimension 3100 AFM. Figure 3.15 concerns a larger patterns,
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the 'zero’. To evaluate the topography, the step size values are quantified in table 3.4.
This information is of interest because XPEEM imaging is sensitive to microlocal fields
created by the sample roughness [129].

Topography height (nm)

Distance (pm)

Figure 3.15: AFM in tapping mode: topographic measurements of P* /P, N* /P and P* /N samples
on large pattern. The profiles are taken along the thin black line in the images.

Sample Topography (nm)

P¥/P 20
N+ /P 20
P+/N 75

Table 3.4: Mazimum topography measured by AFM on the patterns junction.

3.2.2.3 Patterns size

Due to the recess step in the process of fabrication samples, it is not possible to trust
the line widths given by the lithography mask. To have an independent estimation of the
pattern sizes, lateral measurements were carried out on each kind of sample by optical
microscopy.

An optical micrograph overview of the SEM zone is shown in figure 3.16 a): one clearly
distinguishes the lines and the dots, localized by respectively, a six and a seven in the
top right corner. The measurements obtained on such patterns are presented in figure
3.16 b) in dark field optical microscopy to enhance the contrast between the two zones by
highlighting the topography present at the interface bulk/doped zone. They are similar
for each kind of sample, the doping concentration has no influence on the imaging.
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7,9 ym

39,69 pm

Figure 3.16: a) Overview of the SEM zone by Zeiss optical microscope. b) Optical image of a pattern
of interest, here on P* /P sample.

3.2.2.4 Summary

Customized samples have been prepared by rigorous clean room methods. Complemen-
tary techniques have been used to fully characterize them, quantifying dopant concentra-
tion and surface topography:

e SIMS profiles show an heterogeneous profile for N-type doping whereas those for
the other doping are better, especially on the analyse depth XPS and XPEEM
are interested in, i.e. the three first nanometers. We compared the concentration
difference in measuring at 3 nm below the surface with the integrated signal taking
into account the relative contributions to the photoemission signal of three first
layers of thickness equal to the escape depth. Since the difference remains faint, we
consider for the following of the study the data at 3 nm.

e AFM measurements give a non negligible topography for all the samples, up to
75 nm which can have an impact on PEEM imaging, as will be discussed in chapter
5.

We now focus on the passivation protocol to reach surface flat band conditions for XPEEM
analysis.

3.3 Sample passivation

3.3.1 Objective

In the case of unpassivated silicon surfaces, the native oxide introduces a high density
of electronic interface states which causes pinning of the Fermi level and band bending,
modifying the measured silicon binding energies. In some cases, this can yield to inversion
of the expected values of the core-level binding energies of p and n doped silicon. For
the planar pn junctions imaged by energy-filtered XPEEM, a potential consequence is
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contrast inversion in both core-level and secondary electron imaging. Consequently, for
data interpretations from band bending, it is necessary to perform the analysis in near
flat-band conditions. This is usually realized by deoxidation of the silicon surface, followed
by a passivation process which saturates the silicon dangling bonds.

In the following, we present the methodology followed to attempt to reach a control of the
silicon surface state. This was performed firstly on dedicated full wafer silicon samples
before focusing on the doped patterns of interest.

3.3.2 Literature review on silicon passivation

The chemical etching of silicon to obtain oxide-free surfaces has been studied for years.
Since 1970, the silicon passivation by HydroFluoric acid (HF), yielding chemically clean
stable surfaces has become a key step to improve industrial processes [244]. Hydrophobic
surfaces were explained to be due to Si-F bonds since their the relative strength is superior
to the Si-H one, respectively 6 eV against 3.6 eV [245]. In the middle of the 1980s, this
idea has evolved thanks to the breakthroughs in characterization, especially infrared
spectroscopy. Ubara et al. [246] considered that the Si-F bonds are unstable in HF
solutions due to a strong polarization of the Si back-bonds: this facilitates attack by
HF molecules and results in a release of SiF, molecules in solution whereas the surface
becomes H-terminated.

Yablonovitch et al. [247] showed using multiple-internal-reflection infrared spectroscopy

(MIR), that the surface appears to be covered by covalent Si-H bonds, leaving virtually
no surface dangling bonds.
The chemisorption system of hydrogen bonded to atomically clean silicon was firstly
explained by Trucks et al. [248] who tested the argument that H atoms should saturate
dangling orbitals at the surface of silicon to form Si-H covalent bonds. Thanks to ab-initio
molecular-orbital theory, they unraveled the mechanisms of HF etching. A schematic of
the mechanisms leading to hydrogen-passivated silicon surfaces is reproduced in figure
3.17. Part a) corresponds to the initial surface upon oxide removal by HF where a -F
termination of the silicon dangling bonds can be found. The ionic nature of the Si-F
bond polarizes the silicon back-bond as follows:

=Si" — SiTF (3.10)

The polarization enables the insertion of HF into the silicon back bond, as can be
seen in figure 3.17 b). This leads to an hydrogenation of a silicon atom from the second
layer of the sample surface. Repeating the same process twice leads to a removal of the
silicon atoms of the first layer as SiF,, in c¢) and d).

This global mechanism can be then expressed by:

= $i~ — SiTF, + HF —= SiH + SiF, , (3.11)

An attack of SiH bonds by HF is possible but the activation barrier is significantly
higher than the previous reaction for Si-Si bond cleavage:

=SiH+ HF — =SiF+H,, (3.12)

Hence, fluorine is indeed a minority species on the surface, and HF treatment results in
an inert hydrogen-terminated surface, which is stable against native oxidation for several
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Figure 3.17: Schematic representation of the mechanisms of H-passivation [248].

hours. Huang et al. [249] found that hydrogen termination of the dangling bonds on
silicon (100) is an effective way to reduce surface gap states on n- or p- doped zones.
Using XPS on several silicon samples after an HF-etching with different concentrations,
they concluded that HF cleaning passivates the surfaces electrically. Above all, it is
possible to reach near-flat band conditions with a band bending less than 0.1 eV under
some conditions.

MIR spectroscopy has been used by Chabal et al. [250| to identify the chemical nature

of chemically oxidized silicon surfaces. They showed that aqueous HF solutions of various
concentrations induce microscopic roughness on both Si(111) and Si(100). It has been
found that the pH of the HF solutions alters the roughness and the associated -H termi-
nations at the surface of the cleaned samples. Higashi et al. [251] studied this effect by
measuring the SiH stretch vibration with infrared absorption spectroscopy: the surfaces
are the smoothest for an pH etchant ranging between 3 and 8. The lower the etchant pH,
the rougher the sample surface.
Hence, whereas etching in aqueous HF produces atomically rough surfaces, the same
treatment in ammonium fluoride NH,F results in atomically flat ones with well ordered
terraces which extend thousands of angstroms [252]. Thus, NH,F is a better etchant than
HF, but it is not perfect: the dissolved oxygen contained in a 40% NH,F solution can be
responsible for etch-pits growth, observed by Wade et al. [253] by ex-situ STM.

The cleaning procedures can differ from groups to groups [254,255]. However, it is
possible to find a reliable method of surface preparation. This was proposed firstly by
Higashi et al. [251]. The recipe consists of three steps [256]:

e Degreasing of the sample surface.

e Etching/oxidization cycles of the surface.

e The final step, is the final etching using HF buffered with NH,F at 40 %. A quick
dip in de-ionized water for a few seconds is then necessary to remove traces of
fluorine at the surface.

This process leads to a surface state distribution which can be significantly reduced,
down to 1.2x10"%m2.eV~!, obtained on atomically flat H-terminated silicon [257, 258].
Studies on wet chemical etching procedures are in progress to control the stability of
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passivation or the topography of the etched surface [259]. Nowadays, improvements are
still possible and the passivated surface can be stable against oxidation for at least three
hours in atmosphere [260)].

3.3.3 The three-steps passivation protocol

In practice, performing the cleaning itself is not an easy task. We have tested variations in
the etching product, the bath duration, and characterized the results by XPS on full-sheet
doped silicon samples defined in section 3.2.1.2.

3.3.3.1 Protocol

e Degreasing is done with pure thrichlorethylene of VLSI quality for 30 minutes.
The sample is rinced in pure acetone, and then, in ultrapure deionized water with
18 MQ.cm resistivity and an organic contamination lower than 20 ppb.

e First etching is done for 30 minutes, using Buffered Oxide Etchants. BOE are
blends of 49% HF and 40% NH,F in various predetermined ratios NH,F:HF. Here,
the solution ratio was 7:1.

e The sample is then rinsed in deionized water before being dipped into a piranha
solution at 135°C for 20 minutes. The role of this solution is to chemically reoxidize
the sample surface. Piranha is a solution of H,O, and H,SO, in ratio 1/3-2/3.
They are of VLSI quality and concentration: 96% for H,SO, and 30% for H,O,,
respectively.

e The sample is rinsed again before being etched a second time in the BOE bath,
again for 30 minutes.

e This protocol ends with a rinsing in ultrapure water which allows to check the
hydrophobic nature of the surface, and dried under N,.

Dedicated Teflon tweezers and baskets were used for all the steps of this cleaning.

3.3.3.2 First validations of the protocol

XPS survey Survey spectra acquired on a full sheet silicon doped sample surface are
presented before and after passivation in figure 3.18. These general spectra are repre-
sentative of the whole surface since they have been acquired for several locations on the
sample to validate the process homogeneity.

e Before passivation, in a), the peaks visible are Si 2p and Si 2s, at 100 eV and 150 eV
binding energy respectively. The O 1s is clearly observable at 530 eV, and a carbon
C 1s peak appears at 285 eV, these two peaks are the signature of the native oxide
and surface contamination.

e After passivation in b), the spectrum presents only residual traces of carbon or
oxygen, validating the general passivation efficiency.
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Figure 3.18: XPS survey scan of silicon doped surface a) before and b) after the passivation using the
protocol detailed previously. Photon energy: 1486.7 eV. FoV: 127 um.

Fourier Transform InfraRed Spectroscopy analysis Infrared spectroscopy pro-
vides an improved surface sensitivity. It is particularly suitable for investigating the
atomic bonding configuration of hydrogen on the surface and studies to characterize Si-H
layers are still in progress [261,262|. Figures 3.19 a) and b) present the FTIR spectra
collected in Attenuated Total Reflectance (ATR) mode, over a large range of energies,
expressed in wavenumber. It can be seen that the samples with high dopant concentra-
tion, represented in b), N* and P*, have an important absorption peak which hides the
Si-H vibrational modes of interest around 2100 cm™!. The intensity of the tail of the
absorption peaks has to be removed to estimate the Si-H absorption mode.

In the literature [263,264|, no vibrational mode related to SiHO, and SiHOj, respec-
tively around 2200 em ™! and 2250 em™! is observable, for a) and b) which confirms the
passivation efficiency performed on all silicon sample, indepdtly of their doping. Figure
3.19 ¢) shows the spectral region 2000-2300 cm™?, characteristic of the Si-H stretching
modes at 2084 cm~!. The infrared absorption spectra of the samples presents as the
dominant absorption band the Si-H stretching mode. The presence of small contribu-
tions from either SiH, or SiH; modes [265] can be related to the surface topography. The
ratio differs from one sample to another, which can be interpreted in terms of different
roughness depending on the doping concentration.

To conclude, FTIR confirms that Si-H is the dominant bonding at the sample surface
after passivation.
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Figure 3.19: FTIR spectra in ATR mode, for different silicon doped samples: P, N, N*, P* in a) and
b) large wave number range, and c) in the Si-H vibrational mode around 2100 em™?!.

3.3.4 XPS analysis of the passivation process

3.3.4.1 Samples and conditions

The ARXPS analysis was performed on full wafer doped silicon samples prepared by
epitaxy similarly to the patterned samples presented in section 3.2.1.1. The doping
values of these samples given in table 3.5 are measured by SIMS at 3 nm below the
surface. They are the same order of magnitude than the patterned samples ones recalled

in the last column.

Doping Doping concentration at 3 nm Doping concentration at 3 nm

Type Full wafer samples Patterned samples
(atoms.cm™3) (atoms.cm™3)
Pt 2.4x 10" 1x10%
P 4.0x10% 4.0x10%
N 3.4x 10" 5.4x 107
N+ 1.6x10" 1.8x 10"

Table 3.5: Ezxperimental doping concentration at 8 nm depth for full wafer samples for each kind of
doping type and comparison with doping concentration of patterned samples deducted from figure 3.13.

The analysis was performed on a multi-probe XPS system (Omicron Nanotechnology),
see chapter 2 subsection 2.1.1.6. A monochromatized AlK«a radiation (photon energy of
1486.7 €V) with an EA125 electron analyser (radius 125 mm) were used. The analyser
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pass energy was 50 eV, and the entrance slits 2 mm, yielding an overall energy resolution
of 0.70 eV.

The analyser was operated in medium magnification mode, hence collecting the emitted
photoelectrons with a maximum acceptance angle of +4°.

The Si 2p core-level spectra were collected at two collection angles 90° and 15°, yield-
ing respectively sampling depth of 8.88 nm and 2.30 nm. This latter angle of 15° was
chosen since it enables the maximum surface sensitivity necessary for probing ultrathin
overlayers.

3.3.4.2 Surfaces before passivation

Figure 3.20 presents the Si 2p core-level XPS spectra of the different samples at these
two collection angles.
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Figure 3.20: Si 2p XPS spectra for different silicon doped samples a) before passivation and b) after
passivation. Colour code chosen: blue = n-doping, pink = p-doping. The spectra are exceptionally
presented by lines, and not by unjoined symbols since they corresponds to smooth data in order to

remove noise.
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Comparing spectra at both angles before and after passivation in figure 3.20 respec-
tively a) and b), one clearly sees the disappearance of the SiO, peak around 103 eV,
indicative of a successful oxide removal from the surface.

Before passivation, the difference in sampling depth at the two angles is clearly seen:
the SiO, peak intensity is the same order of magnitude at 15° as the component due to
unoxidized Si in the range 98-100 eV, whereas it is much weaker on spectra acquired at
90°. This can be understood in terms of sampling depth differences:

e At 90°, the sampling depth is important (d—8.8 nm), the analysis is less sensitive
to the native oxide if this latter is thin.

e At 15°, the sampling depth is lower (d=2.3 nm), which results in an enhancement
of the oxidized silicon signal on the spectra.

The thickness of the native oxide was measured for each full wafer samples using spec-
tra collected at 90°, following the procedures described in the recent literature [266—-269].
The values were found to range between 1.15 nm and 1.8 nm with an uncertainty corre-
sponding to the uncertainty of the inelastic mean free path taken at 20%. They have to
be compared with the thickness results obtained on patterned samples, which were found
to be ranging between (.66 nm to 0.86 nm.

After passivation, no oxide component is visible on the spectra, even at 15° where the
sensitivity to the surface is enhanced.

3.3.4.3 Surfaces after passivation: laboratory XPS study on full wafer sam-
ples

Results and fits Figure 3.21 presents the angle resolved Si 2p spectra for passivated
P* and N* surfaces after fitting. The cases of P and N doping are not detailed since the
spectrum shape was similar, however, the quantitative results of the fits are presented in
table 3.6.
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Figure 3.21: Si 2p spectra for a) Pt and b) N* doped zone at a collection angle of 90°.
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For the fitting, a Shirley background is subtracted, and a gaussian-lorentzian line-
shape is used, with a spin-orbit splitting of the Si 2p doublet of 0.603 eV. In a first
approximation, we considered a fixed full width at half maximum for the Si® and Si-H
components taken at 0.70 eV, close to the overall energy resolution.

e The line shape for this Si-H peak and the Si® are set at 100% gaussian. These
values are kept constant, whatever the dopant type, the dopant concentration, and
the collection angle.

e The binding energies vary from a sample to another, but, for a given sample, they
do not change significantly with the take-off angle.

The fittings reveal three components. Besides the main Si® peak, we must include
two additional components: a first one related to Si-H bonds and a second one named
Si*. The presence of Si-H is in agreement with the FTIR measurements presented in
paragraph 3.3.3.2. The chemical shift of the Si-H peak relative to Si® is +0.44 eV, in
agreement with literature [270].

To achieve high quality fit for the spectra, a small contribution appearing to the low
binding energies, Si* set to Si’ -0.70 eV is added, with a peak line shape set at 100%
gaussian.

Table 3.6 shows the relative intensities of the Si®, Si* and Si-H components.

Peak Pt P N N+
15° 90° 15° 90° 15° 90° 15° 90°
Si* 8.45 10.05 38.31 16.65 3.45 988 2.29 9.13
Si®  39.07 76.2 23.86 76.99 49.89 73.56 62.97 86.31
Si-H 5249 13.75 37.83 6.36 46.66 16.56 34.74 4.56

Table 3.6: Relative contributions of each peak relative to the total Si 2p peak intensity in P, P*, N
and N cases at 90° and 15°.

The Si-H component From this table, it is possible to extract some common trends:

e The Si-H peak contribution is higher for a collecting angle of 15° than at 90°,
confirming the localisation of this bonding at the surface.

e Conversely, the Si’ peak contribution is higher for a collecting angle of 90° than
at 15°. It is however worth noting that the Si® variations between 90° and 15° are
variable from sample to sample.

e For P type doping, the concentration of Si* decreases with decreasing sampling
depth, as observed by Ying et al. [271,272|. The trend is similar for N doping but
no comparison with literature was found.

At grazing incidence, the analysis technique is more sensitive to the top most layers
of the surface, highlighting the presence of Si-H bounds. When probing deeper, the pho-
toelectrons emitted from the bulk silicon are greater and the technique is less sensitive



Sample passivation 105

to the passivated layer at the surface.

The XPS experiments have been repeated, in order to test the passivation after expo-
sure to two weeks ultra-high vacuum. The resulting spectra were identical than the first
ones, with a quasi-complete absence of native oxide and contamination on the sample
surface.

The Si* component The additional Si* component is mentioned in several studies
which are summarized in table 3.7. The chemical shift of this component relative to Si°
is found to be -0.70 eV, in agreement with AS; of table 3.7.

In the literature, we find several detailed studies of silicon passivation presenting the
decomposition of the Si 2p core-level spectra. Whatever the surface reconstruction type,
some spectral components appear at low binding energies. Most of the studies cited in
table 3.7 were performed with synchrotron radiation. In general, three additional peaks,
labeled S;, S, and S3 were observed close to Si’ peak: S;, Sy are shifted to lower bind-
ing energies whereas S3 is shifted to slightly higher binding energies. Therefore, our Si*
component corresponds to S; component whereas S and S3 can not be separated from
the Si% peak, due to the low energy resolution of the experiment.

Main Author Reference AS, AS; AS; Reconstruction
Landemark [273] -0.23 -0.5 +0.22 Si(001)-4x2
Kakiuchi 274  -023 0.5 +0.23 $i(100)-2x 1
Himpsel [275] - -0.5 - Si(100)-2x1 and 7x7
Karlsson [276] -0.264 - +0.19 Si(111)-1x1
Karlsson 1277] ~ 0708 403,404 Si(111)-7x7
Chao 278] 021 0.5 +0.21 Si(100)-2x 1
Cerofolini 279]  -0.27 ; +0.28 $i(100)-2x 1
Ying [271,272] - -0.4 Si(100)-2x1 and poly-Si
Mizokawa [280] - -0.4 - Si(100)-2x1 and poly-Si
Yamashita ~ [281]  -0.21  -0.48 +0.24 Si(100)c(4x2)
Enta 282] : 0.5 +0.2 Si(100)
Jolly 283]  -0.21  -0.44 +0.19 Si(100)-2x1 and 7x7
Gomoynova  [284] 0.2 -0.7  +0.24,40.28 Si(100)2x1 and Si(111)7x7

Table 3.7: Binding energy shifts measured in eV, referenced to bulk silicon for different passivated

silicon surfaces.

We review the physical interpretations of both S;, S, and S3 components:

e In case of Si(100)-2x1, the S; and Sy peaks are attributed to the dimers. For a
clean silicon surface reconstructed in this way, the atoms of the topmost layers
form symmetric or asymmetric dimers [273]. For symmetric model, the shifted S,
component is due to one monolayer corresponding to covalent dimer atoms [285,
286], as presented in figure 3.22 b).

e For an asymmetric dimer S; is attributed to the up-dimer atom whereas and a
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second component situated 0.06 eV above the Si’ component is assigned to the
lower atom [278] as shown in figure 3.22 c).
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Figure 3.22: Sections through a) the Si second layer, b) the Si (2x1) symmetric dimer surface and b)
the (2x 1) asymmetric dimer surface. The dimer bond is in the plane of the paper, the dimer rows

running perpendicularly out of the plane of the paper.

e The S3 component is attributed to the Si second-layer atoms [274] and the subsur-
face atoms [281], as shown in figure 3.22 a).

e Gomoynova et al. [284] consider this S; peak as dangling bonds of the rest atoms, as
does Himpsel et al. and Grupp et al. [275,287| for 7x7 silicon (111) reconstructed.

e Another group of studies led by Ying et al. [271,272] and Mizokawa et al. [280] on
heavily P-doped Si(100) and P-doped poly Si observed S; at -0.4 eV with respect to
Si% They ascribe it to silicon atoms adjoining vacancies, voids or interstitial silicon
or phosphorus.

e Landemark, Kakiuchi and Chao 273,274, 278| suggested that the peak S, around
-0.2 eV can be assigned to the silicon third layer, but may also include contributions
from surface defects, as presented by Yamashita [288] and Karlsson [276].

e Jolly et al. consider the two components Sy and S3 as interfacial components close
to the interface between the native oxide and the surface, due to a possible effect
of oxygen second neighbors on the Si 2p binding energies [283].

In our case, no LEED data is available, consequently, we can not draw a firm conclu-
sion on the surface reconstruction. However, we refer to recent STM study on epitaxial
silicon samples prepared with the same protocol as ours which showed a (2x1) recon-
struction [242]. We will almost remember that Si* can be a possible fingerprint of residual
dangling bonds at the passivated surface.

Binding energy values The binding energies deduced from the spectra fits are given
in table 3.8. In figure 3.23, we compare the experimental values with values predicted
from the SIMS derived doping concentrations in flat band conditions:

e The Si’ binding energy values BE, s, predicted for flat band conditions, and
derived from SIMS doping measurements at 3 nm.

e The Si° binding energy values measured BE,,,, referenced relative to the Fermi
level which depends on the doping type and concentration, as seen in equations 3.1
and 3.2.
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Si%, Si% Si% Si%
BE.,, (V) 99.124+0.35 99.58+0.35 99.58+0.35 99.73£0.35
BEqj 30m (V) 98.77 98.97 99.76 99.85
BE 3nm -BEegyp -0.35 -0.61 +0.18 +0.12
Si* proportion (%) 11.7 17.8 11.8 9.5

Table 3.8: Binding energies BE.y, for bulk silicon Si©® for different doping types extracted from XPS
spectra deconvolution.
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Figure 3.23: S binding energy measurements for different doping types, and comparison with

predicted values from doping in flat band conditions.

The binding energy values measured for both N and N* doping are in good agreement
with those expected from flat band conditions whereas for P samples, the difference
between experimental and theoretical values is higher. Its is especially important for
P type doping where the difference reaches 0.62 eV. This can be related to the strong
Si* contribution in the Si 2p spectra with respect to the low Si-H one, which can be
responsible to a stronger band bending, and thus, to a stronger shift, as presented in last
line of table 3.8 where the ratio Slosﬁ is given for all doping.

In case of P doping, the ratio is really important and thus, can be related to a stronger
shift in terms of binding energy. However, though the ratio for P* is better than for N
doping, the measured binding energy is more shifted. We can give an explanation given
by Schlaf et al. which have shown that a residual band bending due to the fluorine cov-
erage can remain on silicon doped patterns, depending on the doping density and HF
concentration used for etching [289] since an extremely small number of surface states is
required to pin the Fermi level.

Focusing on the shifts in terms of Si® binding energy values measured relatively to flat
band conditions, a trend appears: the measured values are higher than theoretical ones
in case of P doping whereas they are lower for N doping. We observe the band bending
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direction due to residual interface states within the silicon bandgap depending on the
doping type: the bands for a P doping are bent downwards (i.e. an increase in terms
of binding energy) whereas a N doping presents a band bending upwards, and thus, a
decrease in the measured binding energy.

3.3.4.4 Case of passivated patterned samples: micro-XPS with XPEEM

The passivation study was performed on full wafer silicon samples with the MXPS. We
compare now its efficiency on passivated patterned ones by core-level microspectra ac-
quired with the NanoESCA by microspectroscopy. The pass energy was 100 eV and the
entrance slit width was 1 mm, giving the same overall energy resolution as the MXPS
experiment, i.e. 0.48 eV.

Figure 3.24 presents Si 2p core-level spectra acquired for a collecting angle of 90°, on
highly doped silicon P* and N*.
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Figure 3.24: Si 2p core-level microspectra of P+ and N acquired on full wafer and patterned samples.

The spectra are similar and can be compared, even for lightly doped zones which are
not presented here. The contribution of the different components Si®, Si* and Si-H varies
between full wafer samples and patterned ones: especially, the Si* component seems
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to be lower proportions when observed with the NanoESCA. As mentioned in section
3.3.4.2, the native oxide being thinner on patterned samples than on full wafer samples
we expected the passivation to be at least as efficient on both kind of samples, which
is the case. This validates our protocol for the study of passivated patterned samples
observed with the energy filtered XPEEM.

3.3.4.5 Synchrotron experiments: reproducibility of the passivation

We have also observed the Si 2p core-level spectra for samples passivated in synchrotron,
just before imaging in the SOLEIL premises, in a dedicated chemistry laboratory. The
photon energy tunability of synchrotron helps in probing a sampling depth lower than the
one probed at 1486.7 eV (8.8 nm). At 128.9 eV and 700.3 €V, d corresponds respectively
to 2.3 nm and 4.8 nm.

We present in figure 3.25 microspectra extracted from core-level image series acquired
with the NanoESCA, for the two doped zones Pt and N*. The experimental conditions
are presented in table 4.14. We do not detail here the fitting spectra choices chosen, these
will be discussed in chapter 4 section 4.2.2.

130 eV e 700 eV
2.0
7.54
@ 1.5 @ 6.0+
2 2
E g
E 5 451
Pt = L0 >
) £
&:) § 3.0
= 0.5 S
1.54
0‘0_. i Kot 00_ st b P froi e NIRRT pios
106 105 104 103 102 101 100 99 98 106 105 104 103 102 101 100 99 98
Binding Energy (eV) Binding Energy (eV)
Binding Energy (eV) 900- Binding Energy (eV)
3.0 300
254 700
o @ 600+
8 2.01 Z
§ ] £ 500-
N+ i 1.5+ =2 400
p= z
§ 1.0 g 300+
= = 200+
0.5
] 100
0.0- AT X \ " 0 o) i A
106 105 104 103 102 101 100 99 98 106 105 104 103 102 101 100 99 98
Binding Energy (eV) Binding Energy (eV)

Figure 3.25: Si 2p core-level microspectra of P and N doping zones acquired at 128.9 eV and
700.3 eV.
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Contrary to core-level laboratory spectra acquired also on passivated samples, we ob-
serve oxide and suboxide components at binding energies higher than Si® peak which
indicates the presence of a residual native oxide. The more important the photon en-
ergy, the less the presence of suboxide components, which confirms that this oxide is
thick. Though the passivation protocol was kept constant, the passivation performed at
SOLEIL chemistry laboratory was less efficient for these samples than for those observed
in laboratory. We have to deal with a non reproducibility of the protocol though it is
well controlled.

3.4 Summary and conclusions

In this chapter, we have first presented the design, the fabrication process and the ex-
tensive characterizations performed on the patterned doped silicon surfaces which will be
imaged with XPEEM and studied in the next chapters.

The choices for the sample design were driven by the necessity to realize various
doping combinations yielding different electrical characteristics of the resulting planar
pn junctions, possibly affecting the XPEEM images. We chose localized epitaxy as the
growth method for its low thermal budget and the in situ doping process providing
potentially homogeneous in-depth doping concentration profiles. These choices resulted
in three sample configurations:

e Two samples with different doping combinations (N* and P* patterns on P sub-
strate) yielding similar junction depletion with (550 nm) and a maximum electric
field across of 3.3 kV.mm™!.

e One sample consisting of Pt patterns on N substrate with a much smaller depletion
width (50 nm) resulting in a more than ten times larger electric field across the
junction (41.7 kV.mm™1).

The samples, processed in the LETI clean rooms in six technological steps, were then
characterized extensively from the surface topography and more particularly the doping
in depth uniformity point of view. At the junction, a residual step in the 20-75 nm was
found. The doping concentration, measured by SIMS as a function of depth over 10 nm,
on as-grown samples (i.e, before passivation) was found to be not perfectly uniform: vari-
ations of half a decade for the patterns (N* and P* doping) and two decades for N doping
(P doping concentration could not be reliably determined for sensitivity reasons) were
measured. The doping concentration at 3 nm depth, beyond which doping variations
were found to be negligible (1/10 decade), and corresponding to the Si 2p photoelectron
escape depth, was chosen as reference data for further quantitative determinations of the
residual band bending from photoemission data.

In a second step, we have aimed at producing deoxidized and passivated silicon sur-
faces in order to be as close as possible to flat band conditions. Following literature, a
three-step surface passivation protocol was performed and extensively characterized on
full wafer samples (N, P*, N and P doping), with the same doping concentration as the
patterned ones, using FTIR and especially XPS.
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First-order validations of the efficiency and uniformity of this ex situ surface preparation
protocol showed effective deoxidation (ARXPS in surface sensitive conditions) and pas-
sivation of the obtained surfaces (Si-H bonds by FTIR). The obtained surfaces were then
more extensively studied from accurate fits of the high-resolution (0.7 eV) Si 2p core-level
spectra, including Si-H bonding states.

A pronounced shouldering to lower binding energy was found on all samples. This re-
sulting Si* bonding state component was tentatively assigned to the so-called S; states
of silicon atoms reported in the literature of mainly (but not exclusively) reconstructed
Si(100) surfaces studied by high-resolution photoelectron spectroscopy. This literature
study suggested also the existence of two other components Sy and S3 which are of inter-
est for the XPS analysis performed with synchrotron radiation, as presented in chapter
4. The true origins of such a component, however, is still matter of debate and various
interpretations are suggested, including dimer surface states and dangling bonds. There-
fore, we cannot conclude on the perfect efficiency of our surface preparation protocol for
the passivation of the surface electronic states. We were able to qualitatively relate this
to a pronounced band bending found for both P™ and P dopings. Conversely, N doped
surfaces have been observed in nearly flat band conditions, consistent with a much higher
proportion of Si-H bonds and/or a much lower proportion of Si* states. However, we
found it difficult to make quantitative correlations between the magnitude of the band
bending and the amount of defective/passivated silicon states.

Finally, we presented complementary XPS analyses on the patterned samples after
passivation performed in different environments, before laboratory XPS at LETT and be-
fore synchrotron radiation experiments at SOLEIL. The results highlight that, in the most
surface sensitive conditions (130 €V photon energy excitation, equivalent to a 0.3 nm pho-
toelectron escape depth), residual oxide coverage remains. However, this oxide coverage
is not detectable under slightly increased bulk sensitive conditions (700 eV excitation),
indicative of sub-ML coverage. Therefore, we conclude that the passivation process is not
reproducible between laboratory and synchrotron environments. This shows that for both
sets of sample (laboratory and synchrotron), a systematic study including careful spec-
troscopic analyses at the microscopic level must be performed for a proper interpretation
of the images, as will be done in chapter 4.
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Chapter 4

Energy-filtered XPEEM of passivated
patterned silicon samples
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This chapter is dedicated to the results of the energy-filtered XPEEM experiments
performed on three patterned doped silicon samples after passivation, the fabrication
and characterization of which were presented in chapter 3. We present a full spectro-
microscopic analysis using all the characteristic electrons accessible with the instrument:

secondary electrons, core-level electrons and valence band electrons.

In the following of this manuscript, we will distinguish two sets of samples and exper-

iments performed after passivation:

e patterned silicon samples imaged with laboratory source including an X-ray source

(1486.7 eV excitation energy) and a VUV source (21.2 eV excitation energy).

e patterned silicon samples studied with synchrotron radiation at two photon energies:

128.9 eV and 700.3 eV.

113
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4.1 Secondary electrons: work function mapping

In this section, we compare first the work-function mapping of silicon patterned samples
acquired in laboratory after passivation. Then, we focus on synchrotron experiments,
performed at the TEMPO beamline of the SOLEIL synchrotron for two excitations en-
ergies.

N'/P

4,075V

2K

4.350 eV
2K

4.550 eV 4.675 eV
2K 4K

Figure 4.1: Image series taken at threshold (excitation: 1486.7 eV) for different energy (E-Er) given
in the top right corner of each image. The field of view is 62 pm. The intensity scale is given by the

mazximal value in the image 2048 a.u. or 4096 a.u.
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4.1.1 Experimental conditions and work function analysis proto-
col

The acquisition conditions at threshold are summarized for both laboratory and syn-
chrotron analysis in table 4.1.

Parameters Laboratory Synchrotron
1486.7 ¢V 700.3 eV 128.9 eV
Extractor voltage 12 kV 12 kV 12 kV
Contrast aperture 70 pm 70 pm 70 pm
Field of view 62 pm 62 pm 62 pum
Entrance slit width 1 mm 0.5mm 0.5 mm
Pass energy at threshold 50 eV 50 eV 50 eV
Acquisition time 120 s ls 5s
MCP voltage 900 V 900 V 900 V

Overall energy resolution 0.33 eV 0.1 eV 0.1 eV

Table 4.1: General acquisition condition in laboratory and synchrotron environment for threshold

studies.

A typical example of image series at threshold corrected for dispersion in energy, and
noise and obtained on the samples is given in figure 4.1. Because here we perform energy-
filtered imaging, we do not observe the contrast obtained in non filtered PEEM or SEM
with P zones being usually brighter than N zones.

We also show the threshold spectra collected for different areas of interest represented
in coloured squares with a threshold shifted as a function of the local work function in
figure 4.2 a). We are able to extract from this threshold the local work function value.
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Figure 4.2: a) Image XPEEM of P* /P sample taken at threshold and spectra extracted from several
area of interest. b) Work function mapping of Nt /P sample and histogram deduced. (FoV:62 um)

The work function mapping is performed in a similar way, but pixel per pixel, using
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the protocol detailed in chapter 2 section 2.3.2. The coloured images presented through
this section are maps giving the local work function obtained from the pixel per pixel
error function fit at threshold for all samples, as can be seen in figure 4.2 b). Histograms
of work function values are extracted, in order to determine accurately the average work
function and the experimental uncertainty of each doped zone, determined by the FWHM

of the peaks.

4.1.2 Work function mapping with laboratory excitation
4.1.2.1 Results

The work function mapping of the passivated samples is presented in figure 4.3.
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Figure 4.3: Work function mapping (excitation: 1486.7 eV) after passivation: a) PT /P, b) N* /P,
and ¢) Pt /N. The field of view is 62 um.

We have checked that the uncertainty was not greater than 0.03 eV. For each par-
ticular area of interest, we note a narrow distribution of the work function, the results
being that the map reproduces the original shape of the patterns, as seen from the images.

Secondly, we notice noise on the maps. This is supposed to be due to the fitting
method used in the MATLAB program to minimize the error between experimental and
fitting values.
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Lastly, focusing on the NT/P sample, we observe a different work function value
depending on whether the NT area of interest is a closed area (i.e. surrounded by P
doping) or in an open zone. This behavior is not observed for the other samples. In
chapter 5, we will interpret this specific phenomenon.

The values deduced from this mapping are presented in table 4.2.

Sample Pt P N N+
PY/P  4.30+0.02 4.17+£0.02 - -
N+ /P - 4.15£0.03 - 4.00+0.03 and 4.0840.03
PT/N  4.16+0.02 - 4.11+£0.02 -
WF 5.14 4.93 4.16 4.07

Table 4.2: Work function values in eV measured from mapping after passivation.

Based on equation 3.3, the last line of table 4.2 presents the theoretical work function
values expected in flat band conditions for the different samples.

4.1.2.2 Interpretations

We start by comparing the experimental work function values obtained with the theo-
retical ones in flat band conditions, shown in table 4.4. Firstly, we observe a reasonably
good coherence of the work function values for a similar doping in a different sample,
except maybe for the N doping case, and, to a less extent, for the P™ case.

Secondly, we comment on the work function values with respect to the theoretical
ones. We observe an excellent agreement for N doping. However, the values obtained for
the two P dopings are far from those expected. In case of P™ doping, the value derived
from mapping is 1 eV lower than the theoretical one, a difference corresponding to the sil-
icon band gap. For P doping, the difference is also very high: 0.76 eV. We interpret these
differences as be due to band bending arising from a non complete surface passivation.
The influence of band bending on the measured work function is illustrated in figure 3.3:
for P doping, strong band bending results in a strongly decreased work function, with
respect to flat band conditions. For N doping, the variation is opposite.

We can relate tentatively the differences observed between theoretical and experi-
mental values with a sample-dependent quantity of electronic surface states. A specific
evidence of these surface states due to residual dangling bonds was shown in the XPS
study of chapter 3. The high resolution Si 2p core-level spectra were shown to contain a
spectral component, Si*, which is assigned in the literature to various defects and arrange-
ments in silicon atoms of the outermost surface layers. These defects are likely to induce
electronic states within the gap which, in turn, produce band bending. This assumption
is verified in table 4.3 which shows a qualitative correlation between the work function
differences and the relative intensity of Si* states related to the Si® states. Particularly,
the table shows that for both N doping which exhibit a small work function difference
with theory, the relative number of Si* states is minimum. Conversely, for both P doping,
we have a much higher Si* proportion in relation with an higher work function difference.
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Doping Pt P N N*

Si* proportion (%) 13.0 17.8 11.8 9.5
WEF 4,-WF . 0.98 0.76 0.05 0.03

Table 4.3: Si* proportion related to the S states and work function difference between experimental

WFeyp. and theoretical flat band case WFyy for each doping type.

This interpretation is based on the examination of core-level spectra for full wafer
samples. In figure 3.24, we show that the shape of the Si* component, corresponding
mostly of the S; contribution, differs when considering patterned samples, more partic-
ularly for P* doping, we do not observe an important Si* contribution. However, due
to the low energy resolution of the analysis, we cannot exclude, on the pattern samples,
the presence of structural defects (identified on synchrotron experiments by the Sy and
S3 components [271,272]) giving rise to a non negligible density of surface states.

We now compare for a same sample the work function shift A® between a patterned
zone and a substrate zone. We define the experimental work function shift, Ad as:

AP = A(IDpattern - A(I)subsz‘maz‘,e- (41)

Similarly, we consider the same theoretical quantity A®y, in case of flat band condi-
tions, based on the doping values measured by SIMS at 3 nm depth, already considered
for the XPS study in chapter 3.

Sample Adg AP
P*/P 020 0.13
N*/P  0.86 0.07
PT/N 098 0.05

Table 4.4: Work function difference in eV between two doped zones within each sample, in theoretical

flat band case (fb) and experimental case.

Considering experimental measurements, all samples exhibit a difference between the
two doped zones, but lower than expected in flat band conditions. For homojunctions,
the difference between the theoretical and experimental shifts is only about 50% whereas
it is much lower for the two heterojunctions. This has to be related to a cancellation
effect due to the inverse variations of the band bending in P doped and N doped zones.

From the image contrast point of view, the work function relates the photoemission
threshold of each doping type without taking into account the photoemission yield and
thus, gives an estimation of the Fermi level position within the band gap. Thanks to
work function maps, it is possible to localize easily zones with different doping.

These remarks indicate that though the passivation of the samples P™ /P, N /P, and
P*/N tends to remove both contamination and native oxide, as seen previously, it does
not imply necessarily that flat band conditions are obtained. These first observations led
on laboratory have allowed to make a first set of results. We complete this study of work
function mapping by varying the photon energy thanks to synchrotron experiments on
similar samples.
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4.1.3 Work function mapping with synchrotron radiation
4.1.3.1 Acquisition conditions

The two nominal photon energies 130 eV and 700 eV were used with synchrotron radiation.
The photon energy was calibrated by measuring the Fermi edge of the valence band of a
clean silver sample. Figure 4.4 presents the two XPS spectra acquired for a) 700 eV and
b) 130 eV. It is easy to determine the true energies: 700.3 eV and 128.9 eV.
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Figure 4.4: Photon energy calibration on clean Ag sample for nominal photon energies a) 700 eV and
b) 150 eV.

For estimating the overall energy resolution, we take into account the spectral width
of the photon source of the TEMPO beamline: this latter is calculated using the relation
2.21. We find respectively 0.14 eV at 700.3 eV and 62 meV at 128.9 eV.

Including the photon energy at 1486.7 eV, the sampling depth probed are summarized in
table 4.5.

Photons energy Sampling depth d

(eV) (nm)
128.9 2.3
700.3 4.8
1486.7 8.8

Table 4.5: Sampling depths depending on the photon excitation energy chosen.

4.1.3.2 Results

For these experiments, passivation was performed just before imaging in the SOLEIL
premises, in a dedicated chemistry laboratory. Despite a similar passivation protocol as
for the laboratory experiments was used, the equipment at our disposal was not exactly
the same.

For imaging, we have chosen the 'zero’ shaped patterns, since these are present in
large quantity at the sample surface, thus enabling to keep fresh areas for an increase
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Figure 4.5: XPEEM images at threshold for two photon energies 128.9 eV and 700.3 eV: a) P* /P, b)
Nt /P, and ¢) Pt /N. The field of view is 62 pum.

reliability of the analysis. It is indeed notorious that surfaces exposed to synchrotron
radiation can alter quickly with time [290].

Figure 4.5 presents the work function maps generated from image series acquired at
two different excitation energies. The colour scale is the same as for figure 4.3.
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4.1.3.3 Comments

Here again, the maps shows a clear work function contrast between the different doped
zones, and reproduces the original shape of the patterns, whatever the photon energy. We
can make similar comments as for the laboratory case: particularly the triple contrast is
observed only for the N /P sample. However, the maps clearly show that the extracted
work functions are different than the laboratory case. For the particular N* /P case, this
even leads to inverted work function shifts A® between N* and P zones, the P work
function being lower than the N* ones. This is observed for both photon energies. The
values are presented in tables 4.6 and 4.7.

Sample Pt P
128.9 700.3 128.9 700.3
Pt /P 4.10£0.02 4.46+0.03 4.054+0.02 4.1740.03
N*/P - - 4.38+0.01 4.2540.02
P /N 4.194£0.02 4.55%0.05 - -
Flat band 5.14 4.93

Table 4.6: Work function values in eV measured from mapping after passivation for two photon
energies 128.9 eV and 700.3 eV.

Sample N N+
128.9 700.3 128.9 700.3
PT/P - - - -
N*/P - - 4.4440.01 4.56+0.03
Pt /N 4.164+0.01 4.4240.02 - -
Flat band 4.16 4.07

Table 4.7: Work function values in eV measured from mapping after passivation for two photon
energies 128.9 eV and 700.3 eV.

First, at a given photon energy we observe consistent values for the two zones having
the same doping level. This is particularly true for P* doping where the work func-
tion shifts between P*/P and P*/N are less than 0.1 eV for a given photon energy.
For P doping, the difference is more important at 128.9 eV where it reaches 0.33 eV. No
comparison is possible for N dopings since we have only one measurement at our disposal.

The work function measurements, though consistent with each other, are far from
those expected from flat band case. We are thus in presence of residual band bending.
Depending on the doping type, we expect regarding figure 3.3:

e For a given N doping, the work function decreases with the photon energy.
e For a given P doping, the work function increases with the photon energy.

This is verified for P dopings, except for P substrate of N* /P sample, but we have already
underlined the inversion in the work function mapping between the two doped zones. For
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N dopings, the expected behavior is not observed, the work function increasing with the
photon energy increase.

Similarly to the previous section, we define the work function shifts A®-yy3 and
A®Pq95 9 between a pattern zone and a substrate zone and compare them in table 4.8 with
Adyy, for the flat band conditions case.

Sample A(I)fb A(I)700.3 A(I)lzg.g
PF/P 021 029  0.05
N*/P  0.86 0.31 0.06
PT/N  0.98 0.13 0.03

Table 4.8: Work function difference in eV between two doped zones within each sample, in theoretical
case (th), and after passivation for photon sources of 1486.7 ¢V, 700.8 eV and 128.9 eV.

We see that Adry 3 is systematically much closer to A®y, than at 128.9 eV or in
laboratory conditions (see table 4.4). This is an agreement with the assumption of the
influence of SPV effect. Reported in chapter 1 (see section 1.5.2), it tends to flatten the
bent bands at a semiconductor surface upon high intensity photon illumination. At the
TEMPO beamline, the photon flux delivered by the undulator at 700.3 eV photon energy
is higher by half a decade than the flux delivered by the undulator at 128.9 eV, which is
consistent with a more important shift in work function between the two doped zones at
the highest photon energy, assuming an influence of the SPV effect.

4.1.4 Summary

Work function mapping enables first to check the uniformity and the efficiency of the
sample passivation. It is necessary to passivate the surface, but flat band conditions
are not reached and residual surface states induce band bending. We have shown that
for laboratory results, we find no inversion in terms of work-function value, whatever the
sample considered, whereas an inversion has been observed at both 128.9 eV and 700.3 eV
for N /P sample in synchrotron environment. Hence, work-function mapping is a good
tool to estimate the cleaning efficiency, but one has to be careful for interpretations
not to forget the influence of residual band bending which can invert work function
measurements depending on the doping type and level.

Depending on the photon energy, we have seen that:

e For N doping, the work function value decreases with the photon energy.
e For P doping, the work function value increases with the photon energy.

The difference in work function between two doped zones reached better agreement with
expected values in flat band conditions when the photon flux is important, i.e., when the
SPV adds its contribution to unbend the bands.
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4.2 Si 2p core-level microspectra and imaging

It is interesting now to show the NanoESCA capabilities in terms of pn junctions imaging
with high lateral and energy resolution. All images were acquired in similar acquisition
conditions. This section is dedicated to the analysis of core-level PEEM imaging and
high resolution XPS spectra acquired on the Si 2p peak after passivation in laboratory
and with synchrotron radiation obtained over these passivated doped samples.

4.2.1 Laboratory study
4.2.1.1 Si 2p XPEEM spectromicroscopy

Experimental conditions All images were acquired with similar acquisition condi-
tions for all samples, summarized in table 4.9.

Parameters in laboratory

Extractor voltage 12 kV
Contrast aperture 500 pm
Field of view 62 pum
Entrance slit width 1 mm
Pass energy 50 eV
Acquisition time 600 s
MCP voltage 950 V

Overall energy resolution 0.33 eV

Table 4.9: General acquisition condition in laboratory for core-level study.

We have chosen to privilegiate energy resolution which means a lower counting statis-
tics. For this reasons, the imaging of the patterns used for work function mapping was
difficult. In order improve the signal-to-noise ratio of P* /P and P /N samples, the ac-
quisition in laboratory was performed on a sample zone where one half of the field of view
is covered by each doping type. However, for the sample with the highest Si° intensity
(N*/P sample), images were still recorded on the same patterned zone as the one used
for secondary electron study.

Image series were recorded from 101.5 eV down to 98 eV with energy steps of 0.05 eV.
Due to the low counting statistics, the energy filtered images are not presented. Instead,
we present images representing the integrated silicon intensity, after Shirley background
subtraction, generated using the Multipak software.

Results Figure 4.6 shows the contrast obtained on the Si 2p integrated images. In
order to present all core-level images in the same conditions, we present the integrated
intensity of Si’ peak, in the energy range 98 eV to 101.5 eV. This signal corresponds
to the true spatial distribution of the XPS silicon intensity on passivated silicon doped
patterns.
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90.1 3339

Figure 4.6: Energy-filtered XPEEM images at the S core-level at 1/86.7 eV photon energy (energy
range: 98 eV to 101.5 eV).

Comments We have checked in section 3.24 that no residual oxide was present on the
sample surface. Therefore, the contrast obtained can not be explained in terms of dif-
ferent attenuations of the bulk substrate signal by a surface oxide. We still observe a
contrast even if the surface is deoxidized. This difference in intensity between the two
doped zones is unexpected since we assume that the silicon density is the same for all
samples whatever the doping type and level.

The collected intensity from an area of interest Ig; can be written as:
Is; o< PngiosiAsiTs; , (4.2)

where @ is the incident photon flux per second, ng; is the atomic density, og; the pho-
toionisation silicon cross section at 1486.7 eV, Ag; is the inelastic mean free path and T%;
the transmission on the double analyser for the Si 2p electrons.

Following this relation, we expect a similar intensity whatever the doping. Therefore
the contrast observed in the integrated images cannot be explained in terms of intensity
differences arising from bulk photoemission. In case of homojunction P* /P, contrast is
fainter than heterojunction but it is still observable: high doped pattern zones are brighter
than substrate zone for all samples. We will see that similar contrasts in integrated core-
level images are found with synchrotron radiation. In the following, with a detailed
examination of the core-level microspectra we will tentatively explain the origin of this
latter.

4.2.1.2 Si 2p microspectroscopy

Experimental conditions Spectra were recorded in microspectroscopy mode, due to
the low signal-to-noise ratio of the spectra generated from the image series used in the
previous section for the integrated core-level images. To increase this signal-to-noise
ratio, spectra were acquired on field of view of 127 um diameter in zones of homogeneous
doping. The pass energy was 100 €V and the entrance slits width 1 mm, giving an overall
energy resolution of 0.48 eV.

Results The different spectra are compared for each kind of patterned sample in figure
4.7. Tn this figure, we concentrate on the Si’ component (binding energies range: 98 eV
to 101.5 V), the whole spectrum showing no oxide component being presented in figure
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3.24. We observe Si 2p spectra for the two doped zones, with close binding energies, for

a given sample. The shift in binding energy is the greatest on N /P sample whereas it
is the smallest for P™ /N sample.

900 - -
a) .5 5 b) 2500 — .
800+ - N 1 y e
] e P .0., 2, o N' '.Q~ : .
700 o e 2000 PO W)
g O [N LY °
@ 600- LA > x 3 8
o2 4 L] =5 i [}
£ 500 -y £ 1500 ¥
> | o o =) °* o\Ne o
N 'Qw" L ) 8 J *Tw % .
400- - . 4 o 7
L ’, A 21000+ . ° .
= L} 7 . .
§ 300. ‘;." ) L] § ’ .; .. ..
= 200, X P = 5004 e s
100 Sa % ¥ s 7 E %
_' M‘:’ J P | LN
0 T T T T T T — - = 0= - T T T T T “ f
1014  100.8  100.2 99.6 99.0 98.4 1014 100.8 1002 99.6 99.0 98.4
Binding Energy (eV) Binding Energy (eV)
2000
e N n
)
C) ° P+ "'
'k
- °
_ 1500 FARH
@ ro
g o o0
S 1000 - g o
g I 4 o®
*? .S °
172} T °
=] $ ®e
S o
E 500 f S
R
S
0 T — T T T T T T T T &
1014  100.8  100.2 99.6 99.0 98.4

Binding Energy (eV)

Figure 4.7: Si 2p core-level microspectra for each kind of sample: a) Pt /P, b) N* /P, and ¢) Pt /N.
The photon excitation enerqgy is 1486.7 eV.

We note that the shape of the Si 2p spectra differs from one doping to an other.
Moreover, for a given sample, we observe that the brightest zone in the integrated Si’
images (see image 4.6) corresponds to the one who has the largest Si 2p, i.e., the highest
integral intensity.

Applying the deconvolution protocol already established in chapter 3, we compare
the different Si® values for the different doped zones after passivation. The Si® binding
energies are presented in table 4.10 and the fitting of the spectra are shown in figure
4.8. For a given doped area, the core-level spectra were found to be the same from one
sample to another, therefore, only one spectrum will be presented per doping condition.
However, table 4.10 is complete: it summarizes the measured and calculated values for
all doping type and level. Regarding the theoretical values, the binding energy for nearly
intrinsic silicon being well-known and taken to be 99.35 eV.
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Figure 4.8: Si 2p core-level deconvolution: a) P*, b) N*, ¢) P and d) N. The photon excitation
enerqgy is 1486.7 eV.

Sample P P N N+
Pt /P 99.214+0.26  99.4640.25 - -
N*/P - 99.4740.25 - 99.85+0.26
Pt /N 99.3040.25 - 99.3540.25 -

Flat Band conditions 98.82 99.03 99.80 99.89

Table 4.10: S binding energy in eV measured from XPS spectra. Theoretical values are also given
for the doping level considered.

Comments Binding energy analysis In table 4.10 we first observe an excellent
reproducibility of the binding energy values for each doping between two different samples
lower than 0.1 eV. We focus now on the difference of the measured binding energies with
respect to the expected values given by flat band conditions (still estimated from the
measured SIMS doping values at 3 nm depth). We observe that:

e For N* doping, a good agreement is found, and for N doping, the measured binding
energy is 0.45 eV lower than the expected value.
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e For P™ and P doping, the binding energy is higher than the theoretical value by
0.44 eV for P doping and up to 0.48 eV for Pt doping.

Hence, for N™ doping, we can conclude that we are in nearly flat band conditions,
whereas we observe consistent band bending for N, P and P* doping: i.e., lower binding
energies for N doping, and higher binding energies for P doping. This last result on
patterned samples is consistent with what we found from the work function mapping in
the previous section (see table 4.3):

e The N and N* doping areas were found to have work function very close to the
expected work function for flat band conditions.

e Conversely, for P doping, the work function difference of 0.76 eV was found, which
is comparable to the difference in the binding energies observed in the core-level
spectra. Therefore, a reasonable consistency is observed between the core-level
results and the work function results derived from spectromicroscopy data.

Particularly, we observe a really small difference in terms of binding energy between
the two doped zones for P*/N sample. This results has to be related to the probing
depth in these acquisition conditions: for a collecting angle of 90°, we have to deal with
d=8.8 nm.

The depletion width of the band bending can be estimated thanks to the Debye Length
Lp, which is a characteristic length: it is about 8Lp for silicon. Table 4.11 gives the
widths that can be expected for the band bending at room temperature, i.e. 300 K.

Doping/bulk Concentration Debye Length Depletion width

(atoms.cm™?) (nm) (nm)
Pt 1x10%¥ 1.3 10.4
P 4x10% 64.8 018.4
N 5.4x10" 5.6 44.8
N+ 2x 101 0.9 7.4

Table 4.11: Debye Length and depletion width calculated for theoretical doping levels and types.

The higher the doping, the stronger the band bending, and the smaller the depletion
width. This will affect the binding energy measurements, if after passivation, there re-
mains a residual density of surface states on the sample surface. Taking into account the
band bending direction opposite for opposite doping type we can expect a reduction of
the difference in terms of binding energies for different doping type and level.

Fitting of the XPS maicrospectra Referring to core-level spectra acquired on full
wafer samples, we observe the non reproducibility of the passivation process since the
proportions in terms of relative intensities of Si’, Si-H and Si* measured in table 4.12 are
far from those obtained in table 3.6. In figure 4.8, we observe a small contribution of the
Si* component, even nil for P doping.

Particularly, the table 4.13 shows the Si * contribution relative to Si  one for each
doping type, comparing with the difference in core-level binding energy between the
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Sample considered P /P N*/P P /N
Doping type pt P N+ P pt N
Si* 11.43 - 3.72 - 3.52 2.14
Si¢ 75.59 93.44 88.22 95.18 86.65 90.68
Si-H 1298 6.56 8.04 4.82 983 T7.18

Table 4.12: Relative contributions of each peak relative to the total Si 2p peak intensity in P, PT, N
and NT doping type for the three samples of interest at 90°.

Sample considered Pt /P N+ /P P*/N
Doping type Pt P N+ P P N

Si* proportion (%) 13 1 3.9 - 3.9 2.3
BE ,-BE ). -0.40 -0.43 +0.04 -0.44 -0.44 +0.45

Table 4.13: Si* proportion related to the S©° states and binding difference between experimental
BE..p. and theoretical flat band case BEy, for each doping type of each sample.

measurement and the theoretical value expected from doping concentrations given by
SIMS at 3 nm.

There is no systematically relation between the magnitude of the binding energy shifts
and the Si * contribution: though the contribution of Si * is faint, we observe important
shifts of the binding energy values with respect to expected values. This is to relate to
the residual band bending whose depletion zone is probed in our acquisition conditions,
but may also due to variations in the effective doping level. The passivation process
might have removed the surface layers from the sample surface which had higher doping,
explaining the shift with the theoretical value expected from doping concentrations given
by SIMS at 3 nm. We have also to assume that the shift can be increased by a band
bending induced by fluorine coverage [289)].

4.2.2 Synchrotron radiation study
4.2.2.1 Si 2p spectromicroscopy: images

In this section, we focus on the same samples as the patterned ones imaged with secondary
electrons for work function mapping (see subsection 4.1.3), taking advantage of the high
photon flux of synchrotron radiation enabling a much higher counting statistics than in
laboratory conditions.

Experimental conditions The acquisition conditions on the silicon doped patterns
are summarized for both photon energies in table 4.14.

The image series over the Si 2p core-level were recorded from 105 eV down to 98 eV
with an energy step of 0.05 eV.

Results 1In figure 4.9, we focus on the integrated intensity images acquired on the
Si% peak, in the energy range 97 eV to 101.5 eV, and corrected from photoemission
background. Figure 4.10 presents selected energy Si 2p images at two photon energies
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Parameters Synchrotron
700.3 eV 128.9 eV
Extractor voltage 12 kV 12 kV
Contrast aperture 70 pm 70 pm
Field of view 62 pum 62 pm
Entrance slit width 1 mm 1 mm
Pass energy 50 eV 50 eV
Acquisition time 120 s 60 s
MCP voltage 930 V 930 V

Overall energy resolution 0.244 eV 0.202 eV

Table 4.14: General acquisition conditions in synchrotron environment.

for two patterned samples. We consider the case of N* /P and P /N sample to show a
complete set of results.

P*/P N*/P P*/N

8r7s

700 eV

17.7

3948

49.1

4

Figure 4.9: Energy-filtered XPEEM images of the integrated Si° intensity for different excitation
energies for PT /P, N /P and P+ /N samples (energy range: 97 eV to 101.5 eV). At 700 €V, the higher
Si 2p kinetic energy yields to a smaller field of view.

Comments

e In figure 4.10, contrast variations between patterned and substrate zone appear for
different kinetic energy. Contrast reversal appears on all doping types but for some
energies, it disappears when the photoemission yield is the same for both dopings.

e In figure 4.9, we see that the intensity difference remains the same whatever the
photon energy for both P*/P and N*/P samples. This has to be related to the
relative shift and shape of the microspectra presented in the next section. How-
ever, for the particular case of N*/P, the intensity difference changes. Moreover at
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Figure 4.10: Images of N* /P and P* /N samples taken from image series on the Si 2p core level for
two photon energies a) 700.3 eV and b) 128.9 eV.)

128.9 eV a triple contrast is observed, with the N* doped closed zones being darker
than the open ones. As already mentioned in section 4.1, the N /P sample exhibits
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this peculiar behavior of triple contrast in the work function maps. It is therefore
reasonable to think that the inversion in the intensity differences at 700.3 eV and
128.9 eV is related to the triple contrast phenomenon. This will be discussed in
more details in chapter 5.

e We can compare the core-level integrated images on Si® peak in both laboratory and
synchrotron environment: we observe the same behavior, the highly doped pattern
zone being brighter than the substrate one, whatever the photon energy. As for the
laboratory case, we will explain the contrast in the integrated images by a difference
in the width of the Si’ peak, seen on the spectra presented in the next section.

4.2.2.2 Si 2p spectromicroscopy: spectra

Experimental conditions The acquisition conditions are as follows:
e Image series through the Si 2p core-level are acquired in 0.05 eV steps.

e Spectra were extracted from these image series after correcting for residual energy
dispersion. The areas of interest were squares of 20 pixels per side, which corre-
sponds to an area of (3.3 x 3.3) um?.

Three zones have been chosen: a substrate zone, an open pattern zone, and a closed
pattern zone.

Results In figure 4.11 we present the Si 2p core-level microspectra for the three samples
of interest at two photon energies. We note that the spectra at 128.9 eV show up oxide and
suboxide components whose magnitude depends on the considered zone. The intensity of
the oxide and suboxide components relative to the Si® one is weak. Considering a mean
free path at 128.9 eV of 0.3 nm, the oxide thickness is less than one monolayer. Moreover,
the residual oxide is non uniform on the sample surface, even within a zone of a tenth of
microns: the surface chemistry appears thus to be very dependent of the area considered.

Comments A first remark about the microspectra acquired on P*/N at a photon
energy of 700.3 eV can be done: the binding energies seem to be shifted towards low
values, down to 98 eV which are really far from the energies measured at 128.9 eV.

In the following, we will discuss about different comments that can be done on the
spectra presented in figure 4.11, regarding: the peak shape, the intensity of the Si’ com-
ponents, the detailed spectra fitting, the binding energy shifts, the relation between some
spectral components and the contrast obtained on images integrated over the whole Si2p
peak.

Peak shape

e There is a residual oxide peak found for the most sensitive surface conditions at
128.9 eV. Therefore the passivation performed just before the synchrotron exper-
iments at SOLEIL in the chemistry laboratory, did not remove completely the
surface oxide. We note that the shape of the oxide part varies with the sample:
for PT /N, an important signal of suboxides is observed, this signal being much less
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Figure 4.11: Si 2p core-level microspectra for each kind of sample: a) P* /P, b) N* /P, and ¢) P+ /N.
The photon energy is 128.9 eV on the left column and 700.3 eV on the right.

important for both P*/P and N* /P samples. Moreover, we observe a non uniform
deoxidation since the residual oxide peak is found systematically smaller for the
substrate zone than for the pattern regions.

e Regarding the width of the Si° component, we find systematically a broader peak
at 128.9 eV than at 700.3 eV. This is related to the differences in sampling depth
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with the surface components Si-H, S, So, S3 (see table 3.7 in passivation literature
section of chapter 3) being more pronounced, relative to the Si’ peak, at 128.9 eV
than at 700.3 eV.

e The substrate peaks are always better resolved in energy than the epitaxial doped
zone, whatever the photon energy. This can be related to the proportion of S
component in Si*, in the Si 2p core-level.

S intensity Despite the areas selected for the extraction of the Si 2p microspectra
have exactly the same area, we observe a difference in the intensity of the Si° peak with
respect to background at both energies:

e At 700.3 eV, we note that the Si 2p spectra intensity of the substrate zone is
systematically higher than the intensity of the patterned zones. We can relate this
difference to the intensity differences observed in the integrated images presented
in figure 4.9: despite the higher intensity of the Si’ component in the substrate,
the brightest zone in the integrated images is always the highly doped pattern zone
presenting at first glance a lower intensity of the Si® component.

e At 128.9 eV photon energy, the differences in the Si® intensity cannot be directly
related to the integrated images intensity differences due to the oxide signal which
changes depending on whether substrate or pattern zone are considered. However,
the brightest zone in the integrated images is always the highly doped pattern zone.

Spectra fitting Referring to table 3.7 we have chosen to include the Ss, Sy and S;
surface components though their energy shift relative to the Si® peak is at the limit of
our instrument capabilities in terms of energy resolution.

The Si 2p peak at 700.3 eV is rather simple: it shows the bulk silicon Si° the bonds
Si-H and the Sy and S35 components. The spectra at 128.9 eV is more complex. Applying
the basic five component deconvolution, simulating the Si°, silicon sub-oxides and Si**
components and adding the peaks S3, So and Si-H is not enough. A component Sy, shifted
by -0.4 eV relative to the bulk Si peak is necessary. The origin of these three components
has already been mentioned. These latter are due to defects or to different layer beneath
the top most silicon layers: either symmetric or asymmetric dimers, dangling bonds of the
rest atoms, silicon adjoining vacancies, voids or interstitial silicon, or the silicon second
and third layers (see 3.3.4.3).

The parameters for each components are given in table 4.15 for the two photon energies.
In the following figure 4.12, we present the fitting of the core-level microspectra for each
doping type, since, for a same doping type, the spectra are similar.

We present the binding energy measurements without correction for the SPV since we
do not know how this latter acts with a non-complete passivated surface. Moreover, due
to the different oxidation degrees from a sample to another, we were not able to estimate
the variation in terms of SPV values depending on the oxide thickness.

Tables 4.16 and 4.17 show the concentration ratio of each component of interest around
the Si® peak, i.e. without considering the oxide components. We present separately the
S3 component shifted towards 0.2 €V relative to the Si® peak, and add the contributions
of Sy and S; (named Si*) shifted towards negative values with respect to Si°.
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Figure 4.12: Fitting of spectra acquired for two photon energies.
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Peak 128.9 eV 700.3 eV
Energy position FWHM Energy position FWHM
Sq -0.4 0.25 -0.4 0.28
So -0.2 0.25 -0.2 0.28
Ss +0.2 0.25 +0.2 0.28
Si¢ 0 0.25 0 0.28
Sit +0.95 0.5 +0.95 0.5
Si? +1.7 0.7 +1.7 0.7
Si? +2.34 1.0 +2.34 1.1
Si? +3.6 1.13 +3.6 1.15

Table 4.15: Fitting parameters taken for the different Si 2p components. The energy position is given
relative to the Si° component. The spin-orbit splitting is fized at 0.603 eV and the peak shape is chosen
100% gaussian.

Sample considered P /P N*/P PT/N
Doping type Pt P N+ P Pt N

Si 20.39  20.0 2391 52.16 1397 24.63

Ss 24.34 23.33 28.99 13.27 28.68 20.15

Si¢ 46.05 46.19 36.96 24.69 37.87 43.66

Si-H 9.22 7.48 10.14 9.88 19.48 11.56

Si° BE .. 99.92 99.90 99.77 99.80 99.89 99.82

Si° BE, 98.82 99.03 99.89 99.03 98.82 99.80

Si® BE;,-BEc.,, -1.1 -087 +0.12 -0.77 +1.07 -0.02

Table 4.16: Si* =Sy +8S5, S3 and Si-H proportions (%) related to the Si° states and experimental
binding energy BE.,. for S at 128.9 eV.

Sample considered Pt /P N+ /P P*/N
Doping type Pt P N+ P Pt N
Si 9.34  6.17 16.26 42.09 9.822  3.17
Sis 14.07 13.92 31.22 10.31 12.50 10.29
Si? 73.48 78.18 48.56 4491 74.70 81.27
Si-H 3.11 1.74  3.96 2.69 2.98 0.27
Si’ BEcup. 99.93 99.85 99.14 99.22 9832 98.11
Si° BE, 98.82 99.03 99.89 99.03 98.82 99.80

Si® BE,-BE.,,. -0.82  -0.52 +0.75 -0.19 +0.50 +1.69

Table 4.17: Si*=Si; +S5, S3 and Si-H proportions (%) related to the Si® states and experimental
binding energy BE..,. for Si® at 700 eV.

Binding energies We first note less band bending BEy, -BE.,, at 700.3 eV than at
128.9 eV, which is expected from figure 3.3 when probing deeper the surface, the band
bending tends to decrease.

We observe for all samples an inversion in terms of binding energies:

e Figure 4.12 presents well the inversion: when analysing the figure from top to
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bottom, i.e. from highly P doping to highly N doping, we observe a shift of the
spectra towards low binding energies, whereas we expect the opposite behavior.

e The P' binding energy is higher than P and N and the N is lower than P.

e For P*/P sample, the Si’ binding energy of PT is greater than the P one. This
shows, with respect to figure 3.3, that the band bending at the P* /oxide interface
has shifted the Si levels sufficiently so that the 2 p core-level in the P™ region has a
higher band bending than in the P region, i.e., the relative difference is smaller than
the expected flat band difference (0.08 eV at 700.3 eV and 0.02 eV and 128.9 eV for
experimental values (BEy, -BE.,, ) against -0.21 eV in flat band case). This also
implies that the 2p binding energy measured is that of the bent bands, consistent
with the XPS probing depth with respect to the expected depletion width. However,
such inversion was not observed in work function mapping for these two energies.

e The same remark can be done for P* /N sample, where the Si’ binding energy of P™
is greater than the N one. This inversion has not been observed in work function
mapping. This can also be explained by a stronger band bending for the highly
P* doped zone than for the lightly N zone, which creates an inversion in terms of
binding energy on the interface oxide/sample.

e For N* /P sample, we have found trends for the two photon energies in good agree-
ment with work function mapping: the inversion type is present, the P binding
energy being higher than the N* one.

Moreover, we observe that the binding energy of P doping decreases with increasing
the photon energy, except for P* doping in P /P sample where it remains nearly con-
stant. This behavior is the one expected when probing the residual band bending for P
doping, as seen in figure 3.3. Conversely, for N dopings, we expect the opposite behav-
ior, the Si’ binding energy increasing with the photon energy increase. We have already
observed this unexpected behavior in work function mapping (see 4.1.3).

Image contrast To finish, we note a correlation between fit and integrated images.
In tables 4.16 and 4.17, we have highlighted the most important contribution within the
Si 2p spectra, for the two doped zones of each sample. Thus, the brightest zone in the
integrated Si’ core-level image is the one where the proportion of S3 is the most impor-
tant. The different contributions below the Si® peak, i.e. S; and S, are summarized in
the component Si*. Laboratory spectra have shown that the relative intensity of Si* com-
ponent, determine the brightest zone in the core-level image: the higher its contribution
in a doped zone, the brightest this zone. This remark is also verified on integrated images
taken on Si 2p peak in laboratory: the brightest zone is the one where the Si* component
is more important. However, it concerns in this case the S; component whereas the S3
peak is integrated in the Si® peak.
With synchrotron radiation, we have found the same behavior, not considering Si*, but
the S3 component, observed 0.2 eV above the Si® peak. It is assumed to be interfacial
components due to a possible effect of oxygen second neighbor on the Si 2p binding en-
ergy. The higher the relative intensity of the S3 component with respect to the Si 2p
peak, the brighter the zone, whatever the relative intensity of the Si* component.
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Jolly et al. consider that S; and Sz can also be related to silicon close to the interface
between the native oxide and the surface, negatively charged with respect to the bulk. We
assume thus, that the most important contribution between S5 and S3 on the one side,
and S; on the other depends on the sample surface state. As a result, if the passivation
is not complete, for a given oxidation state, one contribution will be stronger, enhancing
the contrast in core-level imaging.

4.2.3 Summary

Thanks to the spatially resolved core-level measurement, we have shown that residual
band bending is dependent on the doped zone considered. It is important to under-
stand the influence of passivation on the sample surface at the spectroscopic level. XPS
microspectroscopy and spectromicroscopy performed respectively in laboratory and syn-
chrotron environment have outlined the difficulty to obtain similar surface states. As a
result, and depending on the sampling depth, different oxidation states are observed on
the sample surface, varying from a sample to another. Hence, we do not observe elec-
tronic states in flat band conditions, but we have to deal with a residual band bending. In
laboratory, we observe Si 2p binding energy shifts in good agreement with the expected
band bending direction depending on the doping type and level. Moreover, these results
are in good agreement with those obtained using secondary electrons.

We expect using synchrotron radiation, that the variation of photon energy probes this
band bending, i.e.:

e For P doping, the binding energy measured decreases with the photon energy in-
crease.

e For N doping, the binding energy measured increases with the photon energy in-
crease.

We can assume thanks to the core-level measurements that there is a residual band bend-
ing that can be probed when varying the photon excitation energy. However, though this
is verified for P dopings, we observe an unexpected behavior for N doping, already ob-
served using secondary electron with synchrotron radiation.

Regarding the contrast on integrated Si’ images, for all samples, we have seen that
the highly doped zone was always the brightest. Thanks to the detailed fitting of the
microspectra, we have shown that the contrast in the integrated Si’ images is due to
subtle changes in the outermost surface layers.

4.3 Valence band microspectroscopy

From the previous results, we have seen that depending on the surface considered, residual
band bending was more or less pronounced. In this section we bring additional experi-
mental evidence from the analysis of the VBM by VUV and synchrotron experiments.
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4.3.1 Laboratory He I excitation
4.3.1.1 Experimental conditions

Valence band microspectra have been acquired near the top of the valence band up to the
Fermi level in laboratory, using the Hel excitation source at 21.2 eV. The experimental
conditions are:

e The pass energy of the double hemispherical analyser is 50 eV,
e The slits width is 1 mm.

e The spectra are the result of 20 scans over the binding energy range from 13 eV to
-1 eV, with a step of 0.025 eV.

This analysis performed in laboratory with the Hel source is carried on the same
passivated samples as those used for core-level and threshold spectromicroscopy (see
sections 4.1.2 and 4.2.1.2).

4.3.1.2 Results

The spectra were corrected from the Hel 3 at 23.09 eV, and Hel v at 23.74 eV contributions
emitted from the Helium source, respectively 1.8% and 0.5% of the Hel « intensity at
21.2 eV otherwise, in some cases, negative values of the Fermi energy can be found.

In figure 4.13, a small but significant contribution from the Si 3p orbitals, situated around
3 eV below the Fermi level which comes from the underlying substrate. We can extract
from these spectra the upper edges of the Si 3p orbitals. These Valence Band Maximum
(VBM) are determined by taking intersection between the best straight line fitting the
Si 3p leading edge and the base line. A first determination of the valence band onsets is
presented in table 4.18 for each kind of sample.

Sample Pt /P N*/P Pt /N
Doping type Pt P N+ P Pt N
Si 3p 0.44 0.61 076 0.37 045 0.52
Si3p s 0.03 0.23 1.11 0.23 0.03 1.02

Si 3p £5-S1 3Peap. -0.41 -0.38 0.35 -0.14 -0.42 0.50
Core-level Si%,-Si) ~ -0.40 -0.43 0.04 -0.44 -0.48 0.45

exp.

Table 4.18: Valence Band Mazimum extracted on P /P, Nt /P and P* /N after passivation at
21.2 eV.

4.3.1.3 Comments

We compare in the same table 4.18 the experimental Si 3p onsets, to those expect in flat
band conditions, Si 3py;, defined as:

. Eysi
S’L3pfb = ;S — AEFdopinga (43)

where Eyg; is the silicon band gap.
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Figure 4.13: Top of valence band spectra acquired for the four samples types, before and after
passivation in laboratory, using an He I lamp: a) PT /P, b) N* /P, and c) P /N.

The VBM measured are far from the expected values in flat band conditions, but are
in good agreement for a given doping type. The trend of the VBM variation with doping
type is in good agreement with what expected: for a given sample, the VBM of P doping
is lower than the one of N doping. Moreover, for a P doping, the higher the doping, the
lower the VBM, and for a N doping the higher the doping, the higher the VBM.

Observing the difference between experimental VBM and theoretical one Si 3p f-5i
3Pexp., We measure shifts in good agreement with the difference found at core-level for
each sample between experimental Si° binding energy and theoretical one (see table 4.10).
Those shifts are recalled in last line of table 4.18. The band bending measured for each
doping type and level is in good agreement with the one probed at core-level.
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4.3.2 Synchrotron excitation
4.3.2.1 Experimental conditions

This analysis is carried on the same passivated samples as those observed at core-level
and threshold with the synchrotron source at 128.9 eV and 700.3 eV. The spectra are
acquired from 5 eV to -2 eV by step of 0.025 eV.

4.3.2.2 Results

Valence band spectra recorded in synchrotron environment on passivated samples are
presented in figure 4.14. The Si 3p valence band onset is determined by the sample
protocol as previous section i.e. extrapolating the upper edge of the peak to zero.

4.3.2.3 Spectra analysis

The Si 3p orbitals are clearly visible at 128.9 eV, however, their contributions can vary
from a doping type to another:

e On the P* /P, their intensity is slightly more important in the P substrate zone,
than in the highly p-doped zone. This is to put in relation with the Si 2p core-
level spectra acquired at the same photon energy in figure 4.11. The residual oxide
present on the sample surface at this energy is more important on the P zone than
on the P one: it is obvious that the thicker, the better hiding the Si 3p density of
states.

e The same remark can be done on the N* /P sample, the residual native oxide being
more important on the highly Nt zone, the contribution of the Si 3p orbital is
smaller, compared to the P bulk one.

e The 3 p intensities of the two doped zones in sample Pt /N, are similar, suggesting
a more homogeneous passivation.

e At 700.3 eV, the valence band spectra acquired on P™/N sample present, as for
Si 2p spectra shift towards low binding energies, giving a negative VBM. It seems
that at this photon energy, for this sample, the results are not correct and cannot
be taken into account.

In terms of VMB, tables 4.19 and 4.20 summarizes the values interpolated from the
spectra for the two photon energies.

Firstly, we focus on a given doping and a given photon energy, without considering
the PT /N sample at 700 eV due to its important shift not understood. We observe that
the VBM measured are in good agreement, with a difference less than 0.2 eV.

Secondly, we observe at 128.9 eV an inversion in terms of VBM for a given sample,
either P*/P or P™/N: the VBM of the P™ doping should be less than the one of the P
and N dopings, which is not observed. However, for N /P sample, the VBM measured
of the N* doping is more than the one of the P doping, as expected. At 700.3 eV, the
good trend is observed for all samples.
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Figure 4.14: Top of valence band spectra acquired for the three sample types after passivation for two
photon energies 128.9 ¢V and 700.3 eV, for: a) P* /P, b) N* /P and ¢) P* /N.
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Sample considered P /P N*/P Pt /N
Doping type pt P N+ P pt N
Si 3Peap. 0.75 0.71 090 0.62 0.65 0.45
Si3p g 0.03 0.23 1.11 0.23 0.03 1.02
Si3psp-Si3pesp.  -0.72 -048 +0.21 -0.39 -0.62 + 0.57
BE ¢, -BE¢p. -1.1 -0.87 +0.12 -0.77 -+1.07 -0.79
Table 4.19: Valence Band Mazimum extracted after passivation at 128.9 eV on Pt /P, Nt /P and
P*/N.
Sample considered P /P N*/P Pt /N
Doping type Pt P N+ P Pt N
Si 3Peap. 0.28 0.55 0.35 0.20 -0.7 -1.2
Si 3p s 0.03 0.23 1.11 0.23 0.03 1.02
Si3ps-Si 3Pesp.  -0.25 -0.32 +0.76 +0.03 +0.73 +2.22
BE . -BE g, -0.82 -0.52 +0.75 -0.19 +0.50 +0.92

Table 4.20: Valence Band Mazimum extracted after passivation at 700.8 eV on PT /P, N* /P and
P*/N.

What clearly appears also, is that the difference between experimental valence band
onsets and theoretical ones are important whatever the samples. We expect a VBM shift
between two doped zones within a sample to be in the same range of values than core-level
shifts measured in section 4.2.2, and recalled in last line of tables 4.19 and 4.20, but we
observe larger shifts. Moreover, some shifts present even a sign inversion, specially P* /N
sample at 700.3 eV and N* /P sample at 128.9 eV.

We also note, that we probe the band bending when varying the photon energy: the
VBM of P dopings decreases with the photon energy increase. However, we do not observe
an increase of the VBM for N dopings when increasing the photon energy, but a decrease
of the VBM, like a P doping zone.

4.3.3 Summary

The determination of experimental band offsets is an other way to probe the band bending
at the oxide/semiconductor interface. We have found measurements in good agreement
for core-level and VMB shifts from data obtained in laboratory. However, we have found
unexpected variations in terms of VBM determination with synchrotron radiation. We
expected the trend:

e For N dopings, the VBM increases with the photon energy increase.
e For P dopings, the VBM decreases with the photon energy increase.

However, we find a similar behavior for N doping as those mentioned at secondary electron
and Si 2p core-level levels, i.e. that N dopings behave like a P doping.
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4.4 Conclusion

In this chapter, we performed three kind of energy-filtered XPEEM analyses on our
micron-sized, passivated, patterned silicon surfaces : (i) spectromicroscopy at threshold
with secondary electrons, (ii) high-resolution Si 2p core-level and valence band micro-
spectroscopy and (iii) high-resolution Si 2p core-level spectromicroscopy. In each case,
both laboratory and soft X-ray synchrotron excitations were used for refining the surface
sensitivity and increasing the lateral and energy resolutions.

Spectromicroscopy with secondary electrons enabled us to generate work function
maps of the doped silicon patterns by a pixel-to-pixel fitting of the photoemission thresh-
old. From a qualitative point of view, these maps first exhibit a narrow distribution of
the work function and reproduced the expected shape of the doped patterns, thereby
pointing on the uniformity of the doping at the microscopic level. Second, they highlight
systematically, independent of the excitation energy, a sample-dependent work function
contrast behaviour from the close doped zones : for both P* /P and P* /N samples, both
close and opened zones had the same work function ; however, in the particular case of
the N* /P sample, the work function of the close zone is higher than in the opened zone,
yielding a ’triple contrast’ in the image. Therefore, we show that the work function con-
trast can be, depending on the doping combinations, highly dependent on the geometry
of the observed doped patterns. This triple contrast will be interpreted in chapter 5.

From a quantitative point of view, we observed sample-dependent differences of the
measured work function with respect to the expected value determined from the doping
level measured by SIMS at 3 nm depth (see chapter 3) and for flat band conditions. With
laboratory excitation, the differences are minimal for N doping, but are in the 0.8-1 eV
range for both P and Pt doping. Therefore, for the patterned zones with high N and
P doping, we observe that flat band conditions are not reached. This influences in an
important way the resulting pattern /substrate contrast in both work function and energy-
filtered threshold images. With synchrotron radiation, the difference with the flat band
value follows a similar trend, however it is reduced in case of significant higher source
flux (700.3 eV) compared to lower ones (128.9 eV). This is interpreted in terms of surface
photovoltage with a resulting decrease of the magnitude of the band bending.

Regarding Si 2p core-level analyses, we followed a combined spectromicroscopic, micro-
spectroscopic and imaging approach focusing on the contrast obtained in images of the
integrated Si® intensity ('integrated Si° images’). For both laboratory and synchrotron
excitations, the highest energy resolution (respectively 330 and 200-244 meV) ever con-
sidered for imaging silicon patterned structures were used.

First, similarly to the work function images, the triple contrast on the N* /P sample
is observed again in the integrated Si’ images.

Second, whatever the excitation energy, we find an unexpected pattern/substrate con-
trast in the integrated Si® images which cannot be explained by a different attenuation of
the photoemitted intensity due a surface oxide, since the micro- Si 2p spectra reveal no
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or very little oxide (< 1 ML) in the ultimate surface-sensitive conditions (hv=128.9 eV).
Instead, a more or less defective and hydrogen-passivated outermost surface layer, induc-
ing a variable overall width of the Si 2p core-level, is found responsible for the observed
contrast.

The H-passivated features in the Si 2p micro-spectra, along with the defective states
already introduced in chapter 3 on the full-wafer samples (Si* as possible dimer states
reported by various works in the literature), are clearly evidenced thanks to the very
high energy resolution of the analysis at the microscopic level. The evidence of these
defective silicon surface states in a proportion depending on both the sample and the
pattern/substrate zone, (between 13% and nearly 50% the Si° intensity) brings support
to our previous assumption of measured local work functions influenced by a more or less
pronouced band bending.

Such a band bending is further consistently evidenced from the measured Si 2p bind-
ing energies in core-level spectromicroscopic and valence band micro-spectroscopic data.
However, it remains difficult to make a systematic quantitative correlation to relate the
magnitude of the band bending and the overall quantity of defect states. Nevertheless, we
have shown that the contrast in Si 2p core-level integrated images of carefully deoxized
surfaces contain information related to differences in the outermost surface silicon layer.
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Energy-filtered XPEEM technique is used in this thesis to characterize pn junctions
through the experiments carried out on silicon doped samples, by acquiring image series
in spectromicroscopy mode. However, though we use image series at different kinetic
energies to extract electrical and chemical informations, we have not yet considered the
contrast in secondary electron itself. Hence, we focus now on a brief study of contrast at
threshold with the energy filtered PEEM, regarding the doping type and level of our silicon
doped samples. Chapter 5 starts by presenting the results of this study and highlights a
peculiar behavior that has been observed on one of our sample of interest: the N* /P case.
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Previous chapters have also shown the full field imaging capabilities to extract infor-
mation of prime interest with good lateral and energy resolutions. However, it is necessary
to take into account the presence of a lateral electric field across pn junctions. Hence, we
focus on their influence on PEEM imaging: SIMION simulations of pn junctions observed
by PEEM are described. The main results are presented and compared with experiments.

5.1 Contrast of threshold XPEEM images

5.1.1 Definition of the contrast

Results presented in this section are related to other chapters of the manuscript. We
focus on the influence of passivation and of photon excitation energy on doping induced
contrast at threshold imaging.

We have analysed the intensities extracted from areas in image series taken at thresh-
old using a laboratory X-ray source at 1486.7 eV (see 2.2.3) and corrected for non isochro-
maticity. These images were those used for performing work-function mapping in chapter
3.

The area of interest are chosen to be squares of 15 pixels side, which corresponds to
a surface of 1.08 pum?. Three areas are compared, as can be seen in figure 5.1:

e intensity coming from the substrate (red),

e intensity coming from the doped zone (green),

e intensity coming from the doped zone enclosed within the substrate pattern (blue).
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Figure 5.1: Image XPEEM of P* /P sample taken at threshold. The photon energy is 700.3 eV.
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Since we consider image series at threshold corrected for dispersion in energy, and
noise, equation 1.8 can be simplified, and gives:

Ide _Isub
=" 5.1
Idep + [sub ( )

This parameter will be used to quantify the contrast evolution with doping type and
level through this section, regarding several studies that have been performed during this
thesis.

5.1.2 Factors influencing the contrast
5.1.2.1 Influence of passivation on doping induced contrast

Conditions SE contrast is observed at threshold for all kind of samples: the energy
filtered images acquired as a function of kinetic energy show variations in intensity be-
tween the different doped zones. We have firstly decided to examine the experimental
secondary electron distribution of silicon doped zones depending on the sample surface
state, providing the acquisition conditions remain as constant as possible for all the ex-
periments.

For details regarding the acquisition conditions (see table 4.1), the slit width at the
entrance of the analyzer is 1 mm, and the pass energy of the analyser 50 eV, which give
an overall energy resolution (photon-+analyser) of 0.33 eV. Image series at threshold were
acquired as a function of photoelectron kinetic energy with a 0.025 eV energy step with
an acquisition time is 120 seconds per image.

Results Thus, we compare the SE yield when the surface was covered with a native
oxide, and after passivation. As can be seen in figure 5.2, taking the case of P /P sample:

e Low energy secondary electrons give rise to a positive doping contrast, which means
that P substrate is brighter than P+ doped zone.

e For kinetic energies in the range of 4.5 eV to 7 eV, SE give rise to a contrast inversion,
P* becoming brighter than P-type. This inversion is visible on filtered images, as

can be seen in figure 5.2 comparing those arbitrary chosen taken at 4.375 eV and
5.225 V.

e The contrast extracted from image series is higher after passivation and appears
slightly shifted towards higher kinetic energies.

e The contrast decreases with kinetic energy.

The results for the two other samples N* /P and P*/N are given in figure 5.3.

We confirm that the native oxide attenuates the doping contrast. Moreover, shifts
occur in the position of contrast maximum depending on the sample cleanliness. These
are presented in table 5.1.

We can note that the smallest shift of the maximum contrast is the one of the homo-
junction P*/P. We compare also in table 5.2 the maximum of contrast C,,,, obtained
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Figure 5.3: Contrast dependence with the sample surface state and kinetic energy for a) N* /P and b)
Pt /N.

for the sample considered, with the work function difference A® between the two doped
zones, before and after passivation. Results corresponding to work-function measure-
ments after passivation have already been presented in table 4.4. Although the work
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Sample Maximum contrast shift

(eV)
P*/P 1010
N+ /P +0.58
P+ /N -0.38

Table 5.1: Mazimum contrast shift measured for passivated samples, with respect to kinetic energy

measured on samples before passivation.

function analysis before passivation is not shown in chapter 4, we give here the work-
function measurement extracted from the image series.

Before passivation After passivation
Sample AP Conaz A Conaz
(eV) (%) (eV) (%)

PT/P  0.03 40 0.13 65
N*/P  0.13 40 0.07 45
PT/N  0.10 %) 0.05 60

Table 5.2: Mazimum contrast C,,., measured for samples before and after passivation, compared with

the work function difference AP between the two doped zones.

We find higher maximum of contrast after passivation than before. Though the most
important contrast is obtained for the passivated P* /P sample where the difference in
work function between the two doped zones is the highest, we find no real correlation
between the shift and percentage of maximum of contrast obtained and the difference in
work function between the two doped zones for a given sample.

We have then followed the study by analysing the contrast behavior on image series
acquired on passivated silicon samples for three photon energies: 1486.7 eV in laboratory,
and 128.9 eV and 700.3 eV with synchrotron radiation.

5.1.2.2 Influence of excitation energy on doping induced contrast

Figure 5.4 shows the contrast evolution for each kind of sample with the photon energy.
What appears at first glance is the shift in kinetic energy and the differences in the
intensities. The most interesting kinetic energy range where a contrast between the two
doped zones can be confirmed is below 6 eV. The noise is more important above this
value.

To quantify indirectly the photoyield difference between the different doped zones, we
have chosen to integrate the contrast from 3 eV to 6 eV and compare them in figure 5.4
d).

We can distinguish two trends for the contrast evolution with the photon energy:

e A high contrast when the photon source is low, around 128.9 eV which decreases
with the increasing energy. This is the case of sample N /P.
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Figure 5.4: Contrast taken at threshold for three photon energies for a) P* /P, b) N* /P and c)

P* /N. d) Contrast evolution of the integrated intensity between 8 eV and 6 eV, with the photon energy.
The uncertainty is estimated to be +2%.

e A low contrast for low photon energies which increases with this latter. This is the
case of samples P*/P and P*/N. This can be due to defects and residual oxide
which can be greater for P* doped zone.

Finally, we have compared the photoemission yield of several doping zone depending
on the excitation energy.

The set of samples we have at our disposal enables only to compare two doping types
N* and PT, since contrast requires a reference, we have chosen the P substrate.
In such a way, referring to the work performed by Hovorka, we use a modified contrast
definition [138]:

Ie _Isu
C:(dp[b b) (5.2)

Figure 5.5 a) and b) present an estimation of the contrast difference between these
two doped zones for three photon energies. We have chosen to compare the contrast
between the heavily doped zones for the two samples where the contrast seems maximal,
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Figure 5.5: Contrast comparison between a) P™ and

three photon energies. ¢) Maximum contrast measure

b) Nt relatively to P bulk taken at threshold for
d for several photon energies for P and N*

doping type.

i.e., around 4.5 eV taking for reference the P substrate which should be similar in these
two samples. The results are presented in figure 5.5 ¢). We note that:

e The contrast for P™ seems higher for high photon energies in figure 5.5 a). The

P substrate keeps being brighter than the doped layer, except in laboratory, for
kinetic energies varying between 4.5 eV to 6 eV.

e We observe in figure 5.5 b) for N* doped zone that the N type at 1486.7 €V is

brighter than P bulk for a kinetic energy

range between 3.9 eV and 4.375 eV and

different from other measurements acquired in synchrotron, where the substrate P
is brighter than the heavily N doped zone.

We cannot deduce that one doping type is bri

ghter than the other type, because in our

case, the contrast is influenced not only by the secondary electron distribution, but also
by the difference in threshold between the two doped zones, as also concluded by Hovorka
et al. [138]. However, figure 5.5 c) leads to the conclusion that the contrast between PT
and P is smaller than the one between N and P, whatever the photon energy.
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5.1.3 Summary

The present section reports the use of band pass energy-filtered imaging for the obser-
vation of dopant contrast in silicon doped samples. It was shown that dopant contrast
is clearly observed in the energy-filtered images, even when the surface is covered by a
native oxide.

We have presented a study of the evolution of SE contrast on image series acquired
with an energy filtered PEEM, regarding different factors, such as the influence of the
sample surface state. For this latter, we have shown that the contrast is enhanced be-
tween two doped zones when the surface has been passivated. Other experiments based
on the excitation energy variations, and combined with the theoretical explanations of
the origin of this contrast, highlight the difficulty to well appreciate the physics governing
such phenomenon. The contrast is indeed influenced not only by the secondary electron
distribution, but also by the difference in threshold between the two doped zones. This
is true almost for electron microscopy and photoemission microscopy based techniques.

We will follow this chapter by focusing on the interpretation of the peculiar triple
contrast observed firstly on PEEM imaging at threshold on N* /P sample, as mentioned
in previous chapters.

5.2 'Triple contrast of XPEEM images

Among the silicon doped samples studied during this thesis, one has shown a peculiar
behavior which has caught our attention: N* /P sample. As already mentioned, we have
not only to consider a classical contrast between two dopings, but also a triple contrast
since the highly n-doped zones present different intensities depending on their area.

We have dedicated a special section to deepen the understanding of this phenomenon.

We complete our knowledge of this structure by presenting complementary analysis tech-
niques such as KFM, SEM, ToF-SIMS, and FIB.

5.2.1 XPEEM imaging at threshold

Figure 5.6 shows representative images from the threshold series acquired on the N* /P
sample using three different photon energies. We can see that the doping region within
the 'zero’ or the ’eight’ pattern show a different intensity than the open regions, giving
rise to a triple contrast on a sample containing only two doping levels. Moreover, on
single images, a bright rim appears clearly, as presented in figure 5.6 for the SE emission
at low kinetic energy. Varying the photon energy, the small n-doped zone enclosed by
p-doped one does not respond in the same way as a large and open zone.



Triple contrast of XPEEM images 153

128.9 eV 700.3 eV 1486.7 eV

4.775 eV 4.350 eV

4.800 eV 4.875 eV 4.550 eV

Figure 5.6: Image XPEEM of N* /P pattern taken at threshold for three photon energies. The energy
(E-Ey) is given for each image on the top right corner. Field of view is 62 pm.

In the literature, the only previous report of this phenomenon in PEEM is by Hovorka
[137,138].

e In 2008, Hovorka et al. have observed a highly silicon p-doped pattern on a n-
substrate with a PEEM [138]. Without energy filtering, the closed p-doped zone
has the same intensity as th open p-doped regions whereas when applying a high
pass filter during the acquisition, a triple contrast appears. Figure 5.7 presents one
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of their images where small p-doped zones surrounded by n-doped are brighter than
large areas. They explain this phenomena by the presence of surface states which
enhance the photoelectron yield. In such a case, they consider the dark rim visible
in figure 5.7 b) to be due to topography.

Figure 5.7: Micrographs of p-type patterns 10*° em™=3 on a 10*° em™2 n-type substrate [138]. a) Full

photoemission signal. b) Fast electron signal.

e In a second paper, they have presented n-type silicon doped patterns on p-type sub-
strate images where the contrast varies with the doping concentration [137|. There
is a contrast inversion as the sample voltage is varied, corresponding to a distribu-
tion of work function due to the doping level, but additionally, for some retarding
voltages, a bright rim appears again on the exterior of the heavily doped patterns,
(see figure 5.8), however, no explanation is given for explaining this phenomenon.

+0.45V

Figure 5.8: PEEM micrographs of the chemically etched sample with differently doped n-type
structures on a lightly doped p-type substrate for various retarding voltages [137]. The values given in

coloured squares correspond to the doping type and concentration.
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To go further in the analysis of threshold image series, it is important not only to
study the work-function mapping, but also to analyse the photoemission distribution
over a wide kinetic energy range of 3 eV to 10 eV for all photon energies. This is carried
out on NT/P passivated sample for three zones of interest of 1.08 yum?:

e Red zone corresponds to the slightly doped P substrate.
e Green zone corresponds to the highly doped N* open area.

e Blue zone corresponds to the highly doped N7 closed area.

The profiles are gathered in figure 5.9.
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Figure 5.9: PEEM photoemission yield extracted for three area of interest for three photon energies:
a) 1486.7 eV, b) 700.3 eV and ¢) 128.9 eV.

A behavior non visible at 1486.7 eV appears in synchrotron environment: a threshold

shift for the highly N doped zone around (E-E;=4.6 eV) is present on both open and
closed areas. No such shift occurs in spectra extracted from the other samples.
The starting point to mention is that in order to perform the work-function extraction,
we use the first part of the threshold, since we do not expect work function anisotropy
on this sample and because the extracted values were closer to the ones found on other
samples, respectively N*/N and P /P for N* and P.
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For the open N7 zone, this threshold shift is present only for a photon energy of
700.3 eV.

For the closed NT zone, the threshold shift occurs already for a photon energy of
128.9 eV, but appears stronger at 700.3 eV.

This shift is not an artifact since it does not occur of the spectra extracted for the
P substrate.

At a photon energy of 1486.7 eV, no threshold shift can be seen for any zone.

5.2.2 Core-level spectromicroscopy

We have acquired core-level image series on Si 2p peak with a photon source at 128.9 eV.
After background subtraction, the resulting true core-level image taken at 103.5 eV cor-
responding to the SiO, component is presented in figure 5.10 a). A variation in intensity
clearly appears between the N zone enclosed and the large doped zone. The small
squares represent the areas of interest of (2x2) um? defined for spectral extraction. The
resulting core level spectra are displayed in figure 5.10 b). They present two main peaks,
one due to the native oxide, around 103.5 eV and another from the underlying bulk Si
substrate at 99.5 eV. The separation of these two peaks, about 4 eV, corresponds to
Si®/Si**, and reflects the residual presence of a native oxide after passivation.
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Figure 5.10: a) True-core level Si 2p imaging of N /P pattern at 103.5 eV after Shirley background

subtraction. Area of interest taken for extracting spectra. b) Fits for core-level Si 2p spectra obtained
for different doped zones.(Photon energy: 128.9 eV)

What appears at first glance is the presence of native oxide, preferentially on highly
n-doped zone comparing to p substrate. The spectrum extracted from the enclosed N*
doped zone presents peculiar features regarding its shape:

e Like open n-doped zone, it has a native oxide on its surface, but its bulk position
is the one corresponding to the p-bulk.
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e The shift measured between the Si® of the closed NT zone and the P-doped zone is
0.36 eV lower with respect to the open N*-doped zone.

The spectra for both N* open, N* closed and P zones have been presented in figure
4.12 of chapter 4. A comparison with core-level spectra acquired in synchrotron environ-
ment from other samples is also done, where we can see that for both samples P /P and
P*/N, the closed doped zone presents a spectra similar than the open doped zone of the
considered sample.

Spectra are decomposed by the procedure proposed previously in table 4.15 of chapter
4. Peaks position are presented in table 5.3 for excitation energies at 128.9 eV and 700.3 eV
but the values are not corrected for SPV.
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Figure 5.11: Core-level spectra and best least square fits using standard literature parameters for Si 2p
on PT doped zone after passivation, for a) 128.9 eV and b) 700.8 eV photon energy.

The major drawback considering these results is that we do not have valence band im-
age series to extract locally the valence band maximum from the small N™ area. However,
the spectra deconvolutions of the enclosed area confirms the trend, when considering the
binding energy of the different Si 2p components:

e the peaks shape of this N closed zone spectrum are similar as those extracted from
open N-doped area,

e the binding energies of the peaks corresponding to the N closed zone spectra are
situated at energies closed to those obtained for the fit of the P-doped spectra at
128.9 eV. This is also the case for spectra acquired 700.3 eV, but in a less extent.

e the higher the oxidized component considered, the lower the shift between open
and closed N zone.

5.2.3 Complementary analyses

Sample preparation We have emitted the hypothesis that for this sample, the epi-
taxy was not well processed, inducing this strange contrast. We have decided to study
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popant si® SiH Sy St St st Sttt s, S
type
P at
198.90 oV 99.79 100.23 99.99 100.74 101.54 - - 99.59 99.39
NT closed
at 128.90 oV 99.77 100.21 99.97 100.74 101.52 102.27 103.57 99.57 99.27
N open 99.64 100.08 99.84 100.59 101.54 102.27 103.44 99.43 99.20
at 128.90 eV ) ) : : . . . . .
P at
700.3 6V 99.22 99.66 99.42 100.17 - - - 99.11 98.72
NT closed
at 700.3 &V 99.16 99.60 99.36 100.11 - - _ 08.96 99.66
N* open
at 700.3 6V 99.14 99.58 99.34 100.09 - - - 08.94 98.64

Table 5.3: Energy position for Nt open, N* closed and P zones Si 2p components with 128.9 eV and
700.3 eV photon energy. The uncertainty is + 0.05 eV

the same silicon doped patterns already observed by Barrett et al., since their doping con-
centration for the N™/P combination was quite similar: 1x10%°/1x10'¢ at.cm =3 [222].
For comparison with our sample, the doping is 1.8 x10'/4x10" at.cm™3. The real dif-
ference with our sample is the realisation since, in this case, it corresponds to phosphorus
implantation on silicon bulk.

A preliminary study was carried out in the second year of this thesis using syn-
chrotron radiation. Although, passivation was not efficient, and despite the native oxide
still present on the surface, we were able to acquire image series at threshold.

Thus, for a photon energy of 265 eV, we have realized the work function mapping,
keeping the same protocol as the one used in previous chapters. The field of view is
larger, 70 pm, but the result is similar, as presented in figure 5.12:

e The work function of the N™ closed zone is higher than the open zone one: 4.90 eV
against 4.60 eV.

e A rim localized at the exterior of the pattern presents a work function of 4.45 eV.
e The open highly n-doped zone has the same work function of the p-substrate.
In figure 5.12 b) we find the work function mapping presented in chapter 3.

e The work function of the Nt closed zone is higher than the open one: 4.73 eV
against 4.5 eV, really close to the p-doped value at 4.60 eV, whereas we expect the
highly doped patterns to have a smaller work function, closer to 4.45 eV.

e The bright rim has a work function of 4.45 eV.

Since we consider silicon samples with native oxide, we are not able to compare
absolute work function values. We can however conclude that the work function trend of
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Figure 5.12: Work function mapping on N* /P pattern realized by: a) implantation (photon energy:
265 eV) and b) epitaxy (photon energy: 1486.7 eV).

the two samples presenting the same silicon doped patterns, with closed doping patterns
is the same, with peculiarities:

e A small difference in work function values between the p-doped substrate and the
open n-doped zone. Due to the presence of an oxide on the sample surface, we
are far from flat band conditions, and the band bending occurring at the interface
oxide /semiconductor can be responsible.

e The closed n-doped zone presents a work function higher than the open n-doped
zone, which is the opposite of what we expect.

Scanning Electron Microscopy We have decided to image the pattern with SE not
filtered in energy, with a SEM.

V=0V V=10V

N+

20 um 20 pm

20 pm T 20 pm

Figure 5.13: SEM images of N /P pattern for several section tube voltage.

The through-the-lens detector within the SEM column helps to eliminate backscat-
tered electrons (BSE), as well as second generation SE produced by BSE interactions with
the objective lens. Changing the input voltage of this detector highlights the influence
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of BSE on triple contrast, as can be seen in figure 5.13. For a primary electron beam at
2 keV and a beam current of 0.21 nA, we have tuned the voltage between 0 V and 50 V,
which is the default value. The triple contrast strongly appears at 0 V, when collecting
BSE signal and the rim is also visible at the exterior of the p-doped pattern. At 50 V,
the contrast difference between the open and the closed N7 is still present but less marked.

We have also observed this triple contrast observing the secondary electrons emitted
from the sample with a FIB, whose primary beam radiation was Ga™ ions, 30 KeV energy
and 28 pA current. These results imply that there is enhanced very low energy electron
emission occurring in this n-doped closed region on Nt /P sample whatever the primary
beam type, photonic, electronic or ionic.

Figure 5.14: SE image of N* /P acquired with FIB.

Kelvin Force Microscopy KFM has also been performed on N* /P pattern non pas-
sivated, i.e., one has to take into account the presence of a native oxide on the sample
surface. The results are presented in figure 5.15.

The coupling between topography and potential profiles seems accurate. Regarding the
blue one, the localized epitaxy corresponding to the N* doped pattern is higher of 25 nm
than the p-bulk substrate.

In such KFM configuration it is important to keep in mind that the sample work func-
tion is measured with respect to the tip one. This latter is estimated to be 5.1 eV. The
potential variations measured have to be related to this value.

When plotted the red profile these potential variations from p-bulk towards n-closed
doped zone can be analysed: the resistivity decreases until it reaches an inversion type
within the enclosed area. As a result, the work function measurements give:

e 4.6 eV for the p-bulk.
e The open n-doped area is close to 4.7 eV.

e The closed n-doped zone has a work function which is lower by 0.14 eV with respect
to the open area value, which corresponds to approximatively 4.85 eV.
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Figure 5.15: KFM map of N /P pattern: a) topography and b) potential. Vac= 5V.

The work function measurements performed by KFM and PEEM at 1486.7 ¢V before
passivation presented in table 5.4. After passivation, based on results presented in chapter
4, all work function values obtained by PEEM for different photon energies are also
summarized in the same table.

Analysis N¥uose Ntopen P
KFM (ox.) 18 470 4.60
PEEM at 1486.7 eV (ox.) 4.73 4.60  4.50
PEEM at 1486.7 eV (pass.)  4.08 4.00 4.15
PEEM at 700.3 eV (pass.)  4.62 456  4.25
PEEM at 128.9 eV (pass.)  4.65 444 438
Expected from flat band 4.16 4.16  4.93

Table 5.4: XPEEM for different excitation energy and KFM work function measurements of
passivated N /P pattern. Surface state is recalled in parenthesis (ox.: presence of native owide before
passivation, pass.: oxide removal by deoxidation process presented in chapter 3. The uncertainty is
estimated less than 0.05 eV.

The values obtained by both KFM technique and PEEM at 1486.7 eV before passiva-
tion are in good agreement. After passivation, for measurements performed with energy
filtered PEEM, the N* pattern zone work function is always higher than the open area
of the same doping, whatever the photon energy. All measurements are far from the
theoretical values expected. We assume this shift to be due to residual band bending, as
seen in chapter 3.

For Eyben et al., surface states play a dominant role in SSRM measurements, de-
pending on the dopant concentration and distribution [291]. The surface charges create
variations of doping concentration at the surface shifting the junction and even creating
inversion layers. But they consider inversion type on low doped areas whereas we have
to consider the contrary, i.e. an inversion type over highly doped areas. Such hypothesis
can not be applied to explained our observations.
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Scanning Capacitance Microscopy Aware of such a strange behavior, we revisit the
SCM results already presented in chapter 3 section 3.2.2.2. We quote the experimental
conditions: the technique is utilized at constant voltage mode and the alternating current
V., bias voltage applied to the sample is maintained at 1 V. For different values of V.
-1 V,0V, +1V, the change in capacitance is recorded as a function of doping and carrier
concentration under the tip, at a scan rate of 0.1 Hz. After the V . sweeping, another
scan is done for -1 V to check the good reproducibility of the measurements and the
absence of charging effects. Figure 5.16 is extracted from figure 3.12 and corresponds to
results of N /P case.
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Figure 5.16: SCM measurements on N* /P sample. The scans are presented for several V. values:
a)-1V,b)0V,c)+17V,d)is the return to -1 V. The profiles below are extracted from the zone

presented in a).

Thus, a variation in SCM signal is clearly visible at 0 V and +1 V, on the P substrate,
at the position of the rim observed in PEEM at threshold.

Time of Flight Secondary Ion Mass Spectrometry ToF SIMS analysis performed
on this N /P sample are presented in figure 5.17. The abrasion is slow for the acquisition
of these images in order to keep the sample surface charged in cesium to optimize the ion
yield, and also to avoid absorption of oxygen and hydrogen atoms. The abrasion speed
is estimated to be 0.008 nm.s~!. Thus, the probed depth is 5 nm + 2.5 nm.

We are able to observe the repartition of oxygen on the surface: as already mentioned,
it is preferentially situated on N* area, and estimated to be 1 nm thick, in good agreement
with our core-level measurements. Several profiles have been extracted, specially from
two different zones in N area. They are visible in coloured shapes on figure 5.17 and are
presented in figure 5.17 b), we choose respectively:
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e Red corresponds to the N closed area.
e Green corresponds to the NT large area.

These profiles give phosphorus concentrations, respectively for the open and closed
zones: 4x10' at.em ™2 and 1.8x10' at.cm™3. The uncertainty on the P~ concentration
being +£10-20 %, we can deduce that no variation in doping concentration between the
open doped zone and the closed zone is measured. The triple contrast is therefore, not
an effect of doping variation.
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Figure 5.17: ToF-SIMS imaging acquired on Nt /P sample: a) Localization of several species: Total,
Sum of rest, O~, 2°Si~ and P~. b) SIMS profiles extracted from coloured shapes presented in a).

Moreover, this measurement is in good agreement with the SIMS measurement per-
formed in chapter 3 (see fig. 3.13) to determine the effective doping concentrations on a
zone where the doped patterns are series of line of 500 um wide: the epitaxy is homoge-
neous on the sample surface.

Discussion This triple contrast cannot be interpreted in terms of fully depleted zone
since the thickness and the area of the N* doped layer are too important to allow such
state with respect to typical depletion widths. We explain such contrast by a charging
phenomena, based on the electrical charge transfer principle.

As already established, this peculiar contrast occurs only with the doping combination
N* /P, the other sample P* /N whose dopant concentrations are close, presents only the
expected contrast between the two doped zones.

The highly n-doped zone is surrounded by p-doped zone not only in the surface plane, but
also in depth, on 100 nm. We have assumed that this surrounded zone has to be considered
like a diode in 3D: the depletion zone acts like an insulator surrounding the highly doped
layers which becomes a capacitor. An electrical field occurs within this space charge
zone, pointing from n- to p- type. When measuring a potential thanks to the KFM tip,
or measuring the kinetic energy of an electron with a spectrometer, it is important to keep
a closed loop between the sample and the instrument. Charges have to pass through the
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entire system. However, in our case, due to the diode created, the electric field prevents
the electrons to be carried to the surface, from p- type towards n-, as schematically
represented in figure 5.18. As a result, no redistribution of the charges occurs: the
electrons photoemitted from the surface of the NT closed zone are not replaced by others
coming from the substrate. A charging effect occurs, the holes concentration increasing,
and the Fermi level being likely to decrease towards the valence band. This could explain
the higher work function value measured on closed Nt doped zones relative to the open
one. Moreover, this effect is temporary, until it reaches equilibrium. We assume that the
threshold shift observed on XPEEM in spectromicroscopy mode corresponds to the non
equilibrium state of the system.

Depletion

zone
/ Depletion

Figure 5.18: Schematic representation of N* /P sample as a diode.

Such explanation can explain why this triple contrast is not visible on the reversed
sample P /N: in this case, though the diode is in blocked mode, since the electrical field
in the depletion zone is well orientated from n- zone towards p-, it allows the carriers to
be transported, and thus, a good conductivity between the two zones.

This hypothesis can also brought a partial explanation on the origin of the bright
rim on the exterior of the P pattern. Since the charges are not able to pass through the
depletion zone, from p substrate towards highly n doped zone, they stay in the vicinity of
the P zone, and since electrons are more numerous, they are more likely to be observed
around this zone. However, this does not explain why this phenomena does not occur on
the interface of P substrate with the smallest N zones.

It is also important to focus on the NT large zones: triple contrast is not so strong
than for closed zones however, it still occurs since the work function values measured by
KFM or PEEM are inverted. A possible explanation of the fainter influence of the 3D
capacitor on measurements could be to consider the size of the area of interest. At a scale
of few millimeters, what we consider large N™ doped zones in PEEM field of view are also
surrounded by a P substrate zone. Hence, this zone is also a capacitor, much larger than
the one corresponding to the small closed zones. As a result, though electrons emitted
from the highly doped zone are not replaced in this large area, we expect a better charge
redistribution on the sample surface, and thus, a lower influence of this charging effect
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on secondary electron imaging.

To finish, we have realized conductive short circuits from the closed n-doped zone
towards the open one to allow a better electrical contact between the two doped zones,
and thus, to allow charges to be transfered. This was carried out by FIB milling over a
zone of (1x10) pm over a depth of 50 nm, and studied by KFM. Results are presented
in figure 5.19. The potential of the closed n-doped zone connected to the open zone is
higher than the isolated n-doped zone. Though its work function value is closer to the
open zone one, it is not the same. We can attribute this effect to the conductive short
circuit which is not large enough to enable a perfect connection between the two zones.
Moreover, the capacitor considered being the N zone in 3D, the charge transfer should
be also in 3D rather than in a plane. An optimization possible should be to mill deeper,
towards 150 nm to create a better short circuit between the two doped zones.

60.04m 0

125.0 nm 2 range 1.000 v z range 250.0 nm z range 1.000 v

60.0pm 0 60.0um0 60.0pm

Height Potential Height Potential

Figure 5.19: AFM topography and potential mapping on two zero’ patterns, whose one N closed
zone is connected to the large zone: a) vertical and b) horizontal analysis to check whether the variation
in potential measurement is an artifact. Milled area (Ga™ /30kV/28pA, targeted depth: 50 nm,
measured 40 nm. Vac=15V.)

5.2.4 Discussion

A peculiar triple contrast on N* /P sample has been observed by energy-filtered PEEM,
whatever the photon energy and whatever the sample fabrication (implantation or local-
ized epitaxy). This triple contrast was also observed whatever the nature of the excitation
beam, i.e. electrons by SEM and ions by FIB. Spectromicroscopy studies performed at
threshold and core-level were combined with complementary analysis techniques: KFM to
compare the local work function values by another method than work function mapping
with PEEM, and ToF SIMS to verify that no variations in local doping concentration
between the large doped zone and the closed one occur. We have assumed, regarding all
these results, that a charging effect occurs in the highly N* doped zone, more important
in the closed zone than in the open zone due to the difference in terms of area dimensions.
We now focus on the influence of local electric field across pn junctions on PEEM imaging.
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5.3 SIMION simulations

In this section, we present a numerical simulation of PEEM optics to calculate the PEEM
imaging of a pn junction. We use the industry standard code SIMION [131] version 8.0.
This software provides all the requirements necessary to simulate with high accuracy and
analytically solve the mechanisms in several instrument configurations. This electrostatic
and magnetic field modeling software uses a finite difference method and traces the mo-
tion of particles using a fourth-order Runge-Kutta integrator.

The organisation of this section is as follows: a first part is dedicated to the pre-
sentation of the simplified PEEM model used, and the methodology chosen for these
simulations. The second part deals with simulations performed to highlight the influence
of lateral electric field across pn junctions on PEEM imaging. The variations of photo-
electron trajectories as a function of several factors are studied independently. Lastly we
show that lateral electric field are not the only factor responsible for image variations in
PEEM, and that it is important to take into account the combination of both electrical
and physical topographies. This idea is developed on the basis of dark field imaging in
PEEM.

We compare each simulation type with the real observations obtained with the Na-
noESCA. The aim is to present qualitative correlations between simulation and experi-
ment.

5.3.1 Methodology
5.3.1.1 Modeling the PEEM column

With respect to our energy-filtered PEEM instrument, we can mention the study con-
ducted by Zouros et al. [292,293] on Hemispherical Deflector Analysers to modelize the
particle orbits in such systems, and also the work performed by Sise et al. [294] to opti-
mize the fringing field aberrations of HDAs. Tonner et al. [198] did pioneer simulations of
the tolerance limits for aberrations of the various optical components of an electrostatic
PEEM with a band pass energy filter. The objective lens and the PEEM acceleration
field have also been modeled by Feng et al. [295].

For this qualitative approach of the influence of lateral electric field across a pn device
on PEEM imaging, the simulations were done using a simple PEEM model, consisting
of the cathode, an immersion objective lens and the screen. The immersion objective
lens simulated here is modeled thanks to electrostatic lenses formed of closely spaced
cylindrical electrodes. The paper of Sise et al. [296] is interesting to understand the re-
quirements needed to choose the best parameter values in a three-element lens, the focal
properties depending on both lens geometry and the voltage ratio between the electrodes.

For simplicity, in our model, the projective lenses have not been taken into account
to magnify the final image. The different parts of the PEEM column are defined under
potential arrays: the electrodes are defined as points on a grid, and in the complete
workbench, points of equal potential form a connected electrode.



SIMION simulations 167

The PEEM column is defined so as to be similar to the NanoESCA column. It is
presented in figure 5.20 a) and c¢): the sample is near ground potential, positioned at
1.8 mm in front of the immersion lens composed of three electrodes: the extractor which
can be set up to 15 kV, the focus electrode, and the column electrode. A movable circular
contrast aperture with sharp edges of 70 pm diameter, typically used for high-resolution
imaging, is centered in the optical axis, in the backfocal plane of the immersion lens
for bright field imaging. It can be shifted by a certain value off-axis when simulating
dark-field imaging, as presented in paragraph 5.3.3. In this configuration, the PEEM
magnification is assumed to be x44. This measurement was performed by measuring the
simulated image size of a sample inducing no deviation of photoelectron traje