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Introduction

General overview

Spintronics is an emerging field of fundamental research and technology pro-
posed as a promising alternative to classical electronics. In field of electron-
ics, scientists and engineers have worked continuously to make silicon chips
smaller and smaller to the extent of tens of millimeter, containing billions
of silicon transistors. The transistor size is reducing to an extent of 3 to 7
nanometers technology. At these ultimate scales, technological limitations
are arising such as overheating, data rot (due to leakage current), slower
speed, etc. These limitations are mostly related to the fact that classical
electronics is based on charge transport. To overcome this challenge, rather
than using the charge of an electron as our binary state, spin of an electron
can be used for the same purpose. As every electron either possesses spin up
or spin down, these can be assigned as a binary logic 1/0. The information
now in encoded on a magnetic moment resulting in a non-volatile character,
thus leading to reduced energy consumption in devices. The branch which
especially works/studies on this intrinsic property of electron on electronics is
known as spin electronics or commonly called as spintronics. Spin-electronics
is now considered as a credible technology for the future development of green
electronics. Even though spintronics is a relatively recent domain, this field
has already been largely exploited on the market. For instance, the hard disk
read heads, the non-volatile magnetic random access memories (MRAMs),
Racetrack memories, magnetic-field sensors, or even applications in quantum-
computing [1I, 2], 3] have been developed, based on spin transport in magnetic
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14 1.1. SPINTRONICS

heterojunctions. This first generation of devices was recently extended to hy-
brid organic/inorganic heterojunctions, giving birth to a new research field
called molecular spintronics[4]. This discovery quickly boosted the interest
of this field. In the following, I will review spintronics, focusing on the tunnel
magnetoresistace effect, to have a better understanding of the basics of this
study. I will further continue with molecular spintronics and show the impor-
tance of ferromagnet/molecule interface. This chapter later will be carry on
by the challenges in this field, concerning both the physics behind molecular
spintronics devices and the demanded fabrication technology. Finally, I will
discuss the objectives of my Ph.D. work to overcome the named challenges.

1.1 Spintronics

Spintronics was born in 1988 with the discovery of Giant Magneto-Resistance
(GMR) by A. Fert [5] and P. Griinberg [0], and rewarded in 2007 with the
Nobel Prize in Physics. This GMR effect consists of a different measured re-
sistance through a stack of two magnetic layers separated by a non-magnetic
metal layer (spin-valve), depending on the orientation of the magnetization
in the ferromagnetic layers. By replacing the separator by a very thin (=
nm) insulator layer, the GMR effect turns into Tunnel Magneto-Resistance
(TMR). TMR phenomenon was discovered by Julliere (1975) at low tem-
perature [7], and the realization of appreciable TMR in Fe/Al,O3/Fe and
CoFe/Al;,O3/Co magnetic tunnel junctions (MTJs) at RT by Miyazaki et
al. [§] and Moodera et al.[9], respectively.

1.1.1 Tunnel Magneto-Resistance
1.1.1.1  Julliéere’s model

Julliere provided the first measurements on TMR in 1975 on a Fe/Ge(10 —
15nm)/Co device [7]. With two FM electrodes he could exploit into a device
the physical concept of spin polarized tunnel effect and he developed a model
that is now widely known as Julliere’s model. A schematic example to un-
derstand TMR phenomenon is shown in Figure [L.1] for a Co/Insulator/Fe
tunnel junction. The principle behind TMR phenomenon is spin-dependent
tunneling, i.e., up-spin electrons can only tunnel into up-spin states, and
down-spin electrons can tunnel to down-spin states alone.
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Figure 1.1: Principle of operation of a magnetic tunnel junction. The den-
sity of states for bulk Co and Fe is presented Vs the energy relative to the
Fermi level [10], parallel magnetization configuration is observed in absence
of magnetic field. The applied magnetic filed changes the magnetic direction
of the free layer, leading to an anti-parallel magnetization configuration. A
low(high) resistance is measured for parallel (anti-parallel) state.

The asymmetry of density of states (DOS) for the up and down spin
electron around Fermi level leads as a consequence to different resistance
states associated to the parallel or anti-parallel magnetic configuration of
the MTJ. Julliere developed a simple analytical model to quantify the TMR
amplitude [7] as follow:

rarp_ B Ro _ 2P\Py

- 1.1
R, 1— PP, (1)

where R, and R,, are the junction resistance with parallel and anti-
parallel magnetic configuration, and P; is the spin polarization of FM at the
Fermi level defined as:

NN

P=—— (1.2)

where N! and N| are the DOS of spin 1 and | of the material i at the
Fermi level.
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Figure 1.2: TMR curves obtained at bias voltage of -10mV, and at 40K
(a) Co/SrTiO5(STO)/LSMO, (b) Co/Al,O3(ALO)/LSMO junction. Op-
posite signs TMR are observed with identical LSMO and Co ferromagnetic
electrodes, Figures are reprinted from [11]

The sign of TMR effect depends thus on the sign of the product between
the spin polarizations of the two electrodes. Association of two ferromagnetic
electrodes with opposite spin polarizations at the Fermi level will cause a
negative TMR amplitude, i.e. a junction resistance higher in the parallel
magnetic configuration than in the anti-parallel state.

1.1.1.2 Limitations of Julliere’s model

Julliere’s model succeeded to predict quantitatively the TMR amplitude in
inorganic MTJs based on classical ferromagnets bulk spin-polarization val-
ues. However, new insights on the physics of spin-dependent tunneling were
pointed at after the breakthrough experiments of De Teresa et al. [I1], in
1999. They studied the effect of barrier choice on determination of the magne-
toresistance signals in C'o/Insulator /LSMO((La, Sr)MnQOs3) systems. They
illustrate that magnetoresistance signals can be modified by the choice of
the insulating layer. The TMR curves of Co/SrTiO3(STO)/LSMO and
Co/Al,O3(ALO)/LSMO tunnel junctions are displayed in Figure and
b, respectively. An inverse TMR (R, < R,) was obtained for STO barrier,
whereas a normal TMR (R,, > R,) was found for ALO barrier. According
to Julliere’s model, the TMR signal only depends on the polarizations of the
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Figure 1.3: DOS of LSMO and Co, for d- and s-character electrons, the
arrow represent the most probable tunneling transition (a) STO/Co interface
selects d-bands of Co resulting in a negative TMR. (b) Aly,O3/Cointerface
would select s-bands of Co resulting in a positive TMR. Figure reprinted
from [I1].

ferromagnetic electrodes. Therefore, since the FM electrodes are identical in
both systems, same TMR signals are expected. The observed difference can
thus only be explained by the fact that the insulating material influences the
spin polarization of the tunneling current and therefore defines the sign of
the TMR.

Figure displays the LSMO and Co density of states of the d- and s-
character electrons. LSMO is a half-metal presenting a full spin-polarization
at the Fermi level (P=+100%). Therefore, the TMR sign was used to probe
the spin polarization of Co at the Fermi level when coupled to different
insulating barriers. The negative polarization of Co when the barrier is STO
can be viewed as a preferential transmission of electrons of d character at the
Co-STO interfaces, shown in Figure[l.3al The positive polarization when the
barrier is ALO has been ascribed to the selection of s character electrons by
bonding effects at the Co-ALO interface, Figure [1.3b

1.1.2 Molecular Spintronics

Organic spintronics emerged in 2002 with the pioneer work presented by the
group of C. Taliani and A.V. Dediu [12] on a lateral LSMO/sexithienyl/LSMO
junction. Organic materials have brought major advantages to spintronics.
They can be resumed in the potentiality to implement flexible, low produc-
tion cost and easy-processing electronics. However, the main advantage that
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Figure 1.4: (a) Schematic structure of an organic vertical spin valve
LSMO/Algs/Co, (b) MR curve measured of a LSMO/Alg3(130nm)/Co
junction at 11 K, Figure reprinted from [16].

initially attracted much of the attention to organic materials is their expected
longer spin lifetime [13], [14]. This effect is expected due to the weak spin-
orbit and hyperfine interactions [I5]. The spin-orbit coupling grows with the
atomic number Z like Z4. Organic materials are composed of low-weight
atoms leading to low spin-orbit coupling. Importantly the spin-orbit effect
is responsible for spin-precession and the loss of spin-coherence. Another
important interaction, which generally leads to spin-decoherence, is the hy-
perfine interaction between electron and nuclear spins. The molecules used
for spin-transport are m-conjugate molecules where the transport is mostly
through molecular states localized over the carbon atoms. Carbon, in its
most abundant isotopic form, 2C, has zero nuclear spin, and therefore is not
hyperfine active. Moreover the 7-states are usually delocalized and hyperfine
interaction can be anyway rather small. As a consequence of low spin-orbit
coupling and hyperfine interaction in organic systems, the spin information
can be potentially maintained for a long time.

In 2004, the first MR signal was observed in a vertical organic spin valve
formed of LSMO/Alg3(130nm)/Co by the group of Z.V. Vardeny [16]. As
shown in Figure [1.4] a negative magnetoresistance of -40% was observed at
11 K. The high resistance state can be identified as the parallel magnetic
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Figure 1.5: (a) Schematic structure of molecular MTJ using SAMs, (b) and
(c) different resistance behaviour measured of two Ni/octanethiol /Ni junc-
tions as a function of in-plane magnetic field at 4.2 K with a bias of 10 mV,
Figures are reprinted from [17].

configuration between the two FM electrodes, while the low resistance state
corresponds to the anti-parallel one.

In parallel, first effects to characterize spin transport through mono molec-
ular layers were reported.

The first result in this direction using organic self-assembled monolayer
(SAMs) was presented by Petta et al. in 2004 [I7]. A Ni/octanethiol/Ni
magnetic tunnel nanojuction was studied where the diameter of nanopores
was 5-10 nm. The magnetoresistance curves were measured at 4.2 K, dis-
played in Figure [1.5, Positive and negative junction magnetoresistance,
JMR, = (Rmax—R,) /Ry, = +3.5% and JMR_ = (Ryin—R,) /R, = —6.1%,
were calculated from measured resistance as a function of magnetic field, pre-
sented in Figure [[.5 Authors suggested that the presence of defects inside
the organic monolayer as a possible reason of variable magneto-transport
properties from one junction to the other.
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Figure 1.6: (a) Schematic structure of a mnanometric-size MTJ of
LSMO/Alqz/Co, (b) MR curve measured of a LSMO/Algs(2nm)/Co junc-
tion at 2 K and -5 mV, Figure reprinted from [18].

1.2 The Spinterface concept

In 2010, the spin-dependant hybridization at the ferromagnet/molecule in-
terface was brought into light by C. Barraud and his colleagues [18]. In this
study, a nanometre-scale LM SO/Algs(2nm)/Co magnetic tunnel junctions
exhibits a positive magnetoresistive response of up to 300% at 2K, displayed
in Figure [1.6] Although, a negative TMR had been measured for a same
structure spin-valve with different thickness barrier, LSMO/Alg3(130nm)/Co,
shown in Figure As a consequence, the magneto-resistance property of
molecular spintronic devices was found to be highly sensitive to the FM /Mol
interface. To explain this apparent discrepancy, C. Barraud et al. pro-
posed a model to take into account the role of interfacial spin-dependent
metal/molecule hybridization on the effective spin polarization. This study
indicates that depending on the electronic coupling strength between molecules
and FM electrodes, the spin polarization at the interface between the ferro-
magnet and the molecules can be enhanced [19] or inverted [20]. These
interface hybridization effects thus govern the magneto-transport properties
and were quickly demonstrated as ”spinterface” effect [21].
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1.2.1 Ferromagnetic metal/molecule interaction: spin-
terface formation

To investigate the spinterfaces of MTJs, the FM/Mol interface electronic
interactions have to be considered. To graft a molecule on a ferromagnet, we
first consider uncoupled FM band structure and molecular level separated by
vacuum, displayed in Figure [I.7}1. Molecules being isolated, the lifetime of
this electronic molecular state is infinite, and its energy ¢ is precisely known.
Qualitatively, by bringing the molecule in proximity with a metallic electrode,
the isolated molecular level couples with the continuum of electronic states of
the metal, Figure[1.7}2. In this case, the charge has now a certain probability
to escape from the molecular level to the metal. Hence, the lifetime (7) of
the molecular level becomes finite, resulting in energy broadening of the
molecular orbital (I'). Depending on the strength of the interaction this
broadening can range from below the meV up to the eV range [22]. Another
major effect is an energy shift, AF of the molecular level from the initial
position of the isolated molecule, also results from the interaction with the
metal [23]. We highlight that this metal layer is also ferromagnet. On this
account, the spin unbalance in the DOS of the metal is also reflected on the
molecule, resulting in a spin-dependent energy shifting, AE™ and energy
broadening I''*. This spin-dependent energy shift depends for instance on
the adsorption geometry.

Spin polarization inversion is expected to happen for intermediate to
strong coupling, Figure 2a [20], when '™ > AE™. 1In this case, the
frontier orbitals of the grafted molecule are close to Er and acquire a spin-
polarization opposite to the FM spin-polarization, resulting in a TMR sign
inversion. On the other hand, in the case of a weak interface electronic cou-
pling between molecule and FM, I'* <« AE™, the LUMO states acquire
same spin polarization but remains above system Fermi level. In that case
(Figure 2b), electron tunneling through the molecular layer will see a
spin-dependent tunnel barrier height resulting in efficient spin-filtering. The
observed TMR is in that case amplified [19].

Summarizing, it is demonstrated that the spin response can be strongly
modulated by the hybridization at the interface. In the next section, some
experimental evidences of the significance of spinterface are presented.
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Figure 1.7: Schematic spinterface effect of a hybrid junction, 1- a magnetic
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magnetoresistance (TMR) experiments highlighting (a) the possible inver-
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from [20] and [19], respectively.
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Figure 1.8: Spin polarized scanning tunneling microscopy experiment em-
ployed to image the spin polarization of a HyPc molecule deposited on an
iron surface at 6K. The opposite surface spin polarization of iron (negative)
and spin polarization above the molecule (positive) highlights the spin po-
larization inversion on the HsPc orbitals, figure is reprinted from[20)].

1.2.2 Experimental proofs of spinterface effects

Several experimental investigations on the spin dependent hybridization have
been pursued on FM/molecules interfaces, employing different spectroscopic
techniques. N. Atodiresei et al. have studied organic molecules with signifi-
cantly different reactivities absorbed on a Fe(001) surface by spin-polarized
STM (SP-STM) technique [20]. The spin polarization of a HyPc molecule
adsorbed on out-of-plane magnetized Fe is imaged at 6K, shown in Figure
[1.§ In this study, a strong interaction occurs between the carbon’s p, atomic
orbitals of phthalocyanine molecule and the d states of the iron atoms result-
ing in an amplification of the inversion of the spin polarization above Fermi
level (Figure [1.8)), compared to the free Fe surface.

The spin dependent energy shifting of the molecular orbitals at the fer-
romagnetic interface has also been directly measured on Cjgy molecules de-
posited on chromium surface by SP-STM at 5K [I9]. A strong interaction
between single Cgp molecule and Cr(001) surface has been observed, result-
ing in spin-splitting of a LUMO derived state close to the Fermi level. This
spin-splitting was probed by spin-polarized scanning tunneling spectroscopy
(SP-STS), displayed in Figure The extracted TMR values calculated

from this measured spectra confirms spin-polarization enhancement in this
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Figure 1.9: Spin-polarized scanning tunneling spectroscopy measurements
on a Cgp molecule deposited on a chromium surface. (a) Schematic view
of the STM junction. (b) The difference in the conductance curves for the
spin up (red) and down (blue) shows a spin dependent energy shifting of the
molecular levels up to 0.5 eV, figure is reprinted from [19)].

system, reaching to values of 100%.

F. Djeghloul et al. have explicitly measured the interface contribution to
the spin polarized DOS for phthalocyanine monolayers on Co(001) [24] by
Spin-resolved photoemission spectroscopy. A strong spin polarization of ~
+80% at room temperature is revealed at Er, shown in Figure whereas
spin-polarization of bare Co at Fermi level is opposite in sign.

To conclude, we have seen through a selection of experimental studies on
model molecule/ferromagnet systems that the interface spin-polarization is
intimately dependant on hybridization effects. Those spinterface effects are
a major challenge to understand spin-dependant transport in hybrid MTJs
but can also be considered as an opportunity to engineer magnetoresistance
systems with high MR values. However, exploiting spinterface effects in
fundamental devices requires first the preparation of model M'TJs integrating
a self assembled monolayer between two ferromagnets which is still a highly
challenging experimental issue.
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Figure 1.10: Spin-resolved spectra of direct (closed symbols) and in-
verse (open symbols) photoemission spectroscopy at room temperature of
Co/MnPc. A high interface spin polarization of phthalocyanine (MnPc)
molecules on Co(001) is widened at Fermi level, figure is reprinted from [24].

1.3 Experimental challenges and objectives
of this work

From experimental perspective, fabrication of a vertical functioning molec-
ular MTJ is limited for several reasons. To designate one of the limitations
of these systems, we highlight the frangibility of a grafted molecular layers
resulting in extremely damageable junctions. The oldest and most crucial
challenging aspect of MTJs fabrication is top-electrode penetration through
the molecular layer, subsequent to short-circuits in MTJs. In schematic Fig-
ure we show the formation of FM top-electrode gradually onto SAMs.
The deposited metal atoms contain a certain kinetic energy which leads to
locally destroying the SAMs order. This disturbed SAMs opens room for
metal diffusion, inevitably leading to short circuits. Fabrication of pinhole-
free molecular MTJs have remained a tremendous struggle in this field.

To avoid the metal penetration, numerous approaches have been intro-
duced to contact SAMs in Au/SAMs/Au devices, reviewed in [25], such as
transfer printing [27, 28, 29], cross wires junctions [30, 31], direct conducting
AFM [32]133] 34], spin-coating of conductive polymer [35],36], direct evapora-
tion [37, 38,39, [40], indirect evaporation |41} 42], nanopores [43] 44]. Some of
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Figure 1.11: Schematic top-electrode deposition onto a grafted substrate,
a) grafted substrate by SAM, b) formation of metal top-electrode, c¢) metal
diffusion due to high kinetic energy of metal atoms through SAM.

these methods are briefly presented in Figure While various contacting
approaches and architectures have been proposed to contact the molecules,
there are very few that are are realistic for large scale integration. Further-
more, even less are compatible with ferromagnetic materials. Commonly
used transition metal ferromagnets (Fe, Co, Ni and their alloys) are indeed
highly reactive with oxygen and will form a surface oxide layer in air that is
redhibitory for the preparation of model MTJs. SAM grafting on such reac-
tive metallic surfaces is thus much more challenging than on non-reactive Au
surface. Even the presence of nanometric oxide patches at the metallic FM
surface will result in local poor grafting of the thiol linker group leading to
SAM discontinuities. To overcome this issue, two approaches were proposed
and consist in grafting the FM reactive surface in controlled environment, i.e.
either under inert atmosphere in a glove box or under ultra high vacuum.
Once the issue of interface oxidization is solved, the preparation of MTJs
will also require patterning of small area tunnel contacts by lithography to
increase the probability of achieving pinhole-free junctions.

Nanoindentation lithography technique method has been successfully de-
veloped to fabricate MTJs by UMPhy laboratory [45]. This method consists
in the notching of a nanohole into an electrical insulator layer by using a
conductive tip AFM (CP-AFM) to define the nanometric size of the device.
A solution of glycolic acid diluted in anhydrous ethanol is used to elimi-
nate the oxidization of bottom-electrode (NiFe) in a glove box with inert
atmosphere. Glycolic acid is also employed to avoid any possible reoxida-
tion of the NiFe during molecular grafting of the SAMs in solution. The
grafted NiFe is transferred for top-electrode deposition under an inert atmo-
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Transfer printing. a metal-coated stamp is brought
into mechanical contact with a monolayer-coated
substrate, with a reactive termination group. This
high reactivity in regard to the metal adhesion to
the stamp leads to a transferred pattern once
removing the stamp.

— Crossed wires: the SAM is sandwiched between
Metal . . )
I - two crossed wires to form the junction.

Metal

AFM Tip Direct conducting AFM: formation of monolayer

junction using a metal-coated (conducting) AFM
tip.

Spin-coating of conductive polymer: a conductive
i polymer as PEDOT-PSS is spin-coated over the
i SAM and acts as top electrode in the junction.

Condu ctive Polymer

zZEzWZ

« Cooling finger ~

Indirect evaporation: for the top-electrode deposit-
ion, samples are placed facing away from the
crucible. Indirect deposition of low energy adatoms
prevents pinhole formation.

Figure 1.12: Some commonly used methods to contact SAMs [25].
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Figure 1.13: Schematic of a LSMO/SAM/Co device fabrication. (a)
Nanoindentation lithography technique: LSMO spin-coated with a resist
which is indented by an AFM tip to form a nanohole, (b) O, plasma is
used to enlarge the nanohole to a final diameter of 10-50 nm, (c) SAM graft-
ing process: immersing the sample in a SAM solution, (d) Co top-electrode
deposition by sputtering. figure is reprinted from [20]
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Figure 1.14: TMR measurements on LSMO /Alkanethiol/Co systems from
C10, C12, C14, C16 and C18 (in the right), different TMR amplitudes have
been detected from one specimen containing 12 junctions (in the left), figure
is adapted from [26].
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sphere using a vacuum transfer chamber. This technique, which is briefly
explained in Figure [I.13] junctions of diameter 10 — 15nm [46] has led to
30% functional molecular MTJs. Recently, a similar approach was used in
the same group to define large area MTJs by replacing the nano-indentation
process by laser lithography. The coresponding junction diameter can be
controlled in the 400-800 nm range while maintaining a typical 30% ratio of
the prepared junctions presention non-linear I1(V) curves. However, in both
methods (Nanoindentation/laser lithography), a broad distribution of TMR
amplitudes can be observed on the sames stack or even on various junctions
on the same sample, pointing at a possible imperfect control of spinterfaces
(Figure even at this submicronic scale. Local disorder in molecular ori-
entation in the SAM or partial atomic diffusion in the molecular layer could
result indeed in such spinterface inhomogeneities.

Another elegant MTJs patterning method was developed in IPCMS (Stras-
bourg) based on nanosphere lithography [47], Figure[1.15] Co/Pc/Co MTJs
integrating a thick (20nm) Co-phthalocyanine (CoPc) organic layer was de-
posited using sputtering of the cobalt electrodes and organic molecular beam
epitaxy (OMBE) of the organic spacer. The junctions were then ex-situ
patterned using Si0O; nanobeads (diameter 500nm) as a solid mask to etch
nanopillars using dry argon etching. This method also allows to prepare sub-
micronic MTJs with interfaces prepared under controlled environment, but,
to the best of our knowledge, for relatively thick organic layers only.

To conclude, despite major progresses in the development of hybrid MTJs
integrating an insulating organic monolayer as a tunnel barrier, the molecular
spintronics community is still facing several issues to prepare model systems.
Small area junctions are still necessary due to the common formation of
electrical shorts during deposition of the top ferromagnetic contact on the
SAM. Even in the submicronic range, majority of the prepared junctions can
be ohmic, and MTJs presenting a tunneling behaviour can present a broad
range of magneto-transport properties.

In this framework, the objectives of this Ph.D. thesis is to contribute to
the development of model hybrid MTJs. For this purpose, we propose:
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Nanospheres

a) Nanosphere deposition b)  Argondry etching

c) SiO, encapsulation d) Top contact deposition

Figure 1.15: Schematic of a SiOy//Cr/CoCr/Co/Pc/Co/Cr device fabrica-
tion by Nanosphere lithography technique. (a) nanosphere deposition on the
surface, (b) Ar etching: tailoring the nanopillars protected by the shadow-
masking nanospheres, (c¢) Passivation layer deposition: it serves to electrically
decouple the parallel pillars with the same common bottom electrode (this
layer is removed from the nanoshperes using Ny gun), (d) Top-electrode de-
position, figures are adapted from [47].
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1 to use single-crystalline bottom ferromagnetic electrode grown by molec-
ular beam epitaxy. This epitaxial FM with well-defined electronic properties
(spin-polarization) and oxide-free surface is an ideal starting point for model
MTJs.

17 to graft the bottom electrode under ultra-high vacuum environment using
vapor phase method in a chamber connected to the MBE to prepare dense,
oxide-free SAM with a high degree of organisation.

111 to develop a soft-landing deposition method of the top FM electrode
allowing the formation of pinhole-free junctions over extended areas.

1w to develop complete in-situ patterning of the MTJs in the cross-bar ge-
ometry by using shadow-mask deposition. This method will allow preparing
MTJs with optimal interface, without any technological process after junc-
tion deposition.

The manuscript is organized as follow:

Chapter is dedicated to the presentation of the experimental tools
used in this study. We use extensively electron spectroscopy XPS/UPS to
characterize the grafting, the cleanness of the interfaces and the electronic
properties of the interface. An original scanning probe technique BEEM was
also used to characterize the homogeneity of the contact, and will be also
presented.

Chapter is focused on preparation of the bottom electrode. Graft-
ing quality on several FMs as a potential bottom-electrode is thus studied
by XPS. Moreover, the investigation of electronic band structure for FM and
FM/SAM systems is presented.

Chapter is devoted to controlled top-electrode deposition on SAM.
BLAG technique is introduced to provide top-electrode atoms soft-landing on
SAM, preventing the formation of short circuits. The BLAG method is vali-
dated macroscopically and microscopically employing XPS and BEEM /STM



1.3. EXPERIMENTAL CHALLENGES AND OBJECTIVES OF THIS
32 WORK

respectively. Moreover, the electronic band alignment of these heterojunc-
tions are investigated using UPS and BEEM.

Chapter illustrates transport properties of large area cross-bar ge-
ometry MTJs. We focus on study of shadow-mask deposition using optical
microscope and AFM. The chapter is carried on by investigation of magnetic
properties of top- and bottom-electrode. However, the magneto-transport
investigation for this specific geometry MTJs is challenging and still under
progress.



XPS and BEEM techniques

Introduction

The control of each steps of the sample production relies on the surface and
interface analysis techniques available in the laboratory. This chapter will
be dedicated to the two main employed techniques. The photoemission tech-
nique allows to obtain information on the chemical species present on the
surface. Therefore, it permits checking the quality of the grafted molecu-
lar layers on a substrate. To complete the study of these heterostructures,
an interface analysis technique is required. Ballistic Electron Emission Mi-
croscopy (BEEM) is a scanning probe technique which allows to probe at
the nanoscale electron transport through heterostructures. In the case of
metal top contact deposited on SAM, BEEM allows to detect the diffusion
of the top electrode through the molecular layer (pinholes). Thanks to BEEM
technique, the information about the band alignments of the system is also
provided. Both techniques will be discussed in more details in the following
chapter.

2.1 Photoemission techniques

X-Ray Photoelectron Spectroscopy (XPS) and UV Photoelectron Spectroscopy
(UPS) are quantitative techniques for measuring the elemental composition
of the surface. They give access to the valence and the core electronic lev-
els of the material surface. Therefore, they provide information about the

33
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quality of the grafting of molecular layer on a substrate. In particular, the
experimental coverage rate of the organic molecules on the surface can be ob-
tained quantitatively. In the following chapter, I will briefly introduce these
techniques as well as the common used models, and finally the experimental
setup.

The theoretical aspects of photoemission presented here are targeted ac-
cording to the studies carried out in the rest of the chapter.

2.1.1 Photoemission process

Photoemission spectroscopy consists of irradiating a sample with a photon,
in order to extract an electron by the absorption of a quantum of light. This
phenomenon corresponds to a photoelectric process which was discovered in
1887 by Frank and Hertz, and explained in 1905 by Einstein [48] [49] [50].
The choice of X-ray sources as excitation beams comes from their ability to
probe the core-level electrons. Complementary, employing UV sources gives
access to valence electrons of our system. The photoemission spectroscopy
measurements are based on the analysis of the kinetic energy of the extracted
photoelectron. In fact, the measurement of the kinetic energy of the pho-
toemitted electron allows to determine the binding energy of the electronic
state where it comes from, by using the following energy conservation law.

hv = EB + EK (21)

where Eg corresponds to the binding energy of the photoelectron, Ex its
kinetic energy , h the Planck constant and v the frequency of the excitation
photon beam.

This process is easily described in the three-step model [51], which breaks
up the photoemission process into three steps:

2.1.1.1 Photoexcitation

The surface irradiation of a sample with photons excites the electrons in the
zone of penetration of the photon beam, due to photon absorption. After
absorption of a photon, an electron of the sample can be extracted with a
given kinetic energy. This extraction creates a hole in the atomic core-level.
The photon excitation must have an energy higher than the electron binding
energies, for the atomic ionization to occur.
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Figure 2.1: Evolution of the electron mean free path with respect to their
kinetic energies.

2.1.1.2 Propagation

The photoexcited electrons propagate within the solid to reach the surface,
which involves elastic and inelastic mechanisms. The average length between
two consecutive inelastic scattering events is called the mean free path and
is noted by A. It is of the order of a few tens of angstroms, and depends
in particular on the kinetic energy of the electrons and on the nature of the
medium traversed that leads to the universal curve shown in [52]. This
figure demonstrates the surface sensitivity of photoemission spectroscopy.
This technique allows us to probe the grafted molecular layer on the surface
as the thickness of these layers are estimated in the same order as the elec-
tron mean free path.

2.1.1.3 Escape of the photo-excited electrons from solid to vac-
uum

Finally, the photo-excited electrons with enough energy cross the potential
barrier that represents the surface of the solid. This crossing costs electrons
a certain amount of energy which is the sample work function ®,. Conse-
quently, the kinetic energy of the electrons which escape from the solid is
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Figure 2.2: Scheme of the energy configuration taking place in a photoemis-
sion experiment where the spectrometer is electrically connected to the solid
sample.

given by:

hv = EB + EK + CI)S (22)

where ®,, sample work function, is the energy needed to promote an
electron from the sample Fermi level to the vacuum level.

The sample and analyzer being electrically grounded has the consequence
to align the Fermi level of the spectrometer and the sample of interest, Fig.
[2.2] Hence, the kinetic energy of an electron can be expressed as:

EK - EK,measured + q)spec - q)s (23)

where @, is the work function of the spectrometer. The spectrometer
used in photoemission spectroscopy is a hemispherical photoelectrons detec-
tor which counts the number of photoelectrons emitted by the sample with
a given kinetic energy.
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Figure 2.3: XPS spectra of Fe/MgO(001), with Al-Ka (black line) and Mg-

Ka (red line) sources, Fe Auger peaks are marked with blue arrow observed
with two sources, Fe, O and C core levels have been indicated by blue lines.

This equation allows the [2.2[to be expressed as a function of spectrometer
work function (®gp..) in the following way:

hv = EB + EK,measu’red + qupec (24)

The last equation allows the determination of the binding energy of
the photon-emitted electron for a given spectrometer with a well-defined ® ..
work function. Thus, depending on the utilized photon energy, a window of
levels is probed.

2.1.2 XPS spectra

A typical photoemission spectrum consists of plotting the number of pho-
toelectrons which reach the detector in function of their kinetic energy. To
identify the obtained peaks from the spectra regardless of the used photon
source, they are represented as a function of the binding energy Ep = hv —
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Ex measured- Figure presents the spectra obtained with the two sources
Al-Ka (black line) and Mg-Ka (red line) on a surface of MgO(001)/Fe(001)
before grafting the molecular species. These spectra identify the different
core levels of Iron. The other peaks present (shown with blue arrows) cor-
respond respectively to the Fe Auger peaks, which are located in different
binding energies due to the employed source. The continuous background
increases at higher binding energies, and corresponds to secondary photo-
electrons having undergone inelastic scattering which are therefore detected
at lower kinetic energies. In some cases, a close inspection of the energy posi-
tions of the core-level peaks can reveal binding energy shifts originating from
a modification of the chemical environment of the emitting atomic species.
In addition to that the photoemission peak intensity is proportional to the
number of atoms involved in the photoemission process [51]. Consequently,
the analysis of the photoemission peak intensities can give information about
the amount of a grafted molecular species per unit surface.

2.1.3 Quantitative analysis of XPS spectra

Obtaining quantitative information is possible by analyzing the intensity of
the detected signal. Therefore, spectra processing (PRESENTS software) is
used to determine the intensity of the components by integrating the area
under the peak after background subtraction. The shape of a photoemission
peak can be described by a convolution of Lorentzian and Gaussian functions.

Case of an infinite layer

The photoemission signal elementary intensity of a layer with thickness of
dz located at the depth of z from the surface, detected at angle () from the
sample surface normal, (notations defined in Figure is given by:

z
AO do -
dIg(=2) = ON— = o QLT (B, Epass) D(Eig, Epass) € Acost dz - (2.5)

where ¢ corresponds to photons flux, NV to the number of atoms per unit

o
of volume, =% o the analyzed surface, 0 to the photoionization cross sec-

cos
tion, 2y to the angular acceptance of analyzer, L to the emission anisotropy
(constant depending on source and analyzer orientation), T'(Ek, Epass) and
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Figure 2.4: Schematic diagram of the system geometry during photoemission
measurement (a) for normal detection and (b) for a detection angle () to
the surface normal.

D(Ek, Epass) ascribe to the terms of transmission and detection of the an-
alyzer (dependent on the kinetic energy Ex of the electrons and the used
pass energy FE,,ss), and the exponential term corresponds to the attenuation
undergone by the electrons in matter over a distance z.

In the case of an infinite thickness Z with respect to the analyzed depth (i.e.
a thickness much greater than 3)), the expression of the intensity becomes:

do
]go = ¢NA0d—QQOL)\T(EK, Epass)D(EK7 Epass) (26)

Case of a finite layer

For a sample of finite thickness Z, the intensity of the measured signal is
obtained by integrating the equation between the surface z = 0 and the
thickness z = Z:

A
d _
I(z=2) = ngAOd—gQOLAT(EK, Epass)D(Exc, Bpass) (1 — ¢ Acosf) (2.7)

Thus, from equations and [2.6] the intensity of the measured signal
can be written as:



40 2.1. PHOTOEMISSION TECHNIQUES

120000 | o

100000 |

E}
S
P
@
3
£ 80000
O\D/O\
60000 L
1 1 1 1 1 1 1
2 0 2 4 6 8 10
Angle (°)

Figure 2.5: Angular measurements of Fe-2p core level, carried out by XPS
on a Fe(001)/MgO(001) substrate before grafting the molecules.

Z
I(z=2)=1I [1—e Acost (2.8)

In single crystalline systems, the measured signal is modulated by the
diffraction of photo-electrons and is overestimated for analysis angles par-
allel to crystal high symmetry directions, known as X-ray Photo-electron
Diffraction (XPD) effect. This overestimation is highlighted at normal mea-
surements as shown by the angular analysis of the 2p, , level of a thick mono-
crystalline Iron layer in Figure 2.5 Fe(001)/MgO(001). The XPD effect is
corrected by considering a corrected intensity calculated as the average be-
tween the measured signal at normal and the first minimum signal, at 6 = &8°
for Fe(001)/ MgO(001):

Ioverestimated + Imznzmum
0° 8°
2

It is noted that no XPD effect was detected for poly-crystalline ferromag-
nets (poly-crystalline Fe and Co).

I = (2.9)
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Figure 2.6: Schematic representation of atomic layers of a semi-finite mate-
rial, used in discrete approach.

Z =nad

A

Discrete approach

The intensity of the core level photoemission peaks can alternatively be calcu-
lated using a discrete approach. In this approach, the specimen is composed
of n atomic planes spaced by a distance a, displayed in Figure|2.6. For an ho-
mogeneous sample, each atomic mono layer is emitting the same elementary
photoelectron intensity IMZ. The total intensity corresponds to the sum of
the signal emitted by each of these planes, with quantified attenuation after
propagation through a thickness ka (k integration between 0 and n-1):

n—1 :I{ICL
I = IZ,]WLZQ Acosl (2.10)
k=0
a 2a (n—1)a
T=1IM[1+4¢ Acost +e Acost + .. +e Acost (2.11)

That can be written as:



42 2.1. PHOTOEMISSION TECHNIQUES

na
1—e Acosh
I = ]iML—a (2.12)
1—e Acosh

For a thick sample compared to the analyzed depth, na > A, the mea-
sured intensity at normal becomes:

(2.13)

From the measurement of the integrated photoemission peak, we can thus
deduce the elementary value of I’ which after normalization by the value
of the photoionization cross section gives access to the surface concentration
of element .

This method will be used in Chapter to determine the grafting ratio of
the SAM on various ferromagnetic bottom electrodes.

2.1.4 XPS and UPS setup

The Photoemission measurements is performed in a multi-chamber ultrahigh
vacuum (UHV) system, with base pressures at four 107'° mbar (represented
in Figure . This modified multi-chamber setup allows analyzing a fully n
situ-prepared sample. Moreover, the XPS-UPS study is feasible at all stages
of the process. The analysis chamber is equipped with non-monochromatized
Al and Mg sources, in the form of a dual anode that produce both 1486.6
eV (Al-Ka anode) and 1253.6 eV (Mg-Ka) X-rays, which can be individu-
ally selected. The main advantage of two anodes for the X-ray source is to
detect and possibly avoid electrons emitted by the Auger-Meitner process.
Moreover, the chamber also has a helium discharge lamp, allowing to obtain
photon energies of 21.2 eV (He I) and 40.8 eV (He II). Thanks to this com-
plementary XPS-UPS setup, by providing the choice of the photon energy,
it is possible to preferentially probe the core levels (X-rays) or the densities
of states of the valence band (UV rays).

A molecular beam epitaxy (MBE) chamber is interconnected with the
XPS analysis chamber via a transfer chamber. This MBE chamber is equipped



2.1. PHOTOEMISSION TECHNIQUES 43

Figure 2.7: Photoemission Spectroscopy and sample preparation setup. (1)
Bottom-electrode deposition: Metal deposition by MBE at room temper-
ature, (2) Molecules grafting chamber (C16MT): Self Assembled Monolay-
ers(SAMs) evaporation of molecules at room temperature into the chamber
by means of a leak valve, (3) BLAG (Buffer Layer Assistance Growth) tech-
nique: Soft landing of the top contact, (4) Top-contact deposition: Evapo-
ration growth through a shadow mask at RT or using BLAG.
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for metal deposition at room temperature (Figure .1) and also at low tem-
perature (20K)(Figure [2.7/3). Thicknesses of metallic films are determined
using a quartz crystal microbalance. Thanks to a helium compressor con-
nected to the preparation chamber, the substrate reaches 20K in 1 hour.
This chamber is provided with a micro-leakage valve to introduce Xe gas (its
crucial role in sample preparation will be explained). Additionally, a second
transfer chamber eases the access to the grafting chamber under UHV, shown
in Figure[2.712 . The grafting chamber is connected by a micro-leakage valve
to a flask filled with a pure solution of alkanethiols (purity 95%, purchased
from Sigma Aldrich). The leakage valve allows to control the vapor pressure
of molecules on sample surface and grafting time.

2.2 Ballistic Electron Emission Microscopy

Ballistic Electron Emission Microscopy (BEEM) is an effective tool to in-
vestigate the nanoscale lateral homogeneity of electron transport through
various heterostructures. BEEM also gives access to local measurements of
potential barrier heights and is thus perfectly adapted to study fragile or
heterogeneous systems such as SAM barriers integrated in a realistic device.
BEEM was already successfully used to investigate Au/alkanethiols/GaAs
heterostructures during Alexandra Junay thesis in our group [53]. Specifi-
cally, BEEM imaging allowed to clearly identify the presence of pinholes in
the SAM barrier, while BEEM spectroscopy could give access to the energy
position of the lowest unoccupied molecular orbitals of the SAM (LUMO
states). In the present work, BEEM was intensively used to assess the fer-
romagnetic Co top electrode deposition on the hexadecanethiol SAM with
the ultimate ambition to achieve pinhole-free magnetic tunnel junctions with
extended lateral dimensions. In the following, I will describe the principles
of BEEM for the study of molecular barriers. I will then present the BEEM
microscopy and spectroscopy operation modes and the classical theoretical
models used to analyse the BEEM data. I will then illustrate the interest
of BEEM to study SAM tunnel barriers in the case of previously studied
Au/alkanethiols/GaAs tunnel contacts [54] 55]. Finally, I will present the
STM/BEEM experimental setup used in this work.



2.2. BALLISTIC ELECTRON EMISSION MICROSCOPY 45

2.2.1 Principle of BEEM technique

BEEM is derived from scanning tunnelling microscopy (STM) and was orig-
inally developed in 1988 by Kaiser and Bell [56] to investigate the interface
electronic properties of metal/semiconductors Schottky contacts. After an
intensive use of BEEM to study various Schottky contacts [57], the tech-
nique was extended to the characterization of metal /insulator /semiconductor
(MIS) tunnel contacts also for microelectronics applications [58, 59]. Finally,
BEEM was also used to investigate monomolecular contacts and successfully
applied to determine the energy position of the LUMO states of fullerenes
deposited on Bi(111)/Si(001) [60]. This led to generalizing the application
of BEEM to hybrid metal/SAM /semiconductor systems.

The principle of BEEM is presented in figure for the specific case of
a metal/SAM /semiconductor heterojunction with a n-doped semiconductor
substrate. Electrons are injected from the STM tip (emitter) through the
vacuum to the metal surface, with an energy simply defined by the tun-
nelling bias Uy, applied between tip and surface, defining the tunnel current
It (typically few nA). Amongst the injected hot electrons traveling through
the metal top layer (base), only a few percent of the injected current can
reach the metal/SAM interface without energy loss. Those so-called “bal-
listic electrons” might cross the molecular barrier and enter the conduction
band of the semiconductor substrate, either by tunnelling through the SAM
(at low energy), or by propagating through the LUMO states of the molecules
(at higher energy). In that case, a low magnitude BEEM current I (typ-
ically few pA) can be collected by an ohmic contact at the backside of the
semiconductor substrate (collector).

Two modes of operation are used in a BEEM experiment. BEEM images
Io(z,y) at a specific electron energy (defined by the chosen Uy,, value) are
obtained by measuring the collector current value at each pixel of the surface
image while scanning the surface in the constant tunnel current mode. These
BEEM images correspond to an electron transmission map at a given energy,
and can be directly correlated with simultaneously recorded STM image. In
the spectroscopy mode, the STM tip is stopped at a specific point of inter-
est, and the I (eUyqp,) spectra is collected while maintaining the tunnelling
current constant. The BEEM spectra can give access to the local energy po-
sition of the LUMO state in the SAM and of the semiconductor conduction
band minimum at the molecule/semiconductor interface.

Quantitative analysis of the BEEM spectroscopy curves can be performed
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Figure 2.8: Schematic band diagram of a BEEM experiment on a
Metal/Molecule/Semiconductor system, (a) so-called ballistic electrons tun-
nelling through the SAM (at low energy) with a low magnitude BEEM cur-
rent, I, (b) by propagating through the LUMO states of the molecules (at
higher energy) with a larger /o magnitude, in generic BEEM spectrum. (c)
A schematic of BEEM experimental setup.
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within classical free-electron models and are commonly used by the BEEM
community. Kaiser and Bell [56], 61]. first derived an analytical expression
for the Ic(eUyqp) spectra for simple metal/semiconductors contact and for
electron energy close to the Schottky barrier ®gp considering a sequential
three steps model:

¢ the electron emission from tip to metal surface by tunnelling,

17 hot-electron transport through the metal layer: inelastic scatterings re-
sult in an exponential decay of the BEEM current,

it electron transmission at the metal/semiconductor interface considered
as abrupt: Both electron energy and electron wave vector component par-
allel to the interface (transverse momentum) are conserved, and a quantum
transmission coefficient at the interface is considered.

In this simple model, both STM tip and metal base layer are considered as
free-electron metals, and the bottom of the semiconductor conduction band is
also modelled using a parabolic dispersion with the considered semiconductor
effective mass, allowing a simple analytical calculation of the BEEM spectra.
Kaiser and Bell (KB) first considered a constant transmission coefficient at
the metal /semiconductor interface, resulting in a simple quadratic power law
of the BEEM current close to the threshold:

1
M X (13532 (214)

IT(Ugap)

Ludeke and Prietsch (LP) refined this first KB model by introducing the
energy and wave-vector dependence of the interface transmission coefficient,
leading to a modified power-law [62, [63]:

Ic (Ugap)

IT(Ugap)

For a detailed development of the KB and LP model calculations, the
reader can refer to the excellent review by M. Prietsch [57] or to the PhD

manuscripts of Sophie Guézo or Alexandra Junay [65], 53]. The LP model,
despite its simplicity, is adapted to fit the experimental BEEM spectra close

x (eUyqp — Psp)”” (2.15)
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Figure 2.9: (a) Adjustment by the LP model, spectrum obtained on a
junction Au(5nm)/GaAs(001) (average of 6400 curves for a surface of
100 x 100nm? and (b) band structure of GaAs, figures taken from [53} [64].

to the threshold and allows a quantitative determination of the local Schot-
tky barrier. An example of a quantitative data fit of a BEEM spectra on
a simple Au/GaAs(001) Schottky contact is presented in figure 2.9}a. An
excellent agreement between LP model and experimental data is obtained at
low energy (typically between ®gp and ®gp + 0.3eV. The Schottky barrier
height deduced from the fit is 0.81eV/, in excellent agreement with literature,
and corresponds to hot-electron injection in the lowest energy point of GaAs
conduction band, i.e. the I'-valley (see GaAs band structure figure b. At
higher energy, an inflection point on the experimental spectra is observed,
the measured BEEM current exceeding the low-energy LP fit. This is due
to the fact that with increasing energy, hot electrons can also be injected
in the L-valley of GaAs conduction band, opening a new transport channel
and leading to the observed BEEM current increase [66]. This can be taken
into account in the LP fit by considering a second component to the BEEM
current, with a second threshold corresponding to the energy position of the
minimum of the L-valley of GaAs conduction band. A third component
should finally also be considered associated to the opening of a new density
of empty states in GaAs corresponding to the last and highest energy valley
of GaAs conduction band, i.e. the X-valley. Finally, a complete fit of the
BEEM spectra can be obtained over an extended energy range considering
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Figure 2.10: 50 x 50 nm? STM images of gold overlayer surfaces on SAM,
Au/C16MT/GaAs(001)((a) 5 nm thick gold deposited at room temperature,
with peak-to-peak roughness of 1.1nm. (b) Simultaneously recorded BEEM
images at U,q, = 1.80V and I = 5nA (color scale: 0 to 0.16 nA), figures are
taken from [53].

all the transport channels in the 3 valleys of GaAs conduction band:

= = ay(eUgap — 01)*? + ag(eUgap — $2)°? + az(eUygap — 03)°*  (2.16)

Remarkably, the energy values of the three thresholds deduced from the
experimental data LP fit match perfectly the theoretical energy positions of
the L and X valleys of GaAs, validating the LP data fit methodology. This
multi-component LP fit can be generalized to other systems, each of the
introduced components corresponding to a transport channel of the system
opening at a specific energy ®; and with a spectral weight a; corresponding
to the magnitude of the BEEM current for each channel.

2.2.2 Example of a BEEM study on a hybrid metal/SAM
system

Our group has previously investigated by STM/BEEM the formation and
properties of Au(b5nm)/SAM/GaAs(001) metal top contacts, here with an

hexadecanethiol (C16MT) SAM. As an illustration, Figure [2.10{a, presents a
50 x 50nm? STM image of the surface morphology of a 5nm thick Au metal
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top contact deposited at room temperature on a dense hexadecanethiol self-
assembled monolayer grafted on a GaAs(001) surface. A continuous poly-
crystalline metal film is obtained, with a typical granular morphology. The
Au 3D islands have typical lateral extensions around 10nm and lead to a
peak-to-peak roughness of 1.1nm. The simultaneously recorded BEEM cur-
rent image at tunnelling bias of 1.8V and for a tunnelling current of 5nA
is presented in figure 2.10[b. Strong contrasts are observed on this BEEM
image with well-defined regions of high current transmission (bright regions)
surrounding extended regions with a low current transmission (dark regions).

The morphology of the dark and bright regions on the BEEM image are
not correlated to the surface topography. These strong BEEM contrasts are
thus not related to local thickness variations of the gold layer. Figure [2.11
presents the local spectroscopy curves recorded respectively in the bright and
dark regions of the previous BEEM image. Several individual spectra were
averaged to reduce the signal to noise ratio. These BEEM spectra were com-
pared to reference data measured on a simple Au(5nm)/GaAs(001) sample.
The BEEM spectra measured in the bright regions of the Au(5nm)/C16 M T/
GaAs(001) is perfectly matching the reference Au(bnm)/GaAs(001) spec-
tra. The high transmission regions are thus attributed to local regions of the
Au(bnm)/C16 MT/GaAs(001) sample where the metal has completely dif-
fused through the SAM, creating a direct Au/GaAs Schottky contacts, also
called a pinhole. On the other hand, the BEEM spectra measured in the dark
regions present a threshold value close to the one of the bright regions, but
with an additional strong attenuation of the signal attributed to transport
trough a molecular patch at the interface. More information is obtained by
using a LP fit in both bright and dark regions as shown in figure [2.12]

The fit of the BEEM spectra in the bright regions are identical to the one
obtained in the reference Au/GaAs sample, with a first threshold at 0.83eV
corresponding the energy position of GaAs conduction band I'-valley for a
direct Au/GaAs Schottky contact, and a second threshold 0.34eV higher in
energy is associated to the position of the L-valley for this system. This
further confirms the presence of extended regions with strong metal pene-
tration through the SAM in this system. In the dark regions, a similar first

threshold value is observed, with an associated spectral weight aderk about
ten time smaller than the spectral weight a2" in the bright region. This

strong additional attenuation is attributed to a first transport channel by
tunnelling trough the SAM barrier into the I'-valley states of GaAs at low
energy (Figure 2.8la). This idea is supported by the calculated expected
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Figure 2.11: BEEM spectra of Au(5nm)/C16MT/GaAs(001) system, average
of 14 (21) curves recorded in bright areas (dark). Solid line: average of 400
curves obtained on an Au(bnm)/GaAs(001) junction, figure taken from [67].

tunnel attenuation through the SAM, using typical organic thickness and
effective mass values for the SAM [55]. At higher energy, a second threshold
is observed to open 0.40eV higher in energy than the I'-valley of GaAs. This
second threshold, higher in energy than the L-valley of GaAs, is this time
attributed to a transport channel through the LUMO states of the molecules
(Figure .b). The corresponding heterostructure band diagram is presented
in figure 2.12] It should be noted that no electron tunnelling through the
SAM barrier into the L-valley of GaAs is possible. Indeed, electron tunnelling
through a planar tunnel barrier selects electrons with wave vector close to
the interface normal, while the L-valley states of GaAs correspond in GaAs
band structure to electronic states with a large transverse momentum. From
these initial observations on metal/SAM contacts, we can underline the in-
terest of BEEM to study the interface homogeneity of these hybrid systems.
BEEM allows first to image pinholes formed during metal deposition on the
SAM. The local band diagram can also be determined in the areas where
the molecular barrier was preserved and specifically the energy position of
the LUMO states of the SAM as well as energy position of the semiconduc-
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! Grafting (C16MT)

Figure 2.13: BEEM/STM setup employed to prepare and characterize in situ
specimen.

tor conduction band minimum at the SAM/GaAs interface. This study was
further generalized to investigate the influence of metal thickness, the use of
dithiolated molecules in the SAM, and metal deposition by a soft landing
method (or buffer layer assisted growth, see chapter on the formation of

pinholes [55] [54].

2.2.3 STM/BEEM experimental setup

This setup benefits from an UHV multi-chamber, including a preparation
and a grafting chamber that allow the entire production process of samples
to be performed in situ, displayed in Figure [2.13] The preparation chamber
allows MBE metal deposition of Co, Fe and Au, currently. Moreover, a Low
Energy Electron Diffractometer (LEED) assists to characterize the surface
crystalline structure of a sample. The grafting chamber is connected to a
flask as a molecules container with a micro leak-valve, allowing to control
the grafting conditions. The STM/BEEM setup is based on an Omicron
STM setup that has been adjusted to perform BEEM measurements. In
STM mode, the sample holder is electrically grounded and the STM tip is
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Gold wire

STM tip

Au dots

Figure 2.14: View from the camera: the gold wire is placed on a gold dot,
to ground the sample of the selected junction and the STM tip is in tunnel
contact with the surface of this dot, Figure taken from [67].

biased. Whereas to access the BEEM mode, the sample holder is electrically
floating by disconnecting grounding of the sample holder. Instead, the sur-
face of an in situ patterned junction is grounded by an external gold wire
inside the STM head, shown in Figure [2.14] The sample holder is connected
to the BEEM current measurement circuit while the tunneling current is
drained by the gold wire and measured in an independent electronic circuit.
STM/BEEM measurements are performed at room temperature and under
ultra-high vacuum conditions, with the base pressure of several 107! mbar.
The experimental challenges of heterostructures BEEM study will be carried
out in the following section.

2.2.4 Sample preparation

Local BEEM measurement, carried out at room temperature, is delicate.
Three sources of noise will impact the BEEM signal:

B The measurements being carried out at ambient temperature, a cur-
rent of thermo-excited electrons continuously crosses the junction, con-
tributing to a leak current.
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(@) (b)

Figure 2.15: 3D design of (a) prepared shadow mask for BEEM measurements
1 x lem? with 3 sizes of holes 250um , 350um and 500um, (b) and (d)
present placing the mask on the sample holder, and (c) a prepared sample
with metallic Au dots.

B There is also a source of noise related to the low voltage (few hundred
1V)) present on the BEEM current measurement pre-amplifier which
creates a slight polarization of the junction. Therefore a weak diffu-
sive current enters the semiconductor substrate, even at low injection
energy, contributing to the current background.

B Finally, a last source of noise is the presence of a photo-excited current.

To overcome these sources of noise, the measurements are carried out in
the dark, thus eliminating the photo-excited current. To limit the amplitude
of the current leakage, the resistance of the junction must be increased [68],
which can be achieved by decreasing the area of the junction. For this pur-
pose, the metal top contact of the junction is patterned in situ by using a
transferable CuBe shadow mask during MBE metal deposition (Figure.
This mask contains 3 hole diameters of 250um , 350um and 500um for differ-
ent junctions. For plots of 500um in diameter, we obtain a typical junction
resistance of the order of 10%Q), which gives a leakage current of the order of
a few pico-Amperes, corresponding to the continuous background present on
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the BEEM spectra for energies lower than the barrier height of the studied
system.

Conclusion

XPS-UPS and STM-BEEM setups available in our laboratory have been
introduced as well as the essential used models for this work. These two
techniques provide us with a complementary set of tools to effectively con-
trol each step of a magnetic molecular tunnel junction fabrication in micro-
and macro-scale. This well-controlled sample production allows reproducible
specimen preparation process, which is crucial for studying a model system.



Bottom Electrode Growth and Grafting

Introduction

The main objective of this chapter is to confirm a high quality grafted FM
electrode. To pursue this objective, we focus on the fabrication process of
several grafted ferromagnetic bottom electrodes studied by XPS study, and
for the most promising system, complemented by LEED, RHEED, STM and
UPS. This bottom-electrode investigation is finalized by a conclusive study
of grafting quality on their surfaces. The band structure of SAM/FM system
is also illustrated to have a better understanding of our system.

I will present the study of several FM bottom electrodes such as Cobalt,
Permalloy and Iron, using surface spectroscopies. I will then describe the
used SAMs, its grafting process and eventually XPS study of grafted SAMs
on all noted FM electrodes. In the following, I will illustrate an analytical
model to examine the grafting quality (SAMs coverage rate), leading to a
well-controlled grafted electrode. Finally, I will display a deeper investiga-
tion on the most dense grafted system.

57
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3.1 Bottom Electrode

Several potential bottom electrodes have been studied such as Co, Permalloy
(NiggFey) and Fe. Ferromagnetic deposition is performed in the preparation
chamber employing MBE, presented in section [2.1.4] In order to thoroughly
control the specimen fabrication steps (i.e. FM surface quality and grafting
density), in situ XPS is exploited. We specifically use XPS measurements to
determine the ratio between the molecule density of the SAM and the surface
atomic density of the substrate, defining the bottom FM electrode grafting
ratio. We thus investigate the crystal structure at the each FM surface which
determines the surface atomic density of the termination layer.

3.1.1 Poly-crystalline Cobalt

A 10 nm thick poly-crystalline Co thin film is deposited on commercially
available Si wafers (with native SiO, oxide) by using a pocket e-beam evap-
orator. A pure cobalt rod is evaporated by using electron bombardment.
This deposition occurs at the pressure of 5 x 10~ %mbar at room temperature.
Co deposition rate is controlled by a quartz crystal microbalance at the rate
of 1.77 A/min. A reproducible quality electrode is confirmed by XPS study
as well as growth rate by a quartz crystal microbalance.

The Co film after the preparation has been analysed by XPS using Mg
anode X-ray source, Co-2p core level is presented in Figure For metallic
Co layer, the Co-2p3/2 peak is reported at binding energy of 778.1eV [69].
The measured XPS spectra of Co-2p shown in , confirms the 2p3/2 peak
to be at 777.8eV. Moreover, the 2p1/2 core level is observed at 15.0eV from
2p3/2, which is in excellent agreement with reported Co metallic layer. A
negligible O-1s signal also confirms an oxide-free Co surface.

As it was explained, the surface atomic density of Co is required for illus-
tration of a reference model for SAM coverage rate. Due to the ambiguous
surface structure of poly-crystalline Co, we decided to consider the surface
to be the most packed plane. The stable structure of cobalt is hexagonal
closed-packed (hep) [70], and the close-packed planes are the (0001) basal
plane. In this plane for Co film, the Nearest and Next Nearest Neighbours
are located at NN = 2.524 and NNN = 4.36A, shown in Figure 3.2, The
distance between two planes is ¢/2 = 4.11A. This surface structure has a
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Figure 3.1: XPS measurement, Co-2p core level measured by Mg-ka X-ray
source,Co-2p3/2 is located at 778.8eV.

Figure 3.2: hcp-Co structure (0001), the Nearest and Next Nearest Neigh-
bours are shown and located at NN = 2.524 and NNN = 4.36A.
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surface density of 0.18 atom/ A® at Co surface.

3.1.2 Permalloy

Permalloy electrode, an alloy of 81% Ni and 19% Fe, can be simply deposited
by congruent evaporation of bulk permalloy [71]. Pure (99.99%) Permalloy
(Py :Nig; Fejg) has been commercially purchased to be used in an effusion
cell. This 40nm thickness Py source was evaporated on MgO(001) substrate
at pressure of 1 x 10~ %mbar, with the growth rate of 1.35 A/min, and an-
nealed at 300°C' for 1 hour. XPS examines several aspects of this electrode
such as surface contamination and the surface composition of the deposited
NiFe alloy. To address those aspects, the XPS measurements takes place at
normal and 45 degree detection direction defined by the analyser axis. At
normal incidence, the Ni-2p and Fe-2p has been measured are shown in [3.3]
The Fe-2p3/2 peak is located at 706.8eV refers to a metallic film Fe [69], con-
firming a deposited Fe metallic layer. It should be noted that the presence
of oxidized iron at the surface would be conveniently detected by XPS due
to the large chemical shift (few eV in binding energy) observed in iron oxide
[72]. Additionally, no signal from O-1s core level can be detected confirming
a clean Py surface. The integrated area of Fe-2p1/2 and Ni-2p1/2 intensities
are representative of the Ni and Fe presence at the first few planes of the film.
The electron mean free path of photoelectrons in Ni and Fe at the binding
energy of 2p core levels defines the experiment surface sensitivity to 4 or 5
planes. The ratio between these two signals has been calculated, considering
[Ni/ ONi
Tre/OFe
2p demonstrates a formation of NigyFei3 layer. This measurement verifies
a coherent alloy composition with the source of evaporation, Nig; F'e;g. The
small difference in compositions for Py is explained by XPS measurements
at 45 degree. As the detection angle increases, the number of probed sam-
ple planes reduces. In another word, XPS measurements performed at 45
degree are more surface sensitive than at 0 degree. A larger Ni-2p signal
compared to Fe-2p signal at 45 degree indicates the presence of a Ni access
at the surface. To conclude an average Nig;F'el3 surface stoichiometry has
been determined with a tendency towards moderate Ni segregation at surface.

2101/2
their cross sections ( ) = 6.58. This signal ratio of Ni-2p to Fe-

From a structural point of view, permalloy has been shown to grow as
(001)-oriented single crystal films on MgO(001) at room temperature [73, [74].
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Figure 3.3: XPS spectra of Permalloy electrode measured with Mg-ka
source(MgO(001) /NiFe), (a) Fe-2p1/2 and Fe-2p3/2 located at 719.9eV and
706.8eV, respectively. This location for Fe-2p core levels are reported for a
metallic Iron layer, (b) Ni-2p.

Py has been observed to form an fcc structure, and films thicker than about
20-30 nm show a full structural relaxation[73]. The lattice parameter and the
distance between two planes, in this case, is reported a(N@'SOFegO) — 3.554
and a/2 = 1.78A. The second nearest neighbor at the surface is at the
distance NNN = 5.0214A, as it is shown in Figure The surface density
for Py is calculated to be 0.16 atom/;lz.

3.1.3 Iron
3.1.3.1 Mono-crystalline Fe

The iron film growth has been observed to be epitaxial bce-Fe(001) on
MgO(001) [75,[76]. In our study, mechanically polished MgO(001) substrates,
commercially available, were used. The MgO(001) substrate is mounted on
a Molybdenum holder with water-based silver paste (PELCO high perfor-
mance Silver paste), tolerating high and low temperature [77, [78]. This
silver paste containing silver flakes (20pm) in an inorganic silicate aqueous
solution has good thermal and electrical conductivity. It contains no hydro-
carbons, making it suitable for demanding specimen preparation in ultra high
vacuum applications. The ultraviolet (UV)/ozone surface cleaning method
was proven effective in removing the C contamination of the surface. The
substrate also is annealed at 180°C for 2 hours before introducing to UHV to
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Figure 3.4: Permalloy structure (001), lattice parameter, and nearest next
neighbor distance.

dry and degas the silver paste. The last step of MgO surface cleaning takes
place under UHV, by annealing up to around 560°C for 1 hour. XPS study
has shown 5 times reduction of Carbon contamination after UHV annealing.
A 30nm thick Iron film is grown on the cleaned MgO(001) substrate at room
temperature, with the growth rate of 5.85 A/ min at pressure of 10~ mbar.
The roughness of the Fe surface has been reported to affect the quality of
SAMs formation. Hence, the sample has been annealed for 1 hour at 560°C
to smooth the surface. The XPS measurement on Fe(001)/MgO(001) has
confirmed a non-oxidised metallic Fe layer. Reflection high-energy electron
diffraction (RHEED) has been employed to control the Fe film formation
after growth and annealing. The RHEED patterns verify an epitaxial Fe
film grown on MgO(001). Figure shows the RHEED patterns of the
substrate and the subsequently grown layer. Considering distinct spots and
streaks for Fe layer, also at the exact location as the substrate patterns con-
firm the single-crystal Iron growth in the MgO(001) orientation. Moreover,
square reciprocal lattice unit cell has been observed with Low Energy Elec-
tron Diffraction (LEED), presented in Figure , which confirms a cubic
lattice structure. The epitaxial orientation determined with RHEED/LEED
is Fe(001)//MgO(001) and Fe[100]//MgOI[110] [75].

As explained in section , the energy position of Fe-2p3/2 peak in
binding energy allows to discriminate a metallic Fe layer from an oxide layer.
The XPS study of the Fe/MgO(001) layer concludes to the deposition of an
oxygen-free surface with some C traces (not shown).



3.1. BOTTOM ELECTRODE 63

4 B

(a) MgO(001), RHEED (b) Fe(001), RHEED (c) Fe(001), LEED

Figure 3.5: Fe(001) electrode, (a) MgO(001) substrate RHEED pattern, after
annealing at 560°C for 1 hour (detection beam parallel to [110]a50), (b)
Fe(001)/MgO(001) RHEED pattern, 30nm Fe annealed at 560°C for 1 hour
(detection beam parallel to [100]g.). (c¢) Fe(001)/MgO(001) LEED pattern.

As a substrate for growing mono-crystalline Fe electrode, GaAs(001)
has also been used in this work. Epitaxial bee-Fe(001) MBE-prepared on
GaAs(2 x 4) is achieved[79, 80]. GaAs(001) layer with controlled doping
layer is prepared in our group by MBE. A 3 um cap layer of amorphous As
protects the GaAs surface during the transfer at atmospheric pressure from
the MBE enclosure to the Fe deposition/XPS enclosures. The As-cap de-
capsulation of the substrate is done thermally up to a temperature of 465°C
in order to obtain an arsenic-rich GaAs(001) surface with a As(2 x 4) type
surface reconstruction [68, [79]. A 30nm Iron film has been grown at room
temperature on the GaAs(001) As-rich surface, with the same conditions as
on MgO(001). XPS studies on Fe(001)/GaAs(001), has shown a negligible C
contamination on the Fe surface. Therefore, this surface is more satisfactory
for SAMs formation. Although, Fe/GaAs annealing was observed to make
a mixture of two layers due to the interfacial reaction, also reported by our
team previously [81]. Therefore, since the deposited Fe layer on GaAs cannot
be annealed, the surface roughness is expected to be larger than in case of
Fe(001)/MgO(001).

Fe(001) film grows in bee structure on both MgO(001) and GaAs(001)
substrate. Considering ap, = 2.867 A[76], the Next Nearest Neighbours
at the surface are NNN = 4.054A and NNNN = 5.734A. The distance

2 .
between two planes in this structure is aT = 2.03A. The surface density

for mono-crystalline Fe(001) layer is 0.122 atom/ A%
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3.1.3.2 Poly-crystalline Fe

A poly-crystalline Fe film was considered to be studied, due to the long time
consumption of MgO substrate preparation process (two days). Fe deposi-
tion on Si substrate with native SiO, oxide layer forms a poly-crystalline
film [82], Si preparation is not required. The first-deposited Fe atoms react
with the surface (Si), displacing Si atoms from their positions. The result
is an amorphous layer with compositions close to those of FeSi. On top of
this reacted layer, crystallites of Fe with inter-diffused Si grow. Upon further
Fe deposition, the crystallite composition evolves to pure Fe. This film of
10nm is deposited with the growth rate of 3.17 A/min, at the pressure of
1 x 10 ®mbar.

As it was explained for poly-crystalline Co, the surface structure is imprecise.
Therefore, we consider the same surface structure as mono-crystalline Fe to
have a perspective for grafting rate.

Ferromagnetic electrodes deposition have been well controlled by XPS
and thus the heterostructure fabrication can be carried on, starting with the
SAM grafting process.

3.2 Grafting

Self-assembled monolayers are grafted on the studied FM electrodes. A dense
grafted monolayer is desired to lower the probability of the top electrode
penetration, at the ungrafted zones due to low SAM density. To define the
grafting quality, XPS study of grafted surfaces is proposed to calculate the
SAM coverage rate for each FM bottom electrode. The following is devoted
to a full investigation on SAM grafting on FM electrodes.

3.2.1 Self-assembled monolayers

Self-assembled monolayers (SAMs) are molecular layers that assemble on a
surface by adsorption. The intrinsic inter-molecular forces tend to drive the
molecules into an ordered packing. SAMs are composed by a head, a body
and an anchoring group that can be independently tuned thus allowing an
easy engineering of the barrier[83], shown in Figure [3.6a Their formation
is mediated by a specific functional group (anchor group) that has a strong
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Figure 3.6: SAMs, (a) Schematic of a Self-Assembled Monolayer structure.
Molecules are formed by a head, a body and an anchoring group that can
be independently changed, (b) Saturated Alkane chain with thiol anchoring
group, Hexadecanethiol (HDT), CH3(CHs),;SH, PubChem website.

affinity for a particular surface. Several different SAMs have been developed
for a range of different substrate materials including FM metals such as Fe,
Co, Ni etc [84, [R5, [86, 87, 88, 89]. The structure of the molecular body
plays the key role on transport properties. Its choice allows to modify the
barrier potential, from fine tuning of its properties (height, width, etc) to
the addition of new functionalities. For instance, a saturated alkane chain
is insulating and electrically equivalent to a rectangular potential barrier.
On the contrary, the insertion of an aromatic ring in the chain introduces
discrete levels in the barrier that modify its height and can also lead to a
resonant configuration [90].

Hexadecanethiol

In this study, we have chosen Hexadecanethiol SAMs as our separator layer.
Hexadecanethiol, noted as C16MT, is a saturated chain of 16 carbons and
the anchoring group of Sulfur, with the chemical formula of C H3(C'Hs),,SH,
shown in Figure |3.6b] This molecule has been reported with the length and
the lateral size of 22.84 and 4.25A, respectively [91]. The lateral size of
this molecule defines the smallest separation distance between two grafted
molecules. C16MT is in liquid phase at room temperature due to the low
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Figure 3.7: Schematic of vapor phase Self-Assembled Monolayer grafting
structure. Hexadecanethiol grafting on a substrate, (a) Vapour phase graft-
ing process, (b) Self-Assembled Monolayer.

melting point of around 20°C. Highly pure C16MT, > 95%, is commercially
available, noted as C16MT, at Sigma-Aldrich company.

3.2.2 Vapor phase grafting

By choosing the vapor phase method for grafting, we have taken advantage
of our UHV multi-chamber setup to have a fully in situ-prepared sample.
This multi-chamber allows the SAM formation on fresh FM-deposited sur-
faces without any surface contaminations. In this method, the substrate is
exposed to the molecular vapor pressure of 5 x 10~ %mbar for 1 hour, and
a packed self-assembled monolayer forms on the substrate, shown in Fig-
ure B.7b The organic molecules are contained in a flask connected to the
grafting chamber under UHV via a micro-leakage valve allowing the control
of time and molecular pressure during grafting. This flask is heated up to
40°C' during the grafting, using heating tape. Before the molecular grafting
step on FM substrate, the purification of liquids containing the molecules
is carried out in order to eliminate the most volatile constituents. For this,
cooling-pumping and heating-pumping cycles are performed.
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Figure 3.8: Schematic sketch of SAM grafted on a ferromagnet layer, apy,
and ac are associated to the atomic distance between two layers of FM and
C, respectively, d and L to the thickness and length of the molecules with a
tilting angle of a.

3.2.3 XPS study of the SAM grafting
3.2.3.1 Methodology

XPS was used to investigate the SAM properties after grafting the different
ferromagnetic surfaces presented previously. The surface grafting rate (GR)
for each system is defined by calculating the ratio between the molecule sur-
face density and the atomic surface density at the FM surface. Figure |3.§
presents all the experimental parameters defining the experiment geometry.
We consider a layer model for the stack, with successively the ferromagnet
atomic layers (interlayer spacing arps) and the hexadecanethiol SAM, sup-
posed to be homogeneous. All molecules with chain length L are parallel
with a tilt angle a with respect to sample normal. The C planes paral-
lel to surface in the SAM are separated by ac, the SAM thickness is thus
d =16 x ac = L cos(a).

In order to experimentally determine the grafting ratio, we will determine:
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Figure 3.9: XPS spectrum, C16MT/Fe(001)/MgO/(001), Fe-2p peak is
shown after grafting at ¢ = 0° and 0 = 45°, Al — ka source.

B the elementary photoemission intensity emitted by one monoatomic
]ML

layer of the ferromagnet for the 2p1/2 core level, written 13,7,
B the elementary photoemission intensity emitted by one monoatomic C
layer of the SAM for the Cls core level, written I24Z.

Since IME (respectively IML) is proportional to the FM 2p1/2 (respec-
tively Cls) photoionization cross section and to the FM atomic surface den-
sity (respectively molecule surface density), the grafting rate can be first
obtained as follow:

Ig[lg/ 0cC1s

GRy T [ (3.1)
Experimentally, we first measured the photoemission FM 2p1/2 core level
intensity after grafting and for an analysis direction of § = 0° and 6 = 45°
(see figure . In these two geometries, the FM photoemission signal is
attenuated by the effective SAM thickness d/cos() of the organic layer.
We can thus calculate the ratio of the FM 2pl1/2 core level photoemission

intensities for both geometries as follow:
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where )\é}jﬁ is the electron mean free path in the organic layer at the

kinetic energy of the FM-2p1/2 core level [92].
This allows us to determine an experimental value for the SAM thickness
d as:

N (L
d = = ln s 33
V21 (I%M) 33
The corresponding experimental value for ac = d/16 can trivially be

deduced. Adapting equation (2.12)) for a semi-infinite FM layer buried un-
derneath the SAM, we also have:

d
_>\2p1/2
o & SAM
T\ 2pl1/2
1—e )‘FPM/

where )\?]1\4/ ? is the electron mean free path in the FM layer at the kinetic

energy of the FM-2p1/2 core level [92].
leading to the experimental ML value:

apn
) )\2p1/2
— € FM o
I =~ I (35)
T\ 2pl/2
e /\SpAJ/\/l

Let us now focus on the measured XPS carbon signal associated to the
SAM (figure 3.10). The total Cls photoemission intensity can be calculated
as the sum of the photoemission signals emitted by each of the individual
carbon layers in the SAM, damped after propagation through the above lying
carbon layers. For example, the XPS signal from the first C layer attached
to the sulphur anchor on the FM surface is attenuated by the above 15 other
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Figure 3.10: XPS spectrum, C16MT/Fe(001)/MgO/(001), C-1s peak is
shown after grafting, measured with Al —ka source. The major peak located
at Fp = 285.3¢V is assigned to C-C and C-H bonds, whereas a negligible
signal is observed for C=0, 3eV shifted in binding energy.

C layers. This self-attenuation process leads to a total Cls photoemission
intensity for a measurement normal to sample surface calculated as:

arFm 2CLFM 15(]JFM
5, =11 +e NN +e AShu + .. +e AS K
16&0
1 e ASkur
ML L—¢€
- Cls ac (36)

Cls
1—e NSAM

where A§%, is the electron mean free path in the SAM at the kinetic

energy of the C-1s core level [92]. The resulting numerical value for IX% is
easily calculated from equation and allows to determine the grafting rate
for all the investigated systems. The corresponding values are presented in
the first line of table 3.1l

A similar XPS data analysis can be obtained while working with the
intensity of the sulphur 2p core level. The S-2p photoemission signal is due
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to the S atoms located at the SAM/FM interface, and thus corresponds to
the elementary XPS signal of one atomic layer of S, I¥% damped by the
SAM thickness:

d

19 e Ay (3.7)
where )\:Z?fM is the electron mean free path in the SAM at the kinetic
energy of the S-2p core level [92].
A second experimental evaluation of the grafting rate, GRy, can be de-
duced by calculating the ratio between Il and Ip}} after normalization
with the respective photoionization cross sections:

ML
I35, /0s2p
IM L / OFM
Furthermore, we now have also access to an experimental value of the

ratio Rg/g between the surface densities of C chains and the surface density
of thiol anchors at the FM surface as follow:

GR, = (3.8)

ML
R ICls /0-018
C/S = TML
Igy, [os2p

(3.9)

The calculated GRy and R¢/g values for all investigated FM electrodes
is presented in the second and third lines of table (3.1 respectively.

3.2.3.2 Discussion

The experimental grafting ratios have to be compared to theoretical values
that can be expected for an hexadecanethiol dense monolayer on each of the
ferromagnetic electrodes. We first considered an ideal SAM geometry with
the maximal surface density allowed by steric hindrance considerations, i.e.
an hexagonal closed-packed structure with a lattice parameter of 4.25A4. The
corresponding molecular surface density of 0.064molecule/ A2, independent
of the FM electrode surface structure, was used to calculate an upper limit
G R; of the surface grafting ratio presented in table [3.1]

In a more realistic second approach, we considered that the molecular
assembly is determined not only by steric hindrance effects, but also by
the lattice geometry of the FM surface, each molecule being attached to
a surface atom. For instance, after grafting a first molecule on a surface site,
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Grafting Rate

Co Permalloy | Mono-Fe | Poly-Fe
Electrode | Electrode | Electrode | Electrode
Co-2p Py-2p Fe-2p Fe-2p

2| GRy 0.11 0.40 0.32 0.13

% GR, 0.33 0.19 0.29 0.59

§ Reys 0.32 2.16 1.10 0.22

Z | GR; 0.36 0.4 0.53 0.53

é GR, 0.33 0.25 0.25 0.25

Table 3.1: Grafting Table, the Coverage rate for C16MT on Co, permalloy,
and Fe electrodes(Mono-Crystalline and Poly-Crystalline Iron electrodes are
noted as Mono-Fe and Poly-Fe electrodes, respectively).

the next one can be anchored on the second nearest neighbour surface atom
only if the second nearest neighbour distance is larger than the molecular
diameter. The resulting SAM has the same symmetry than the FM surface
and a lattice parameter equal to the second nearest neighbour distance. This
is for example the case for the hexagonal Co surface, where 1 surface site out
of 3 can be grafted, resulting in molecular surface density of 0.06molecule /A2
For the permalloy and iron surfaces on the other hand, the second nearest
neighbour distance is smaller than the molecular diameter, leading to SAMs
with a lattice parameter equal to the third nearest neighbour distance, and
thus to SAMs with lower density, 1 surface site out of 4 being grafted only.
The grafting ratios GR, calculated with this assumption are also presented

in table B.11

Before discussing the experimental values of grafting ratios determined
by XPS on each system, let us focus on the R¢/g ratio between the alkane
chain and sulphur atoms densities on sample surface. This ratio should be
equal to 1 for a model SAM, i.e. for an experimental grafting geometry sim-
ilar to the one presented in figure 3.8 In that case, each molecule brings one
S atom at the surface, which is located at the SAM/FM interface. The Re/g
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ratio can eventually be smaller than 1, if some molecules during the graft-
ing process has been temporarily attached to the FM surface before being
desorbed after breaking the C-S bond, leaving a lone S atom on the surface
site. In this case, the calculated grafting ratio GRy, deduced from the S-2p
core level analysis will be overestimated, while the GR; experimental value
should still be reliable. This is typically what is observed in the case of the
polycrystalline Fe and Co electrodes, where G R, are significantly exceeding
the GR; values, this tendency being amplified with increasing surface con-
centration of lone S atoms. On the other hand, a R¢/s value larger than 1,
as observed on the permalloy electrode, can be due to a sample geometry dif-
ferent from the chosen model one, as for example in the eventual case of the
presence of excess surface molecules physisorbed on top of the chemisorbed
SAM. Such configuration will this time affect the reliability of both exper-
imental GR; and GR, values deduced from XPS data analysis, making a
quantitative discussion of the grafting ratios quite elusive for the permalloy
electrode. Nevertheless, from table 3.1 data analysis, one can identify the
Fe(001)/MgO(001) electrode as the most promising one. Indeed, for this
electrode, the R¢/g ratio is first close to unity, corresponding to a grafted
layer of unaltered molecules. Second, the two experimental grafting rates
G R; and GR; deduced respectively from the Cls and S2p core level analysis
are remarkably consistent, with absolute values in-between GR3 and GRj3
thus corresponding to a high density SAM with a geometry close to the ideal
case depicted in figure |3.8|

After this point, we decided to pursue this work focusing mainly on
the preparation of hybrid magnetic tunnel junctions integrating a bottom
Fe(001)/MgO(001) ferromagnetic electrode and an hexadecanethiol SAM
as tunnel barrier, this system being identified as the most promising one.
It should however be noted that other preliminary grafting studies have also
been performed using other molecules including Tetradecanoic acid (Myristic
acid, with a carboxylate anchor group), and 4,4’ Biphenyldithiol on Fe(001).
These results are not be presented in the manuscript for sake of conciseness.

3.3 Investigation of C16MT/Fe(001)/MgO(001)

Mono-crystalline Fe electrode has been studied as the bottom electrode in
section[3.1.3.1] Other aspects of Hexadecanethiol SAM properties on Fe were
examined using STM, XPS, LIXPS and UPS.
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STM characterizations on an in situ grown 30nm thick Fe(001) elec-
trode before and after grafting have been performed (see part for ex-
perimental details). Figure ?? presents typical 400 x 400nm? STM images
obtained before grafting on the Fe(001) surface. For the first sample (figure
, no ex situ cleaning of the MgO substrate was done, while for the
second one (figure , the initial MgO surface was cleaned from hydro-
carbon adsorbates by using an ozone generator. This ex situ surface cleaning
process has a major influence on the initial Fe(001) surface. Without ozone
treatment, the Fe(001) surface presents atomic steps, mostly parallel to the
Fe[110] crystal direction. Most of these steps are anchored on screw dislo-
cations emerging at the surface. On the atomic terraces, a high density of
nanometric inclusions is observed, appearing as depletions on the STM im-
age. These defects are attributed to the presence of carbon inclusions at the
Fe(001) surface, resulting from C segregation from the initial MgO surface
during the post-growth film annealing process. We can also note that these
C inclusions are regularly observed at the dislocation emerging point. After
ozone cleaning, the C inclusions are completely removed from surface. The
surface step density has also significantly decreased after annealing, which is
probably due to the fact that C inclusion were acting as pinning centers for
the motion of emerging dislocations. The resulting surface morphology is ex-
tremely flat, with a peak to peak roughness below 0.4nm over a 400 x 400nm?
area. After the hexadecanethiol SAM grafting, no evolution of the surface
morphology is observed at large scale by STM. At low scale figure [3.11d, the
SAM presence is confirmed by STM with the observation of a new granular
texture at the surface. It was not possible to observe any specific local molec-
ular order in the SAM, which is consistent with the fact that no diffraction
pattern could be observed by LEED on the grafted surface.

XPS measurements were used to check the thermal stability of the
Hexadecanethiol SAM on Fe. After grafting, the SAM has been annealed
sequentially for 20 minutes at a certain temperature, each annealing temper-
ature has been reached at the same rate. After each annealing step, sample
was cooled down and analyzed by XPS. The Fe-2p and C-1s signals have
been recorded after every annealing step. The intensity of the 1s core level
of C is normalized by the Fe-2p1/2 signal and plotted as a function of an-
nealing temperature in Figure [3.12] A drastic drop of the normalized C-1s
signal is observed at 90°C. This study illustrates the thermal stability of this
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Figure 3.11: STM images, (a) Fe(001)/MgO(001) no ez situ cleaning, , STM
400 x 1 = 400nm? image of Iron surface (It = 0.36nA, Uy, = —0.218V),
color scale: Az = 0.5nm, (b) Fe(001)/MgO(001) after UV /ozone surface
cleaning of MgO substrate, STM 400 x 400nm? image of Iron surface(Iy =
0.012nA, Uq, = 0.822V), color scale: Az = 0.4nm, edges of the image are
aligned with Fe[100], (c) C16MT/Fe(001)/MgO(001), 75 x Tonm? (Iy =
15pA, Uep = —1.9V) surface image of C16MT grafted on Fe(001).
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Figure 3.12: Evaluation of XPS signal of C core level, normalized to
the substrate signal(Fe-2p1/2), by annealing grafted C16MT molecules on
Fe(001)/MgO(001) substrate.

molecular layer on Iron electrode up to 90°C.

Moreover, the long term room temperature stability of the molecules has
also been confirmed by XPS measurements after 3 and 7 days, without any
detected variation of the C signal.

UPS measurements of grafted Hexadecanethiol SAM on Fe(001) was
performed. The UPS spectra gives access to the system band diagram. A
schematic UPS spectra of metal and metal/organic system have been dis-
played in Figure [3.13] In this figure, ®,, and ®gays are the work functions of
metal and SAM, respectively. The width of the emitted electrons (W) from
the onset of the secondary electrons up to the Fermi edge directly gives the
work function:

®=hv—W (3.10)

where hv is the energy of the incident UV light.

UPS spectra of deposited Fe layer after annealing up to 460°C is presented
in Figure . This spectra has been measured using He [ line (hy =
21.21 eV [93]). This UPS spectra with a cutoff at 17.19 eV corresponds to a
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Vacuum SAM Vacuum

Figure 3.13: Energy relationships in UPS, left for metal system, and right for
an organic layer deposited on the metal substrate. A:vacuum shift (presence
of a dipole moment at the interface), Egono: energy of the highest occupied
molecular orbital

work function of the Fe substrate of 4.02 eV.

The UPS study has been completed by a set of measurements on a grafted
Iron layer, presented in Figure[3.14b] This spectra presents visible changes in
shape due to the molecular energy levels, in comparison to Fe spectra. The
Iron Fermi level is still detectable in this spectra (at Ex = 0). To have access
a broader energy range, a He I line has been employed (hv = 40.8 eV [94]).
The recorded spectra of Fe and C16MT/Fe using He I1 line is presented in
Figure [3.15 The Fe states close to the Fermi level have been dramatically
attenuated due to the presence of molecular layer at the surface. In this
spectra a small satellite peak at roughly EFx = 7 eV is observed, due to
the presence of a satellite emission line in the UV source. In the spectra of
C16MT /Fe, a typical shape for Ex < Epermi is observed similar to what was
observed by UPS on alkanethiol grafted on gold [95]. The first peak before
Ererm; determines the HOMO of the molecular layer, shown with an arrow

in Figure

The complementary Low Intensity X-ray Photoemission Spectroscopy
(LIXPS) measurements on Fe and C16MT/Fe gives a perspective on dipole
formation at the Fe surface. The dipole potential at a particular interface can
be determined by comparing the work functions derived from LIXP-spectra
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Figure 3.14: UPS spectrum using He [ line, hv = 21.21 €V, (a) Fe layer,
$p. = 4.02 eV, (b) grafted Fe by C16MT ®gapr = 3.71 eV, leading to a
dipole formation of Ayps = Ppe — Pgapr = 0.31 eV, by UPS.
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Figure 3.15: UPS spectrum using He 11 line, (a) Fe layer, (b) grafted Fe by
C16MT.
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Figure 3.16: Low Intensity X-ray Photoemission Spectroscopy (LIXPS) using
Al — ka source, LIXPS-cutoff of Fe (black line) and Fe/C16MT (red line),

leading to a dipole formation of Aprxps = ®Ppe — Psapy = 0.10 eV, by
LIXPS.
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Figure 3.17: Band diagram extracted from UPS measurements, left for metal
system, and right for an organic layer deposited on the metal substrate.
A =0.31eV, and Epono is located 4.31eV below the Fermi level.
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on Fe before and after grafting SAMs. The LIXPS has been performed on
Fe and again on grafted Fe using Al — ka source, displayed in Figure [3.16]
These two spectra are shifted by the cutoff energies of Ap;xps = 0.10 eV.
This value confirms the dipole formation at the interface of metal/SAMs.
UPS measurements of the grafted Fe results in work function of the grafted
molecular layer on Fe at ®g45; = 3.71 eV, with onset of Wy = 17.50 eV
A larger shift between the two work functions for metal and SAMs by UPS,
Ayps = 0.31 eV, is measured, which was expected due to the charging ar-
tifacts caused by the high photon flux used during the UPS measurement.
The considering band deduced from our experimental data is presented in
Figure |3.17]

Conclusion

The Fe(001)/MgO(001) is selected to as the bottom electrode at this step,
and Py to be next studied. A smooth Fe surface has been observed by STM,
only 100pm peak-to-peak roughness over 30nm of Fe deposition. Moreover,
LEED has shown a mono-crystalline layer of Iron on MgO(001). These two
qualities for the deposited Iron layer play a major role in the quality of the
self-assembled monolayer in this substrate. Hexadecanethiol SAMs has been
grafted as dense as expected, although grafting a carboxylate anchor has
not been yet completely understood. The thermal stability of the hexade-
canethiol up to 90°C has been established in this study. Moreover, the band
diagram of the system has been explored using UPS and LIXPS.



Top electrode

Introduction

The following chapter is dedicated to address the challenges of top ferromag-
netic electrode deposition on organic self-assembled molecular monolayers
without formation of filaments (shorts) through the tunnel barrier. In this
regard, we intend to employ a buffer layer assisted growth (BLAG) technique
to prevent the top-electrode penetration through the SAM over a relatively
large junction (several square micrometers). BEEM and XPS are used to
validate this method, and to further study the SAM /top-electrode interface.

In this chapter, I will first introduce the BLAG technique, and several
XPS studies specifically designed to investigate all aspects of this method
at a macroscopic scale. Then, I will present the nano scale BEEM study of
our heterojunctions which will allow to investigate the lateral homogeneity of

the organic barrier, the formation of eventual pinholes, as well as the energy
position of the LUMO states in the SAM.

81
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4.1 Buffer Layer Assisted Growth (BLAG)
technique

Buffer layer assisted growth (BLAG) is used to provide top-electrode soft
landing and thus to prevent the FM penetration through the grafted SAM
[54]. This method consists of four main steps:

First step: The grafted bottom-electrode is cooled down to 20K under
UHV.

Second step: The cooled grafted substrate, then, is exposed to a noble gas
(Xe or Kr) partial pressure. Low temperature causes a formation of frozen
noble gas layer on top of SAM. The SAM is thus precovered with an overlayer
of a condensed noble gas which then serves as a soft landing layer, displayed
in Figure [4.1] The thicker the layer, the more one can expect the metal
film to be formed without contact with the SAM. To define and control the
noble gas layer thickness currently the unit of Langmuir (noted L) is used. A
Langmuir corresponds to an exposure under 1076 Torr (1 Torr = 1.33 mbar)
for one second. In theory, for a sticking coefficient of 1, an exposure to 1 L
is enough to obtain a monolayer of atoms adsorbed on a surface.

Third step: The top-electrode is deposited on the sample(on-top of the
noble gas layer, at low temperature) with direct metal evaporation under
UHV. The formation of noble gas layer assists in quenching the kinetic ener-
gies of subsequent vapor deposited metal atoms. Therefore, it prevents direct
chemical and physical interactions between the top-electrode atoms and the
organic molecular monolayer thereby preventing penetration. Additionally,
it helps reducing or eliminating chemical degradation in the case of reactive
metals, and overall providing a highly uniform medium for nucleation and
growth [96].

Final step: The last step is to warm up the sample up to room temperature
to remove the noble gas. The sample is heated sufficiently to allow the buffer
layer to sublime into the vacuum, leaving a top layer of immobile metal
nanoclusters to make contact with the SAM without diffusion [97].
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Figure 4.1: Schematic of top-electrode deposition employing BLAG tech-
nique.

Top-electrode deposition employing BLAG

Thanks to our multi-chamber UHV setup, a freshly grafted Iron film [C16MT /-
Fe(001)/MgO(001)] is transferred to the preparation chamber for top-electrode
deposition. The sample is mounted on a sample holder using Silver paste for
thermal contact. This paste can tolerate low and high temperatures, which is
required for BLAG method and annealing Fe surface, respectively. A close-
cycled helium compressor cools down the sample from 293K to 20K at the
rate of 4.5 degrees (K)/min. The sample holder is transferred onto a cryostat
connected to the compressor for cooling down process. Then, Xe is deposited
through a leak-valve for 15 minutes at a pressure of 1.3 x 10~ ®mbar, with a
base pressure of 1 x 107 '%mbar. The deposited amount (900 L) corresponds
to a 100nm thick Xe ice layer. For the top-electrode a FM with a differ-
ent switching field, in comparison to the bottom electrode (Fe), is chosen |,
Co in our case. Our preparation chamber is equipped with an MBE setup
to deposit the Co layer. Co electrode is deposited by MBE at a pressure of
5x10"mbar with the rate of 1.77 A /min. The SAM /Fe/MgO(001) specimen
is placed on the cryostat facing Co-cell deposition. The samples prepared for
STM/BEEM purposes are covered by a 4nm Au cap layer (growth rate of
3.4 A/ min) to protect Co-layer from oxidization during the transfer in the
STM chamber. To remove the Xe layer, we warm up the sample to room
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temperature at the rate of 0.5 degree(K)/hour, requiring 9 hours to go back
to RT. During this Xe removal process, 3 peaks of high pressure are observed
which can be an indicator of sublimating the Xe buffer layer into the vacuum.
At 40K the pressure increase up to several 10 %mbar, the pressure recovers
within a few minutes to a few 10"®mbar. The second rise in pressure is ob-
served at around 60K, and a third boost arrives at 150K. These Xe removal
pressure peaks reach higher pressure by increasing the deposited Xe thick-
ness. However, they always have been observed to rise at around the same
temperatures.

4.2 XPS study of BLAG-prepared specimen

An XPS study has been designed to confirm the validation of the BLAG tech-
nique. For this objective, a thin Co top-electrode is deposited on C16MT /Fe-
(001)/MgO(001) employing BLAG method. This sample has been studied
by XPS before and after Co-layer deposition. This thin Co layer (11A4) al-
lows detection of the core levels of C-1s and S-2p of the molecule as well as
bottom electrode core-levels. Comparing the measurements before and after
Co-layer provides information about the top-electrode formation.

Indeed, deposition of Co on a SAM/Fe bilayer results in a damping of
the C, S and Fe core level photoemission intensity. This damping factor j; is
experimentally determined for each core level i (i=C, S, Fe) by dividing the
considered core level intensity after Co deposition by its initial value before
Co deposition :

7dC'o
];Lfter Co _ I;)efore Co 6 _ ]fefore()'oe /\iCo (41)

Where dc, is the cobalt layer thickness and AL, is the electron mean free
path in cobalt at the kinetic energy of core level i.

We experimentally determined the damping factors for the C-1s, S-2p and
Fe-3p after Co deposition. Since these three core levels have kinetic energies
in a relatively narrow energy window, the corresponding electron mean free
paths in cobalt (extracted from NIST website [92]) are quite similar. Table
[.1] presents the 3 considered core level kinetic energies, EMFP in cobalt AL,
measured damping factors 3; and deduced Cobalt thickness calculated using

equation [4.1]
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Kinetic Co-EMFP | Damping Thickness
Energy(eV) | A, (A) Factor, 8; | deo (A)
C-1s 966 14.2 0.49 10.3
S-2p 1088.2 15.6 0.58 8.4
Fe-3p 1197.6 16.8 0.54 10.5

Table 4.1: BLAG validation, damping factor caused by Co top-layer de-
posited on a grafted Iron film, and the Co thickness calculated from each
core-levels, the core level kinetic energies are given for used Mg-ka source.

The calculated damping factors for the core-levels of C, S and Fe are in
good agreement with each other. This result suggests that C-1s and S-2p,
which are representative of SAM, are attenuated with the same factor as
the Fe bottom electrode signal. This behaviour is typical of a sample with
a deposited Cobalt film presenting an homogeneous thickness over sample
surface. Alternatively, as will be shown in the following section, C-1s and
S-2p signals are expected to show a lower attenuation than the Fe-3p signal
in the case of Co penetration through the molecular layer.

4.3 XPS study of RT-prepared specimen

A complementary XPS study has been designed to investigate whether Co-
layer penetrates the SAM, on a macroscopic scale during RT deposition. For
this objective, we briefly present a complementary STM and XPS study of
Co deposition on As-rich GaAs(001) at -10°C by K. Ludge et al. [98]. In
this paper, Co deposition on GaAs(001) has shown a formation of a surface
CoGa alloy. The XPS spectra of Ga-3d presents the appearance of a second
component after Co deposition, with a chemical shift of 1eV. This component
is a reacted component attributed to the formation of CoGa-like phase, not
shown.

To check the metal penetration through SAM, we have designed a se-
quential analysis of a series of samples with increasing Co thicknesses (d)
deposited on grafted GaAs(001) at RT (d = 0.84, 1.6A, 3.24, 6.4A and
12.8;1). The sample has been studied by XPS after each deposition step,
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Figure 4.2: XPS study of Ga-3d evolution after Co deposition for thicknesses
of d = 1.6, 3.2, 6.4 and 12.8A(red and blue fitting curves are attributed to
Ga-3d core level and GaCo component, respectively).
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Figure 4.3: XPS study of different Co thicknesses on a grafted GaAs(001)
substrate at RT(Mg-ka), all intensities have been normalized to their initial
value at 0.84 Co-thickness, (a) Ga-3d, As-3d and C-1s signal evolution with
Co deposition at 0 degree, (b) C-1s evolution at 0 and 45 degree, Ga-3d
evolution at 45° is presented as a reference of damping factor.
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and core levels for Ga, As, C and Co have been recorded. Development of
a second component for Ga-3d with a shift of 1eV is clearly visible by in-
creasing the Co thickness, after d = 3.2A4, shown in Figure . This second
Ga-3p component appearance proves the interfacial Co and Ga reaction due
to Co diffusion through the SAM at room temperature.

Additionally, the intensities of Ga-3d, As-3d, and C-1s after each Co de-
position at 0 degree are presented in Figure[d.3] All intensities are normalized
to their initial values after the first step of Co deposition (d=0.84). The fig-
ure presents an almost constant value for all three core levels of Ga-3d As-3d
and C-1s up to d=3.2A.

After 3.24 deposited cobalt, the C-1s signal is only slowly decreasing,
while the Ga-3d and As-3d intensities are further strongly damped by in-
creasing cobalt deposition. This second regime, with a weaker attenuation of
the SAM signal compared to the substrate signal is typical of the SAM dis-
ruption due to a strong diffusion of Co atoms during the room-temperature
deposition process. This is further confirmed by reporting the evolution of
the normalized C-1s signal compared to the substrate Ga-3d, but for a 45°
detection angle, i.e. for a more surface sensitive experiment geometry. Again,
the C layer is first significantly buried by the cobalt layer during the initial
deposition stages. After 3.2A of deposited cobalt, the detected signal for
grazing detection angle increases, clearly proving the sudden incorporation
of C in the bulk of the Co layer and close to the surface, with a larger C
signal at 45° than 0°. The observed cobalt diffusion through the organic
barrier at room temperature is thus accompanied by the outer diffusion of
C towards surface. It should be noted that the magnitude of the effects ev-
idenced by XPS points out that this cobalt diffusion process is an extended
phenomenon, and occurs on a macroscopic scale.

XPS study of 124 Co deposition on both C16MT/CGaAs(001) and GaAs(001)
using BLAG has shown that CoGa alloy formation at the interface is avoided,
shown in Figure [1.4] The presence of Xe layer for Co deposition prevents
chemical Co-Ga interaction, regardless of the presence of SAM. These obser-
vations confirm a better control of the interface offered by BLAG technique,
however it can not be conclusive on Co diffusion through the molecular layer.

Beside the cobalt deposition using BLAG and at RT, a third preparation
sample condition with Co deposition at 25K without Xe layer has also been
studied. This top-electrode deposition at low temperature has shown similar
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Figure 4.4: XPS study of Ga-3d evolution after Co deposition for

thicknesses of 12A, using BLAG method, (a) Co/GaAs(001) and (b)
Co/C16MT/GaAs(001).

results to RT-sample concluding in the Co diffusion through the SAM, the
results are not shown here.

Finally, to check the Xe layer influence on the grafted molecular layer,
we have also studied a grafted FM (C16MT/Fe) before and after Xe deposi-
tion, without metal deposition, using XPS. Similar normalized C-1s to Fe-2p
signals before Xe deposition and after Xe lead to the conclusion that estab-
lished the monolayer remains intact during Xe deposition and removal, with
the sensitivity of XPS:

IC—ls ]C—ls

beforeXe afterXe
([FeZp) N (IFer)

In conclusion, XPS study of Co top-electrode deposition on a grafted
substrate at RT and low temperature with and without employing BLAG
technique has validated the BLAG technique for preventing metal penetra-
tion through SAM, in macroscopic scale. Moreover, the Xe deposition on
SAM shows to have negligible effect on the grafted monolayer.
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4.4 BEEM study

In this section both BLAG- and RT-prepared samples are investigated by
BEEM to validate BLAG and study the SAM/top-electrode interface. In
BEEM study as it was explained in chapter injected electrons travel
through the top-electrode, then the molecular layer, and eventually are col-
lected at the back of the substrate. To study a full organic molecular MTJ
system by BEEM several issues have to be considered. The BEEM current
has to travel through a multi-layer junction, including an insulator molec-
ular layer. Therefore, the thickness of each layer is required to be as thin
as possible without affecting their properties. For the bottom electrode, a
1.2nm mono-crystalline Fe(001) layer at on GaAs(001) has been previously
studied in our team. The Fe magnetization was observed to be in plane of
the film with the strong uniaxial anisotropy along the Fe[110] axis [99]. For
the Co top-electrode, an out of plane magnetization has been observed for a
thin layer [I00], we thus limit ourselves to 3nm thickness. As explained, the
BEEM setup is not equipped for BLAG technique, therefore a gold cap layer
is deposited on the top-electrode to avoid sample oxidization during air trans-
fer between the XPS/BLAG and STM/BEEM chambers. A spin-valve sam-
ple Au(4nm)/Co(3nm)/C16 MT/Fe(1.2nm)/GaAs(500um) has been pre-
pared for local BEEM investigations of the hot-electron magneto-transport
properties with variable electron energy. One major difficulty in these studies
is the extremely low current signals measured on such MTJs with 4 layers
and 4 interfaces, strongly reducing the electronic transmission. This first
specimen has indeed demonstrated a very low hot-electron signal, at the de-
tection limit of the setup. The future implementation of a liquid nitrogen
cryostat on our STM head should open this instrumental limitation.

Meanwhile, a BEEM investigation of Co top-electrode on SAMs, without
presence of Fe layer, was proposed. In this study, we intend to increase
the hot-electron signal by reducing the layers and interfaces from 4 to 3.
Grafting C16MT on GaAs substrate has been widely investigated by our
team, showing a reliable grafting quality on arsenic-rich GaAs(001) surface
with an As(2 x 4) type surface reconstruction [67, [53].

To investigate BLAG method validation on cobalt, samples of Co(3nm)
deposited on a grafted GaAs(001), protected by a gold layer, have been
prepared at RT and with BLAG method.
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4.4.1 Room Temperature Specimens

A sample of Au(4nm)/Co(3nm)/C16MT/GaAs(500um) has been prepared
at room temperature for STM/BEEM study. As a reference, a similar Schot-
tky RT-sample without SAMs has been also investigated, Au(4nm)/Co(3nm)—
/GaAs — (500um).

The STM images display the topography of the Au surface on Co(3nm)/—
GaAs(500um) and Co(3nm)/C16MT/GaAs(500um) in Figure [1.5la and
[.5lc, respectively. 60 x 60nm? STM image of the Schottky sample displays
atomic resolution of Au(100) terraces. This observed topography indicates
an epitaxial Au/Co layer growth on GaAs(001). Whereas the surface topog-
raphy on Au/Co/C16MT/GaAs(001) shows Au 3D islands with a typical
lateral size of 5-10nm and a roughness of 1nm. These round shaped islands
indicate a poly-crystalline growth of Au/Co on the grafted GaAs substrate.
BEEM current images have been recorded simultaneously, presented in Fig-
ure [4.5]b and .d. The BEEM image of Schottky sample was taken at a tun-
nelling bias of Uy, = 1.8V and for a tunnelling current of I = 11nA. The
BEEM image for the sample with SAM has been measured at Uyq, = 1.75V
with Ir = 15.3nA. On this BEEM image, some contrasts can be observed,
with quite well-defined nanometric regions presenting a slightly higher/lower
electron transmission. However, the magnitude of the observed contrasts is
much smaller than what was observed previously while imaging pinholes in
the Au/C16MT/GaAs(001) system (figure [2.9).

Moreover, these contrasts are correlated with the surface topography,
with a lower BEEM current observed in the 3D metallic islands and a higher
BEEM current in-between. At this point, we thus rather attribute the ob-
served contrasts to a variable attenuation of the hot electron beam due to
local thickness variations in the granular metallic film. From our previous
experience of BEEM investigations on metal/SAM/GaAs samples, the RT
deposited Au/Co/C16 MT/GaAs(001) sample thus appears as surprisingly
homogeneous. BEEM spectroscopy measurements will bring the necessary
additional information to conclude on the interface properties of this sample.

In Figure [4.6] variations of the BEEM current is presented as a function
of hot-electron injection energy elUy,, for both RT deposited sample, without
(Figure [4.6la) and with SAM (Figure [4.6|b). To improve the signal to noise
ratio, the presented BEEM spectra correspond to an average of 400 individual
spectra recorded on a grid covering a measurement area typically between
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Figure 4.5: Room temperature specimens (a)STM image and (b) simulta-
neously recorded BEEM image of Au(4nm)/Co(3nm)/GaAs(001) at 1.8 V,
It = 11nA (color scale: 10 to 50 pA), 60 x 60 nm?. (c) and (d) STM
and BEEM images of Au(4nm)/Co(3nm)/C16MT/GaAs(001) at 1.75 V,
I = 15.3nA (color scale: 40 to 80 pA), 75 x 75 nm?.
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50 x 50 to 100 x 100 nm?, verified to be spatially homogeneous. A fit of the
spectroscopy curves with the commonly used Ludeke-Prietsch 5/2 power law
(see section is also displayed in these figures. For the Schottky contact,
two components were introduced to obtain an accurate fit of the BEEM
spectra. The first introduced threshold at ®{¢ = 0.66040.006eV corresponds
to the Schottky barrier height value at the Co/GaAs interface, i.e. to electron
injection in the lowest point in energy in the GaAs conduction band, the I’
point (see figure , GaAs band structure). A second transport channel
opens at ®5¢ = 0.989 + 0.007¢V and is attributed to electron injection in
the L-valley of GaAs conduction band, which is accessible at the Co/GaAs
interface at higher energy. The energy difference ®5¢ — ¢ = 0.329¢V is in
excellent agreement with the theoretical energy difference between I' and L
valleys of GaAs (0.33eV).

The same fitting procedure was applied to the grafted sample (Figure
.b), leading basically to almost perfectly identical results. Two thresholds
were introduced, ®%,,, and ®%,,,, with absolute values equal to ®7¢ and
7 within the data and fitting procedure uncertainties. We further checked
that this observation was reproducible while recording BEEM data on vari-
ous locations on the same sample. Figure [4.6{c presents the typical maximal
dispersion of the data that can be observed on one junction with or without
SAM, while moving the STM tip laterally by several 10um around center of
the patterned junction (diameter 350um). The observed experimental dis-
persions are similar on both samples, and likely due to local metal thickness
variations at the edge of the junction patterned by shadow mask deposition.
A more complete representation of BEEM data dispersion is presented in
Figure [1.6ld. The same fitting procedure was employed to extract the first
and second thresholds values ®;, and the associated spectral weights a; for
several local averaged spectra (average of 200 spectra as in Figure .a and
.b) measured with the same experimental conditions, this time on several
tip position on a given junction (STM tip lateral motion of several micron)
and over different junctions (patterned over several 10mm? on sample sur-
face). For both RT samples, with and without grafted SAM, the threshold
values and associated spectral weights are spread around similar absolute
values and with similar radial dispersions on this (a; ®;) map. From this
statistical study, we can observe that RT deposition of Au/Co on the SAM
results in hot electron transmission identical to the Au/Co/GaAs Schottky
contact. We thus conclude to an homogeneous and complete RT diffusion
of the Co layer through the SAM over macroscopic regions, in good agree-
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Figure 4.6: Local BEEM spectroscopy curves (average of 400 measurement
points over a typical 75 x 75nm? surface) measured on the RT deposited
Au/Co/GaAs(001) (a) and Au/Co/C16MT/GaAs(001) (b) samples. Tun-
nel current was set to 10nA and 15nA respectively. (c¢) Typical maximum
data dispersions observed for both samples while moving the STM tip later-
ally over the same junction. (d) (a;, ®;) representation of the experimental
dispersion of the first and second thresholds values and associated spectral
weights obtained by a Ludeke-Prietsch 5/2 power law fit of local BEEM spec-
tra measured on various locations of various junctions for both RT deposited

samples, with and without SAM.
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ment with the previous XPS analysis. With our metal deposition chamber
geometry (i.e. for our Co evaporation source, at our evaporation tempera-
ture, and for our source/sample distance), we could not observe by BEEM
any local regions with significantly lower electron transmission that could be
associated to a locally preserved molecular patch at the interface.

4.4.2 BLAG Technique Specimens

A set of samples prepared by BLAG technique, Schottky (Au(4m)/Co(3nm)/—
GaAs(001)) and molecular samples (Au(4m)/Co(3nm)/C16MT/GaAs(001))
has been investigated and is presented in the following section.

The two Schottky and molecular BLAG-samples have been studied by
STM and BEEM. The STM images of these two samples are displayed in
Figure .a and .c. The Au/Co islands with typical lateral size of 8-15
nm are typical of a poly-crystalline structure in both Schottky and molec-
ular specimens. In the case of Schottky sample the presence of Xe layer
prevents a formation of an epitaxial Co/Au layer. The simultaneously col-
lected BEEM current for both samples are presented in Figure [£.7b and
.d. The electron transmission through the Au/Co/GaAs(001) Schottky con-
tact presents moderate local variations correlated with the grain morphology.
These correlations are this time not clearly related to local thickness variation
in the metal film but rather to variable metal crystallite orientation on the
GaAs(001) lattice, resulting in small variation of the electron transmission
at the interface. The BEEM image for SAM-sample shows an homogeneous
interface with a low current level and no sign of pinholes. The BEEM spec-
troscopy has been complementary used to explain the electron transport in
the two BLAG samples.

Figure [4.8la presents a representative local BEEM spectroscopy curve
(average of 400 individual spectra over a 100 x 100 nm? area) obtained
on the reference Au/Co/GaAs Schottky contact deposited using BLAG.
The Ludeke-Prietsch fit is also presented leading to a first threshold at
®; = 0.82 £0.03eV and a second component at &5 = 1.11 + 0.03eV. The
energy difference between the two thresholds is again in good agreement with
the energy separation between the bottoms of the I' and L valleys of GaAs
conduction band. The Schottky barrier height at the Co/GaAs(001) inter-
face is thus determined to be 0.82eV for a BLAG prepared sample, with
a 0.16eV increase of barrier height compared to the room-temperature de-
posited Schottky contact. This significant Schottky barrier height increase
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Au/Co/GaAs(001)

Au/Co/SAM/GaAs(001)

Figure 4.7: BLAG specimens (a)STM image and (b) simultaneously recorded
BEEM image of Au(4nm)/Co(3nm)/GaAs(001) at 1.82 V, Iy = 15nA (color
scale: 85 to 110 pA), 100 x 100 nm?. (c) and (d) STM and BEEM images of
Au(4nm)/Co(3nm)/C16MT/GaAs(001) at 1.81 V, Ir = 10nA (color scale:
16 to 20 pA), 100 x 100 nm?.
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is due to the fact that Co BLAG deposition prevents the formation of the
interface CoGa alloy as confirmed by XPS (shown in Figure [1.4lb). The
formation of this chemically abrupt Co/GaAs interface results in a different
and higher Schottky barrier height value.

Figure [4.8/b shows a typical BEEM spectroscopy curve obtained with the
same BEEM protocol on the BLAG—Au/Co/C16MT/GaAs(001) structure.
The overall magnitude of the BEEM signal on this sample has this time
drastically decreased compared to the reference BLAG-Schottky contact, as
observed on Figure [4.8lc¢ where the two spectra are presented on the same
graph. For instance, the BEEM current at 1.6eV is roughly 20 time larger on
the Schottky contact than on the SAM sample. This supplementary strong
additional attenuation of the hot-electron beam is attributed to the presence
of a preserved molecular layer at the interface by using BLAG deposition.
Since homogeneous BEEM images similar to Figure 4.8 (d) could be obtained
at various measurement points of the junction and as well as on different
junctions, we conclude that the SAM was efficiently protected by the Xe
layer during the soft-landing process on a large scale.

Ludeke-Prietsch fits of the BEEM spectra were possible on the BLAG-
Au/Co/C16MT/GaAs(001) sample using only a single component with a
threshold value ®; = 0.90 £ 0.03eV (Figure (b) and (d)). This value,
significantly larger than the Schottky barrier height in the BLAG-Au/Co/ —
GaAs(001) reference is associated to the I' valley of GaAs conduction band.
The I" point has shifted higher in energy by 0.08eV after insertion of the SAM
due to the interface electrostatic dipole introduced by the molecules as previ-
ously observed in the Au/C16MT/GaAs(001) system [67]. Alkanethiols are
indeed polar molecules with a typical dipole value estimated to be 2-3 De-
bye [101]. Previous investigation of BLAG-prepared Au/C16MT/GaAs(001)
samples have shown BEEM spectra presenting two transport channels [68]
67). At low energy, a first transport channel by electron tunnelling trough
the SAM into the I' valley of GaAs was first observed. At higher energy,
a clear second threshold was observed and attributed to the opening of a
transport channel in the LUMO states of the SAM. Since with a cobalt top
contact deposited on the molecular layer only one transport channel is ob-
served, we assume that the LUMO states of the SAM are located lower in
energy at the metal/molecule interface for the Co/C16MT/GaAs system
than for Au/C16MT/GaAs. This idea is supported by the electronegativity
values of the two considered metals which governs the Fermi level position
at the metal/molecule interface. Indeed, the significantly lower Pauling elec-
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Figure 4.8: BEEM spectra of (a) Au(4dnm)/Co(3nm)/GaAs(001) and (b)
Au(4nm)/Co(3nm)/C16 MT/GaAs(001) both prepared by BLAG, scaled to
show properly the two-component fit using LP model, average of 400 spec-
trum at (a) Uy = 2.3V, I, = 15.04 and (b) Uy, = 2.0V, I, = 15.04,
(¢) comparison of the BEEM spectra magnitudes obtained on the reference
BLAG Schottky contact (blue dots) and SAM sample (black dots), (d) spec-
tral weight for Schottky (red axis, 10°) and molecular (blue axis, 10?) BLAG-
samples, each dot has been extracted from a spectrum of average 200 indi-

vidual spectra.



98 4.4. BEEM STUDY

tronegativity in cobalt (1.88) than in Au (2.54) will favour a lower tunnel
barrier at the Co/C16MT interface than at the Au/C16MT [102], and thus
LUMO states lower in energy. If the LUMO states energy lowers around the
conduction band minimum, the tunnel transport channel through the SAM
will disappear, and a single transport channel is possible by direct electron
propagation on the LUMO states to the I'-valley of GaAs at low energy (see
band diagram in figure [4.§] (b)).

Conclusion

A complementary study of XPS, STM/BEEM images and BEEM spec-
troscopy have illustrated the efficiency of BLAG method in achieving pinhole-
free molecular junctions. XPS investigation has shown that RT Co deposition
on SAM results in a strong metal penetration through SAM, on macroscopic
scale. In parallel, the BEEM images of Au/Co/C16MT/GaAs(001) BLAG-
samples has demonstrated homogeneous junctions without electrical shorts,
locally. Moreover, the measured BEEM spectra concludes to the presence
of molecular LUMO states around ® = 0.90 4+ 0.03eV from the Fermi level.
Therefore, we confirm that BLAG technique has been successfully employed
to achieve a pinhole-free junction of Au/Co/C16MT/GaAs(001), macro-
scopically and microscopically by XPS and STM/BEEM, respectively.



Magnetic tunnel junction preparation

Introduction

In this chapter, we focus on the preparation of Au/Co/SAM/Fe/MgO(001)
tunnel junctions. For this purpose, we have designed and prepared shadow
masks for in situ FM electrode depositions to fabricate junctions in the cross-
bar geometry. Electrical transport properties (I(V)) of these junctions are
mainly the focus of the following chapter. The magnetic properties of the
patterned bottom Fe electrode were simulated using micromagnetic simula-
tions. Moreover, the magnetic properties of Co deposited on Xe layer has
been studied using Magneto-optic Kerr effect (MOKE) measurement.

To study a fully prepared in situ system, we use shadow masks for FM
deposition. Even though FM deposition through a shadow mask comes with
its difficulties, it allows us to prepare the full junction in situ including BLAG
deposition of the top FM electrode. This also allows us to characterize the
prepared magnetic tunnel junctions immediately after growth, without any
additional lithography process. In order to design our tunnel junctions com-
patible for transport measurements, crossbar geometry has been proposed.
In the crossbar geometry the two ferromagnetic electrodes are configured
perpendicular to each other and are separated by the organic self-assembled
monolayer; the intersection between the top and bottom electrode defines the
junction area. To achieve this geometry for our system, two sets of shadow
masks have been designed and machined using laser-cutting technique. Two

99
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Figure 5.1: Experimental setup used for transport measurements: On the
right, cryostat, the sample introduction window is visible in the center,
zoomed in on this window, (in left) where we distinguish sample and the
tips allowing contact with the junctions top and bottom electrodes.

different junction sizes were prepared and studied, from macroscopic to mi-
cronic scale.

5.1 Transport measurements

The transport measurements are carried out in a liquid nitrogen cryostat
under vacuum (pressure of the order of several 107¢ mbar), shown in Figure
The contact on the pads of the top/bottom electrodes are ensured by
tungsten tips visible in this figure. The current versus voltage measurements
are made by a picoammeter (Keithley 6482), and the temperature can be
varied between 77 K and 292 K. The cryostat is connected by triaxial cables
making it possible to measure low currents with a low noise level.
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5.2 Large area junctions (50 x 50 um? up to
100 x 100 pm?)

A set of two in situ transferable shadow masks have been designed for
bottom- and top- electrode deposition, shown in Figure [5.2] The first mask
for bottom electrode patterning is made of Copper/Beryllium containing 3
vertical strips with width w = 50um, and 3 strips of w = 100um, a length
L = Tmm for all strips (figure . A second mask, for the top-electrode
evaporation, contains this time horizontal strips (L = 800um, w = 50um
or w = 100um), to obtain the desirable crossbar geometry, shown in Figure
5.2bl The strips in both masks end with a large pad at both sides, for trans-
port measurements connections. To prepare suitable transport measurement
samples, the first shadow mask is placed on the sample holder (displayed pre-
viously in section for bottom-electrode (Fe) deposition on MgO(001)
substrate, displayed in Figure [5.2d Mask is removed for Fe layer annealing,
and the entire substrate is exposed to the vapor of molecules during grafting
of the Fe electrode. The second mask is then placed on the sample for the top
electrode (Au/Co) BLAG deposition (Figure [5.2d), resulting in a full stack
of Au/Co/SAM/Fe patterned junction. The different width for strips in the
bottom and top electrode provides junctions with three different surface area
size of 50 x 50 pum? , 50 x 100 pm? and 100 x 100 pum?.

5.2.1 Transport properties of large area junctions

Transport measurements are done at both room and low temperature for
junctions characterization. For I(V) curve measurement, the flow of current
is measured at a given applied voltage, varying between -0.1 V and +0.1
V with 1mV steps. The performed I(V) measurement on top and bottom
electrodes with w = 50um results in experimental resistance of 430§2 and 30¢2
for Fe and Co/Au strips, respectively. In the following section, the expected
strips resistance is calculated using the equation below:

i X L
R="" (5.1)
w Xt

where p; corresponds to resistivity of metal i, pr, = 9.7 x 1078(Q.m),
pco = 8.24 x 1073(Qum) and pa, = 2.44 x 107%(Q.m) [103], L to the length

of the strip, and w and t are assigned to width and thickness of strips. The
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Figure 5.2: (a) 3D design of the shadow mask to deposit the bottom elec-
trode and (b) for the top-electrode deposition, (¢) image of bottom electrode
deposition Fe(30nm), (d) Top view of the full junctions.
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Figure 5.3: (a) Schematic top view of the junctions prepared for transport
measurements, (b) I(V) curve measured on a 50 x 50 pm? junction at 77K.

calculated resistance strips are 49002 and 20€2 for Fe(30nm) bottom electrode
and Co(15nm)/Au(4nm) top electrode, respectively. The resistance of the
top Co/Au bilayer was calculated by considering two resistance in parallel.
These calculated resistances are in good agreement with the measured values.

The I(V) curve has been also measured throughout the tunnel junction.
The current flows through the Fe layer, passing the SAM, and is collected
from the pad connected to the Co/Au strip, shown in Figure . The
measured I(V) curve through a 50 x 50 pum? junction at 77K is displayed
in[5.30] As it is shown, a linear I(V) curve is observed, typical of an ohmic
contact between top and bottom electrode. In another word, there is at least
one pinhole over a junction which causes short circuit. The recorded I(V) in
this case results in a resistance 120€2. The expected resistance for metallic
paths, without the presence of molecular barrier, in this geometry calculated
to be 13512, additionally, the expected resistance for the hexadecanethiol
barrier for a 50 x 50 um? junction is reported to vary between 4€) and 40052
[104]. Since the resistance of the organic barrier is in the same range of the
strips’ resistance, it might be problematic to discriminate junctions with or
without pinholes for this junction surface. We thus introduced a new set of
masks to define smaller junctions where the resistance ratio between strips
and tunnel barrier will be more favorable.
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5.3 Micronic junctions (5 x 5um?)

The design the new tunnel junction’s surface area size has been a compromise
between several factors to develop the most efficient junction. The expected
resistance for hexadecanethiol-based junctions is required to be larger than
the metallic resistance of the strips, at least by one order of magnitude, allow-
ing to distinguish short circuited junctions. Pierre Seneor and his colleagues
have studied C'o/C16MT/NiFe junctions with the size of 1um? [104], where
they establish a highly dispersed junction resistance varying between 10k
and 1MS. Since, employing BLAG technique gives us the opportunity to
increase the junction size, we have decided to investigate a larger tunnel junc-
tion. For a junction area of 5 x 5um? a resistance between 400 and 40k
is estimated, whereas a only resistance of 3202 for Fe and 290%2 for Co/Au
strips is expected for L = 500um. At this scale, patterning a 5 x 500um>
strip in a thick CuBe foil using laser-cutting is quite challenging, at the res-
olution limit of this machining technology. Second, next issues appear for
shadow mask deposition when the width of the design is significantly smaller
than mask thickness.

5.3.1 Quality of the masks

The quality of the strips deposited through shadow masks with narrow strips
have been studied by electron microscopy. We first used a Au thermal evap-
orator for our first tests. This evaporator is made of a tungsten metal boat
containing gold pellets. The Au charge is heated up by direct current passing
through the tungsten boat. This evaporation source is generating an evapo-
ration flux with a broad evaporation angle, and the source/sample distance
is large, typically 40cm. Two masks with CuBe thicknesses of 50 and 20um
where used to evaporate 110nm thick Au strips with targeted width of 5 and
10pm. Masks were placed in contact to the Si test substrate. The resulting
deposited strips were checked optically (Figure . We observed that up
to 40% of the patterned strips present discontinuities as shown in (c).
These discontinuities could be correlated to the presence of residual metal
particles in the mask that are generated during the machining process. For
the continuous strips, some local constrictions could also be commonly ob-
served and again correlated to the presence of particles partially occluding
the mask. These artefacts could be suppressed by a careful ultrasonic clean-
ing of the mask before UHV introduction. The width of the deposited strips
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Figure 5.4: (a) CuBes shadow mask, Mask A with the thickness of tmaskA =
50, and mask B tmaskB = 20pum (b) 110nm Au deposition through the Mask
A and mask B, (c¢) Optical images of a broken and a complete strip with the
width of w = 10um on mask A, (d) Optical images of a strip containing a
zoom-in constriction, w = dSum.
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was observed to broadened compared to the mask dimension with a typical
deposit width of 13-14pum for w=10um, and a typical deposit width of 7-9um
for w=bum. This blurring effect is attributed to the bad collimation of the
evaporation flux for this evaporator.

In a second step, we used MBE deposition, i.e. a much more directional
metal atom flux to pattern a metallic electrode on Si. This time, the highly
collimated evaporation beam resulted in a much sharper transfer of the pat-
tern from mask to the deposit, revealing details of the mask intrinsic edge
roughness induced by the laser machining technique. Figure (d) presents
a high magnification optical image of a deposit patterned with a w=5um
mask. Some regular well-defined constrictions are observed periodically at
the edge of the track and are due to the shape of the laser pulses used to
machine the mask. A single laser scan line was indeed used to open the nar-
row stripe in the CuBe foil. The pulsed focused laser generates consecutive
holes which partially overlap while scanning the CuBe foil, resulting in this
typical morphology. The width of the deposit is oscillating between 3-5um
along the strip axis, confirming a conform transfer of the pattern on surface.
It should be noted that these lateral constrictions might increase the strip re-
sistance and eventually modify the magnetic properties of the FM patterned
electrodes.

5.3.2 AFM study of the full junction prepared by shadow
mask deposition

The final masks design is presented in Figure 5.5 It allows to pattern a
matrix of 7 x 7 = 49 junctions on a lem? MgO substrate. The bottom
electrode axis is vertical, with a width w=5um, and a length L=500pm. The
top electrode mask is identical, with a simple 90° rotation of the pattern.
The contacting pads at the end of the stripes are 200 x 250um?. Figure
(b) and (c) present optical micrographs of the junction after deposition of
the bottom electrode and at the end of the deposition process.

A complete Au(dnm)/Co(15nm)/C16MT [/ Fe(30nm)/M gO magnetic tun-
nel junction was prepared with the final set of masks and imaged by atomic
force microscopy. Figure (a) 20 x 20um? AFM image of a sample region
around an intersection of the top/bottom electrode, i.e. close to a junction.
The Fe top electrode presents the typical morphology previously reported
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() (d)

Figure 5.5: (a) 3D final design of the used shadow mask to deposit the bottom
electrode and (b) for the top-electrode deposition, (c¢) Optical microscope
image of bottom electrode deposition through the mask shown in (a), with
magnification of 4x, w = 5um,l = 0.5mm, (d) Top view of the full junction,
4x optical microscope image.
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(a) oum 5 10 15
110 nm
100

Tunnel Junction

(b) (c).

T T T T T
Fe elgcirode Exparirantal data
o Co abectrode

g

2
Thickness (nm)

Thickness (nm)

=
T

Distance fum) Distance (um)
Figure 5.6: (a) 20 x 20um? AFM image of the Fe and Au/Co electrodes, the
Au/Co/C16MT/Fe tunnel junction is located at this intersection, shown in
white square, (b) and (c) present a profile line of Fe and Au/Co electrode,
respectively.

by optical microscopy, with the presence of lateral constrictions. The mini-
mum/maximum width that could be measured by AFM along the Fe strip
were in the 2.2um/4.2um range typically. A halo is visible at the edges of
the Fe deposit and also visible on the profile perpendicular to the Fe strip
presented in Figure (b). This halo is attributed to a partial lateral ox-
idation of the Fe electrode by oxygen diffusion from the edge. Sample was
indeed left for 5 days in ambient atmosphere before being imaged by AFM.

The Au/Co top electrode presents some specific features at the surface :
a high density of bright spots, with local heights up to 45nm are observed all
over the top electrode. Since these features are only observed on the Au/Co
layer, it is probably related to the BLAG deposition process, and likely to the



5.3. MICRONIC JUNCTIONS (5 x 5um?) 109

Au source Co source
I - I

Shadow mask

Substrate ”

Figure 5.7: Schematic of Au and Co deposition, with different incident angles,
through a shadow mask.

formation of defects during the post-growth Xe desorption process through
the metal layers. An additional interesting point is observed on a topography
profile perpendicular to the Au/Co top electrode (see in figure [5.6| (c)). The
Au layer appears as shifted laterally with respect to the cobalt layer. This
can be clearly evidenced by fitting the profile with two peaks associated to
the two layers. The deduced thicknesses match the targeted one for both Au
and Co. This shift is due to the slightly different incidence angles of the Au
and Co evaporation sources with respect to sample surface normal during
the BLAG deposition as explained in figure [5.7] This led us to suppress the
Au cap layer in the following, in order to avoid the potential presence inside
the prepared junctions of local Fe/C16MT /Au regions.

5.3.3 Transport properties on micronic junctions

Transport measurements have been performed on samples with the new pro-
posed geometry as explained in section 5.1, These samples have been pre-
pared employing BLAG technique. The measured I(V) curves at 77K on
the Fe and Co/Au strips alone demonstrate an average electrode resistance
of around 1 k€ and 2 kf2, respectively. As one of the most significant ob-
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jectives of this work relies on preventing the metal penetration through the
molecular layer, we report that typical 50% of measured junctions in each
sample have shown no signs of a short-circuit (9 out of 19 junctions). To
be more precise, these junctions have shown high resistance values, and non-
linear I(V) curves due to electron tunneling through the SAM. The measured
resistances of these junctions without pinholes are scattered between 4.9 k€2
and 2.2 M, presented in Figure [5.8l This broad distribution of junction
resistances is typical of what is reported in these junctions integration alka-
nethiol SAM and attributed to local variation of the SAM barrier thickness
due to variable partial metal penetration in the organic layer [104]. The
average resistance value on with ohmic behaviour junctions is measured to
be R = 1.9 k2. The measured resistances observed on ohmic or tunnel
junctions for several prepared samples remains in this range. To have a
clearer perspective, a sample has been prepared at room temperature. The
transport measurements on this sample present junction resistances of less
then 900 €2, whereas twice larger resistances have been observed on broken
junctions in BLAG samples. Hence, BLAG technique has certainly reduced
the top-electrode penetration compared to RT deposition. In Figure [5.9] we
represent typical I(V) measurements on the two RT- and BLAG- samples.
In this figure, a large slope difference around V' = 0 Vis observed between
RT-sample and the BLAG-sample. Moreover, this current Vs. voltage fig-
ure displays the non-linearity of the BLAG sample vividly. Whereas the RT
sample results in a linear I(V) curve, coherent with Ohm’s law.

From our experience, the junctions located at the edges of the substrate
are more likely to contain a shortcut which suggests a possible geometrical
effect during junction growth. Moreover, we observe that all junctions seem
to break over a few days time. This short lifetime can be due to progres-
sive formation of metallic filaments through the SAM induced by the applied
electric field. Such hypothesis might be checked by BEEM by measuring a
Co/SAM/GaAs junction before and after bias application. Another possi-
bility to explain our junctions frangibility is to consider progressive lateral
oxidization of the junctions by their edges. To tackle this obstacle, we are
considering an Al capping layer on the sample. Hence, the thin Al layer will
be oxidized at ambient pressure, and form an insulator Al,O3. This insulator
layer might protect the junctions and the strips from oxidization.
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Figure 5.8: Measured resistance of 5 x 5 um?, Au/Co/SAM/Fe molecular
junctions presenting non linear I(V) curves.

77K

o
Y
o

1
1

o
@

RT-sample ——————— |

S
i

BLAG-sample

Current Density (nA/pum2)
=)
S

&
3

08 06 04 02 00 02 04 06 08
Voltage (V)

Figure 5.9: Measured resistance of molecular junctions with a surface area
of 5 x5 um, Au/Co/SAM/Fe, for the sample prepared at RT(RT-sample)
and with BLAG technique(BLAG-sample).
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5.3.4 Analysis of the I(V) curves

Several theories have been established to describe the flow of current between
two metal layers separated by thin insulating film. The electronic current
can flow through the insulating region between the two electrodes if: (a)
the electrons in the electrodes have enough thermal energy to surmount the
potential barrier and flow in the conduction band. (b) the barrier is thin
enough to permit its penetration by the tunnel effect.

Commonly used theories have considered conditions for low temperatures
so that thermal current could be neglected, thus restricting the electron
transport between electrodes to the tunnel effect. The theory applied to
the problem of the systems with rectangular barrier has been established by
Sommerfeld and Bethe [105], and by Holm [106]. In 1963, John G. Simmons
derived a formula for the electric tunnel effect through a generalized bar-
rier [I07]. The widely used Simmons model is an excellent approximation.
This model expresses the tunneling current density through a barrier in the
tunneling regime of low and high bias. The tunneling currents in both bias
regimes are exponentially dependent on the barrier width d. In the low-bias
regime, the tunneling current density is:

1
J o p exp(—po d) (5.2)
where [, is a bias-independent decay coefficient:
2(2m!/?
Bo = 22m ) 5 ) a(Pp)'? (5.3)

m corresponds to the electron mass and ®5 to the barrier height. The «
parameter is a unitless adjustable parameter that modifies Simmons model
for a molecular system [108].

In the high-bias regime:

J x % exp(—p, d) (5.4)

where V is the applied bias and (, is a bias-dependent decay coefficient

B 2(2m!/?) eV\ "2 B eV \ V2
By = TQ(Q)B_7) = Sy (1— E) (5.5)
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Figure 5.10: Experimental I(V) curve from a junction of Au/Co/C16MT /Fe,
fitted by modified Simmons model, ® = 2.11+£0.02¢V and o = 0.564+£0.003.

At high bias, 3, decreases as bias increases, which results from a barrier
lowering effect due to the applied bias.

The « parameter is introduced to provide a way of applying the tunneling
model of a rectangular barrier to tunneling through a nonrectangular barrier
[109]. It can also be an adjustment to account for the effective mass (m*)
of the tunneling electrons through a rectangular barrier [I10]. o = 1 corre-
sponds to the case for a rectangular barrier and bare electron mass.

Wenyong Wang and his colleagues have investigated Au/C16MT /Au tun-
nel junctions [10§], and have reported ® 5 = 1.4+0.03eV and o = 0.68+0.01e,
using a modified Simmons model. The modified Simmons model have been
used to fit the extracted I(V) curves of the tunneling junctions. Our col-
league, Sylvain Tricot has provided us with a Python program to tailor data.
The modified Simmons model for the junctions (red and black curves of figure
leads to typical ® = 2.11 £ 0.02eV and o = 0.564 £ 0.003, presented in
Figure [5.10] These extracted ® and a have been calculated for a molecular
thickness of d = 1.8nm. An increase of 10% in molecular thickness leads to
a decrease of 10% in «. Although, the molecular thickness does not seem to
affect the barrier height, ®.
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5.4 Bottom electrode magnetic properties

Computational micromagnetics is widely used for the design and development
of magnetic devices. The theoretical background of these simulations is the
continuum theory of micromagnetism. It treats magnetization processes on
a significant length scale which is small enough to resolve magnetic domain
walls and large enough to replace atomic spins by a continuous function of
position. Micromagnetism is based on continuum theoretical expressions for
the intrinsic energy terms contained in the internal energy. These theoretical
expressions have been derived and explained on NIST website, [92], 11T 112],
herein we briefly describe the general perspective. In a ferromagnetic ma-
terial, the magnetization orientation is determined by the minimization of
the system Gibbs free energy of the system. This Gibbs free energy contains
several contributions :

1) The exchange energy : in a ferromagnet, the exchange interaction (or
Heisenberg interaction) tends to align the magnetic moment in a parallel
configuration. This short range interaction is characterized by the exchange
constant A, equal to 1.13 x 10~ Jm~"! in iron.

2) The magnetocrystalline anisotropy energy : in a crystalline ferromagnet,
the symmetry of the atom local environment defines preferential (respectively
unfavourable) orientations of the magnetic moments along specific crystal
directions defining magnetic easy axis (respectively hard axis).

3) The Zeeman energy related to the magnetic energy of a magnetic mo-
ment in a magnetic field promoting parallel alignment of the magnetization
in the field direction.

4) The magnetostatic energy, also called dipolar interaction energy. In a
ferromagnetic material the presence of a permanent magnetization results in
the apparition of surface or bulk magnetostatic charges generating a demag-
netizing field in space. This dipolar interaction is a long-range interaction. In
a magnetic element presenting a shape anisotropy, the magnetostatic energy
will be minimum when the magnetization is aligned along the long axis of
the system.
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Figure 5.11: Definition of the two considered sample geometries for the 30nm
thick patterned bottom Fe(001)/MgO electrode. (a) Sample 1 : Strip axis
of the bottom electrode is parallel to the Fe [110] direction. (b) Sample 2 :
Strip axis of the bottom electrode is parallel to the Fe [100] direction.

We used the OOMF code (Object Oriented Micromagnetic Framework) to
compute the minimum of our system energy using a finite difference method
[113]. The material magnetic parameters (exchange constant, saturation
magnetization, magnetocrystalline anisotropy constants) are obtained from
tabulated values for bulk iron [IT4]. The bottom electrode structural prop-
erties been well studied in chapter [2.2.4, The MBE deposition of 30nm of
Fe on MgO(001) results in mono-crystalline Fe(001) which magnetic prop-
erties are well documented in literature [I15]. In these films, magnetization
is in plane of the film, and the [100] and [010] axis are equivalent easy axis,
while the [110] and [1-10] axis are equivalent hard-easy axis. We simulated
the hysteresis loops of our patterned bottom Fe electrode for two different
geometries that were experimentally considered.

First, in sample 1, we placed the long axis of the electrode parallel to the
[110] direction of the Fe film, i.e. with the long axis parallel to the edges
of the MgO(001) substrate (see figure (a)). In this case, we will have a
competition between the shape anisotropy of the strip which favours an easy
axis parallel to the strip long axis, and the magnetocrystalline anisotropy,
which would rather align the magnetization 45° away from the strip axis.

Second, for sample 2, we oriented the long axis of the Fe strip parallel to
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the [100] direction of the Fe film, i.e. parallel to the diagonal of the MgO
substrate (see figure (b)). In this case we will have a minimum for both
anisotropy and magnetostatic energy when the magnetization of the stripe
is parallel to the [100] direction, defining unambiguously a system easy axis.

We also introduced in the micromagnetic simulation a periodic modula-
tion of the Fe strip width with an amplitude and spatial period similar to the
one experimentally observed on Figure (d). This edge roughness might
indeed modify the magnetic behaviour of the strip by eventually trapping
some magnetic domains between two constrictions.

Figurel|5.12|present the calculated hysteresis loops simulated using OOMF
for the two samples geometry. For sample 1, we first applied the magnetic
field along the Fe [100] axis (Figure (a)) and then along the Fe [110]
axis (Figure [p.12] (b)). We still observe a magnetic behaviour dominated
by the magnetocrystalline anisotropy of the Fe film. The Fe [100] is indeed
observed to still be an easy axis, while the [110] axis is still slightly harder
despite the introduced shape anisotropy. Both configuration result in a soft
bottom electrode that can be easily switched under low external magnetic
field. Finally, Figure [5.12] (c) presents the hysteresis loop simulated for sam-
ple 2, with applied field along the Fe [100] axis. Without surprise, a square
hysteresis loop typical of an easy axis is obtained with a low coercive field.
It should be mentioned that even with magnetic initialization of the system
state with opposite magnetic domains within two consecutive constrictions,
no domain pinning was observed in this soft system. To conclude on the bot-
tom electrode magnetic properties, micromagnetic simulations has revealed a
globally soft bottom electrode, with magnetic properties that are marginally
modified by the patterning process and that should be easily switched under
moderate magnetic field value, which is convenient for future magnetotrans-
port experiments.
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Figure 5.12: Simulated hysteresis loops obtained on sample 1 : (a) for a
magnetic field applied along the [100] Fe axis; and (b) for a magnetic field
applied along the [110] Fe axis. (c) : Simulated hysteresis loop obtained
on sample 2for a magnetic field applied along the [100] Fe axis. The inset
presents the unit cell used to simulate the periodic edge roughness experi-
mentally observed after shadow mask deposition.
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Figure 5.13: Magneto-optical Kerr Effect measurements on BLAG-
[Au(4nm)/Co(15nm)]/C16MT/GaAs(001), sample with magnetic field along
GaAs[100] direction, GaAs[110] and GaAs[1-10] direction.

5.5 Top electrode magnetic properties

The magnetic properties of Co layer deposited on SAM using BLAG has
never been studied. Since the crystalline structure of this layer in unknown,
we used Magneto-optical Kerr Effect (MOKE) to study the behaviour of this
film. For this measurement, a layer of 15nm Co have been deposited on a full
plane of grafted GaAs(001) (no shadow mask), using BLAG method. A 4nm
Au cap layer was the deposited. The MOKE measurements for magnetic
field applied along the 3 main high-symmetry directions of the substrate are
given in Figure [5.13] The Co film has shown no in-plane anisotropy, and a
hard magnetic behaviour with a coercive field of H, = 40 m7(400 Oe). This
isotropic behaviour might be a consequence of the granular morphology of
the BLAG deposited layer. From this observation, we suspect that a Co strip
with the width of a few um have a pinned magnetization along the strips
due to the shape anisotropy.
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Conclusion

Crossbar geometry junctions are developed for insitu BLAG-sample prepara-
tion compatible with transport measurements. A set of transferable shadow
masks has been designed and studied for several surface area junctions.
Transport measurements of junctions with a surface area of 5 x 5um? have
shown tunneling behaviour on 50% of junctions. The measured resistance
of these junctions without pinholes is scattered between 4.9%k€2 and 2.2M ().
To investigate the magnetic properties of these M'TJs, micromagnetic simu-
lation of the bottom-electrode has been studied, resulting in a globally soft
bottom electrode with modifiable magnetic properties by patterning process.
Whereas, MOKE measurements on Co deposited on C16MT by BLAG tech-
nique leads to a conclusion of pinned magnetization along the strips with the
width of a few pum due to the shape anisotropy.
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Conclusion and Outlook

The proposal of this work in the field of molecular Spintronics was essen-
tially inspired by the tremendous emphasis given to spinterface concept over
the past few years. The somehow uncontrolled influence of metal/molecule
interface on spin-transport caused a growing demand for a well-characterized
and well-controlled MTJ system for both fundamental and applied physics
purposes. On the other hand, practical fabrication of these FM/SAMs/FM
systems is still one major challenge of this field, due both to the intrinsic
difficulties to contact a SAM and the additional issue of oxide-free ferromag-
netic electrode interfaces. The main objectives of my Ph.D. was to contribute
to both of these aspects addressing the precise interface characterization of
model hybrid magnetic tunnel junctions up to the development of an inno-
vative fabrication method.

To pursue the former of these objectives, a Au/Co/Hexadecanethiol /| Fe/—
MgO(001) model MTJ was successfully developed in ultrahigh vacuum en-
vironment. The junction growth was monitored after every preparation step
by a multi-technique approach. We have achieved a dense Hexadecanethiol
self-assembled monolayer grafted on a single crystalline Fe(001) surface as
shown by electron spectroscopy analysis. The filled state band structure of
SAM /bottom-electrode (Fe) was also investigated by UPS. The top ferromag-
netic Co electrode deposition was studied at various scales and optimized by
combining macroscopic XPS and nanoscale BEEM experiments. Buffer-layer
assisted growth of this cobalt top contact was proved to prevent the strong
metal diffusion through the organic monolayer observed for room temper-
ature deposition. The local empty state electronic properties of Co/SAM
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interface were further investigated by BEEM, giving access to the LUMO
states of the SAM.

The latter objective was addressed by developing a complete in situ MTJ
patterning process by using shadow mask deposition. This method is com-
patible with BLAG deposition of the top FM electrode and allowed to prepare
5 x 5um? junctions in the crossbar geometry that can be measured imme-
diately after growth. Preliminary results show a high success ratio, with
typically half of the prepared junctions presenting non linear I(V) curves,
signature of a pinhole-free device at a relatively large scale.

The natural outlook of this work will first focus on the magneto-transport
study of the BLAG prepared junctions. First experiments in this direction
have been performed. Some tunnelling junctions were observed to present re-
producible abrupt resistance changes up to 60% at 77K, but the shape of the
R(H) curves is for the moment not understood and should be further studied
to discriminate a possible TMR effect from eventual metallic filament forma-
tion in the barrier. Generally speaking, the junction patterning process will
also need to be improved to increase the lifetime of the prepared MTJs. At
this point, junction aging is indeed limiting the experimental time to typi-
cally 48h before the junction breaks. This timescale is not sufficient to run a
complete magneto-transport study with variable applied bias, temperature,
field direction. A surface passivation will be first needed to avoid lateral
oxidation of junctions in ambient conditions. Second, we plan to use BEEM
to investigate the time evolution of the initially homogeneous Co/SAM in-
terface under applied bias, and study the eventual post-growth formation of
pinholes by electromigration.

Other molecules will be considered for the SAM tunnel barrier. The de-
veloped MTJ growth process is highly versatile and will be easily adapted
for this purpose. We will first consider alkanedithiols SAM, which will al-
low to connect the upper chain end to the Co top contact. Previous BEEM
studies have revealed a significant reduction of the pinhole density for room-
temperature formed Au/alkanedithiols junctions. This should also be con-
sidered as a promising direction to improve the robustness of the prepared
MTJs. On a midterm perspective, the use of unsaturated molecules, pre-
senting lower HOMO-LUMO gap, as well as alternative anchor group will
also be considered to modify the electronic coupling at the metal /molecules
interfaces, and thus the system spinterfaces.

The implementation of a liquid nitrogen cryostat on the STM/BEEM
setup will allow to significantly improve the setup signal to noise ratio, open-
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ing the way to a BEEM study under magnetic field of a full MTJ stack
grown on GaAs. This study will allow to probe the energy dependence of the
spin-transport on the molecular unoccupied orbitals which is of high interest
from a fundamental point of view. Finally, another powerful complementary
spectroscopic tool, i.e. spin- and angle-resolved IPES (Inverse Photoemission
Spectroscopy), will be considered to investigate the spin-resolved electronic
properties of the unoccupied molecular orbitals after grafting of the ferro-
magnetic surface. This study will be done in collaboration with A. Tejeda
(Laboratoire de Physique des Solides, Université Paris-Saclay-CNRS). Spin-
IPES will allow to directly analyse the spin resolved energy broadenings and
energy shifts of the frontier unoccupied orbitals which are responsible of the
magneto-transport properties of these hybrid systems. A grafting module
adapted to the LPS setup was designed and will allow to investigate in situ
prepared SAM/Fe(001)/MgO(001) bottom electrode. The measured spin-
terface electronic properties will be useful inputs to analyse the magneto
transport properties of MTJs integrating the exact same model bottom elec-
trode and SAM.
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Résumé

Introduction et contexte de ’étude:

L’électronique de spin moléculaire repose sur l'intégration de monocouches
organiques auto-assemblées (SAM) au sein de dispositifs spintroniques tels
que vannes de spin et jonctions tunnel magnétiques. Ces dispositifs hy-
brides permettent a la fois de tirer parti de la grande versatilité offerte par la
synthese organique a bas cotit de molécules fonctionnelles et du long temps
de vie du spin observé dans ces matériaux a faible couplage spin-orbite et
faible interaction hyperfine.

Depuis la premiere observation d’un fort signal de magnétorésistance a
basse température dans une jonction intégrant une couche moléculaire [16], la
spintronique moléculaire s’est heurtée a un certain nombre de difficultés sci-
entifiques et techniques. Ainsi, lors du dépot d’une électrode métallique ferro-
magnétique sur un SAM, la diffusion du métal a travers le peigne moléculaire
conduit fréquemment & la formation de courts-circuits (pinholes en anglais)
dans les jonctions formées, rendant ces dispositifs inopérants. Dans la littéra-
ture, les solutions proposées [45, [47] pour limiter ce probleme reposent sur
la lithographie de jonctions de dimensions latérales tres réduites. Si la
structuration de jonctions de dimensions latérales nanométriques permet
effectivement de diminuer la probabilité de présence de pinholes, le taux
de jonctions moléculaires non court-circuitées (typiquement 30% des jonc-
tions lithographiées pour les meilleurs résultats reportés dans la littérature)
reste insuffisant pour une future intégration viable dans des composants
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nanoélectroniques. Par ailleurs, un second verrou, scientifique cette fois,
concerne la diversité de comportement de magnéto-transport reportés sur les
jonctions moléculaires fonctionnelles. Ainsi pour un méme systeme hybride,
les mesures de magnétorésistance reportées par différents groupes peuvent
s’avérer contradictoires. Pire, au sein d’un seul et méme échantillon, des
jonctions tunnels magnétiques peuvent présenter des magnétorésistance pos-
itives ou négatives, pointant du doigt I’existence d’un parametre expérimental
non controlé dans ces échantillons. Ces fluctuations expérimentales ont été
attribuées a des variations de propriétés électroniques aux interfaces entre
électrodes ferromagnétiques inférieures et supérieures et le peigne moléculaire.
Ainsi, le modele de < spinterface > développé par Barrault et al. [18] prend-il
en compte le role de '’hybridation d’interface entre les orbitales moléculaires
frontieres des molécules et les électrodes métalliques ferromagnétiques de la
jonction, démontrant la nécessité d'un controle poussé des interfaces dans
ces jonctions hybrides. Lors de la formation de la spinterface (cf figure
, le modele de Barrault démontre que dans le cas d’'un fort couplage
électronique a l'interface ferromagnétique/molécules, les états électroniques
participant au transport tunnel peuvent présenter une inversion de polarisa-
tion en spin par rapport a I’électrode ferromagnétique nue. A contrario, dans
le cas d’une faible hybridation d’interface, les premieres orbitales moléculaires
inoccupées peuvent jouer le role d'un filtre a spin, renforcant, sans change-
ment de signe cette fois, la polarisation en spin des états électroniques par-
ticipant au transport. Dans ce contexte, les objectifs de ce travail de these
sont :

¢ de réaliser entierement sous ultravide la croissance de jonctions tunnel
magnétiques hybrides intégrant un SAM comme barriere isolante greffé sur
une électrode inférieure ferromagnétique monocristalline. Cette approche
vise a développer a terme un systeme modele parfaitement controlé, en par-
ticulier au niveau de ses spinterfaces.

1 de développer une méthode de dépot de I'électrode ferromagnétique supéri-
eure sur le peigne moléculaire permettant de réduire voire d’empécher la for-
mation de pinholes. Ceci permettra a terme de préparer des jonctions tunnel
magnétiques hybrides viables et homogenes a grande échelle.
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Figure Résumé 1: Principe de formation d'une spinterface entre une molécule
et une électrode ferromagnétique [21I]. (a) molécule découplée du ferro-
magnétique ; (b) molécule greffée en faible interaction électronique avec la
surface ; (c) molécule greffée en forte interaction électronique avec la surface.

Choix de I’électrode ferromagnétique inférieure
et greffage :

Le greffage sous ultravide de différentes électrodes ferromagnétiques (Co
polycristallin, FegyNigy monocristallin, Fe polycristallin et monocristallin)
par une monocouche moléculaire d’hexadécanethiols (C'H3(C'Hs)155H) a été
systématiquement étudié par spectroscopie de photoélectrons X (XPS). Pour
les électrodes polycristallines de fer et cobalt, ’analyse des spectres de photoé-
mission démontre la présence d’atomes de souffre non liés a une chaine car-
bonée en surface, témoignant d’une dégradation partielle des chaines alcanes
en surface apres greffage. Le taux de greffage en molécules intactes est en
conséquence réduit et le SAM formé peu dense et donc peu a méme de former
une barriere tunnel continue. A contrario, nous avons observé que le greffage
de couches de Fe(001) épitaxiées sur substrat de MgO(001) permettait de
former un SAM dense et préservant I'intégrité des molécules, avec un site de
surface greffé sur quatre, soit la densité maximale attendue compte tenu de
I'encombrement stérique des molécules. Ce SAM dense greffé sur Fe(001) a
par ailleurs démontré en XPS une stabilité thermique jusque 90 o C' et une
morphologie de surface tres plane a grande échelle comme observé en STM .
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Figure Résumé 2: Formation de pinholes par diffusion du métal a travers
un peigne moléculaire et principe du dépot de I'électrode ferromagnétique
supérieure de cobalt par la méthode de soft-landing.

Le systeme CH3(CHy)155H greffé sur Fe(001) a en conséquence été retenu
pour la suite de notre étude.

Dépot et caractérisations de 1’électrode
supérieure :

Une électrode supérieure ferromagnétique de cobalt a été retenue afin d’obtenir
un champ coercitif différent de ’électrode inférieure de Fe(001) dans les jonc-
tions tunnel préparées. Dans un premier temps, nous avons étudié le dépot
d’électrodes de cobalt a température ambiante sur un SAM d’hexadécanethiols
greffé sur GaAs(001) afin de pouvoir caractériser a 1'échelle nanométrique
I’homogénéité des contacts formés par microscopie a émission d’électrons bal-
istiques (BEEM) [54]. Les cartographies BEEM révelent une transmission
électronique homogene a toutes les échelles pour ces échantillons réalisés a
température ambiante. Les courbes de spectroscopie BEEM démontrent elles
une signature spectroscopique parfaitement identique a un contact Schottky
Co/GaAs(001) démontrant la diffusion massive et homogene du cobalt a
température ambiante a travers le peigne moléculaire. Des expériences XPS
menées lors du dépot séquentiel de cobalt sur le SAM confirment cette dif-
fusion massive du métal magnétique a travers le SAM, des composantes de
réaction typiques d’un alliage d’interface CoGa apparaissant des les premiers
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stades du dépot. Cette diffusion a grande échelle du cobalt a travers la
barriere moléculaire est a I’évidence rédhibitoire pour le développement de
jonctions tunnel magnétiques avec cette méthode de dépot.

Afin de réduire la diffusion du cobalt a travers le SAM lors du dépot de
I’électrode supérieure, nous avons mis en ceuvre une méthode dite de < soft-
landing > (cf[Résumé 2)). Cette approche consiste, apres greffage, a refroidir
I’échantillon a une température de 20K puis a introduire une pression partielle
de gaz rare (Xénon) dans I’enceinte expérimentale afin de former une couche
épaisse de Xénon solide (100nm) sur le SAM. Le dépot de cobalt se fait alors
sur la surface solide de la glace de Xénon qui joue le role d’une couche tam-
pon permettant de considérablement réduire la diffusion du métal a travers
le SAM. Apres dépot, I’échantillon est ramené lentement a température am-
biante afin de désorber la couche de Xénon.

Nous avons étudié par XPS et BEEM des dépots de cobalt réalisés par
soft-landing sur une monocouche moléculaire greffée sur GaAs(001). L’imagerie
BEEM révele a nouveau une transmission électronique homogene latéralement,
mais avec cette fois une atténuation d’un ordre de grandeur du courant
comparativement au contact Schottky de référence Co/GaAs(001) préparé
également par soft-landing. Cette atténuation est attribuée a la présence
d’une barriere moléculaire préservée et homogene a U'interface Co/GaAs, sans
pinholes détectés avec cette méthode de dépot.

Préparation et caractérisations de jonctions tun-
nel magnétiques hybrides :

La derniere partie de ce travail de these a été dédiée au développement
d’une méthode de microstructuration de jonctions tunnel magnétiques par
dépot sous masques in situ. Nous avons conc¢u des masques transférables
et compatibles avec la méthode de soft-landing dont les motifs définis par
découpe laser permettent la mise en ceuvre de jonctions en géométrie cross-
bar. Les dimensions des pistes et jonctions ont été optimisées afin d’atteindre
une résistance de jonction moléculaire bien supérieure a la résistance des
amenées de courant. Les propriétés magnétiques des deux électrodes de
fer et cobalt ont été étudiées par effet Kerr magnéto-optiques et simula-
tions micromagnétiques. Les caractérisations électriques de jonctions de
surface 5 x bum? Co/CHs(CHs)155H/Fe(001) préparées par soft-landing
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Figure = Résumé  3: Jonction  tunnel  magnétique  hybride
Co/CH3(CHy)155H/Fe(001) (surface 5 x bum?) préparée par dépot
sous masque. Courbes J(V) mesurées sur des jonctions préparées par
soft-landing ou a température ambiante. Une caractéristique non-linéaire
associée au transport tunnel a travers le peigne moléculaire est observée
pour plus de 50% des jonctions mesurées.

démontrent un transport tunnel a travers le peigne moléculaire pour plus de
50% des jonctions microstructurées (cf figure . Ce taux de jonc-
tions opérationnelles tombe a 0% pour des jonctions similaires préparées a
température ambiante, démontrant I'efficacité de la méthode de soft-landing
pour la préparation de jonctions moléculaires de grandes surfaces.



Appendix

Cross section

The reference of the relative cross sections of photo-ionization is that of the
carbon 1s level (C-1s). Different cross sections for the used materials in this
study for Al — Ko and M g— K« X-ray sources are taken from NIST website
[92] and presented in Tabldl.1]

Cross section
Elements Mg— Ka Al — Ka
Ni —2py /s 7.18 7.57
Co — 2p3)s 12.2 12.62
Fe —2p3/, 10.54 10.8
S — 2py) 1.47 1.72
Table 1.1

Electron Mean Free Path (EMFP)

The electron mean free path at different kinetic energies using Al — Ka and
Mg — Ka taken from NIST website [92] is presented in Tabldl.2}
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EMFP

Mg— K« Al — Ka
Elements Ex(eV) EMFP (A) | Ex(eV) EMFP (A)
Ni—2pi 9 383 7.8 616 10.5
Co — 2p3/s 475 8.5 708 11
Fe —2py 9 533 10.6 766 13.6
Fe—3p 1200 19.2 1433 21.9

Table 1.2

Moreover, the EMFP A through the Hexadecanethiol (C16MT) at the
kinetic energy of each elements is presented in Tabldl.3]

EMFP of C16MT (A)

Elements Mg— Ka Al — Ka
Ni —2py )9 15.1 21.1

Co — 2p3)s 17.8 23.5

Fe —2py 19.2 25.2
Fe—3p 35.9 41.5
C—1s 30 36

S — 2p3)9 33.1 38.9

Table 1.3
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Abstract: Magneto-transport properties in
hybrid magnetic tunnel junctions integrat-
ing a self-assembled monolayer (SAM) as
a tunnel barrier are intimately governed by
the electronic properties at the ferromagnets
(FM)/molecules interfaces or so-called spin-
terface effects. From a fundamental point of
view, understanding the mechanisms of spin-
terface formation in simple well controlled
model systems is a key prerequisite for engi-
neering efficient molecular spintronic devices.
On the other hand, practical fabrication of
these FM/SAMs/FM systems is still a major
challenge, due to the intrinsic difficulties to
avoid the formation of electrical shorts trough
the SAM tunnel barrier during top electrode
deposition. The present doctoral thesis ad-
dresses these two points. We first developed
model hybrid magnetic tunnel junctions inte-
grating alkanethiol SAM tunnel barrier grafted
under ultrahigh vacuum on single crystalline
Fe(001) bottom electrode. We used an original
buffer-layer assisted growth (BLAG) for the top

Co ferromagnetic electrode deposition on the
SAM without pinhole formation. X-ray and UV
photoelectron spectroscopies were intensively
used to investigate each step of the magnetic
tunnel junction deposition and to study its in-
terface electronic properties. Alternatively, we
used ballistic electron emission microscopy
(BEEM) and spectroscopy to investigate the
electron transport lateral homogeneity and the
energy level alignment at the Co/SAM top in-
terface at the nanoscale. For optimal BLAG
deposition, homogeneous Co/SAM interfaces
are obtained without observed metal diffusion
through the SAM. Finally, we developed a set
of in situ transferable shadow masks compat-
ible with BLAG deposition which were used
to pattern Co/SAM/Fe(001) magnetic tunnel
junctions. Transport properties of 5 x 5um?
tunnel junctions reveal non-linear I(V) curves,
fingerprints of electron tunnelling through a
pinhole-free SAM barrier over extended ar-
eas.
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