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3
Experimental details

In order to successfully measure the spin valve behavior the injector and the
detector should be placed within the spin flip length with respect to each other.
Additionally, the relative orientation of the magnetization of the electrodes should
be controlled independently, with an externally applied magnetic field for example.
Also, conductivity matching of the injector and detector with the semiconducting
layer is required. These aspects determine the geometries and the technologies
used for the device fabrication which are discussed at length in this chapter. The
characteristics of thin Co wires, Co/AlOx interface and pentacene growth details
are discussed in detail. The electrical characterization setups, the photoelectron
spectroscopy setup and the deposition setup are also presented.
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3.1 Fabrication techniques and devices

The spin flip length in pentacene is not known. Whether it is a few hundred
nanometers or a few hundred microns makes a huge difference and determines
the choice of, or better said ”it restricts”, the fabrication techniques employed
in realizing pentacene spin valves. The devices can be fabricated in a layered
geometry, that is pentacene is sandwiched between two ferromagnetic electrodes,
or a lateral geometry, that is the electrodes are patterned on a substrate and the
pentacene is deposited on top. Each of these geometries have advantages and
disadvantages which will be pointed out throughout this thesis.

A conventional shadow mask, such as a series of rectangles cut into a metal
sheet with a thickness of a hundred of microns or more, does not allow the fabri-
cation of electrodes with separation much smaller than its thickness (due to high
aspect ratio and mask fabrication difficulties). Such a mask can be and it was
used for fabrication of layered (sandwich) structures. In this case the distance
between the electrodes is given by the thickness of the pentacene spacer. For
patterns which require electrodes dimensions and electrode spacings of less than
a few tens of microns, down to a few tens of nanometers, optical and/or electron
beam lithography techniques are used, techniques which are discussed next.

3.1.1 Lithography

The main steps of the lithography process [1] are schematically illustrated in
Fig. 3.1. On a clean wafer a thin layer of radiation sensitive polymeric material
(resist), is spun over. The wafer is then baked at a certain temperature in or-
der to remove the solvent and subsequently irradiated (UV light, electron beam,
X-rays) using a suitable mask. The radiation exposure leads to chemical mod-
ifications of the exposed resist which affects its solubility in unrelated solvents.
After exposure the wafer is soaked in the appropriate solvent which clears the
exposed (unexposed) areas for positive (negative) tone resists, a step called de-
velopment. Next, metal is deposited on the entire wafer after which the wafer is
placed in a resist remover solution which dissolves the remaining resist, washing
away the metal deposited on top of it, a step called lift-off. As a result, the metal
will remain on the wafer only on the cleared areas. By repeating this process
with different and carefully aligned masks more complicated structures can be
obtained. Additionally, instead of the metal deposition, selective etching can be
performed. Critical for the metal deposition step is the resist profile which should
have a straight wall or better have some undercut in order to facilitate the lift-
off process and assure that the resulting metal pattern does not present ”ears”
which may be detrimental for subsequent processing and device functioning, see
Fig. 3.1. This is especially important when very thin layers of metals, such as the
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Figure 3.1: Schematic of the lithography process and problems that may be en-
countered in the lift-off step.

10 nm(Co)/2 nm(Al) electrodes used in this thesis, are deposited on a prepat-
terned wafer consisting in the wiring which enables connecting the sample to the
measuring equipment. For a good undercut often a bilayer resist stack is used in
which the bottom resist layer is more sensitive to radiation compared with the
top one.

What ultimately determines the size of the structures made by lithography is
the wavelength of the radiation used in combination with the properties of the
resist. For structures with overall dimensions larger than 5 µm we used, most
of the times, optical lithography. For smaller structures we used electron beam
lithography (EBL). An optical lithography mask consists of a glass or quartz
plate, depending of the wavelength of the radiation used, which has transparent
and non-transparent regions. In the EBL process the radiation consist of a high
voltage accelerated electron beam as radiation. EBL is more flexible as the mask
is not physical like in optical lithography, but is designed in a computer program.
The disadvantage is that the exposure time is proportional to the area to be
exposed, so it is not very suitable for large areas (in about 2 sec a whole wafer
can be exposed by optical lithography whereas by EBL it will take many hours to
write the same pattern). The structures made by optical lithography reported in
this thesis used Shipley 1813 photoresist as single layer and in combination with
LOR3A (double layer to create undercut), UV light of 360 nm and a Karl-Suss
mask-aligner. Two EBL systems were used: a Jeol 840 and a state of the art ultra
high resolution electron beam Lithography and Nano Engineering workstation
(e
¯
Line from Raith Gmbh [2]) with Elphy software for mask design (also from

Raith Gmbh). As EBL resists, polymethyl methacrylate (PMMA) resists were
used as single and double layer.

In Fig. 3.2 scanning electron micrograph (SEM) pictures are shown for a typ-
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Figure 3.2: SEM pictures (successive zoom) of pentacene devices with Au elec-
trodes, pictures taken after measurement.

ical device layout used in this thesis. An interdigitated pattern was used in most
cases, in order to keep the total device dimensions small but allow for a large
effective contact area and thereby raising the level of the current flowing through
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Figure 3.3: Schematic representation of a FET. The gate (G) voltage modulates
the current flow between source (S) and (D) drain electrodes, i.e., the
resistance of the pentacene layer.

the device.
The lithography process (due to the lift-off step) is not compatible with pen-

tacene processing. During lift-off, usually done in hot acetone, the sample is
handled in air which leads to oxidation of the reactive metals such as Al and Co.
It is of importance that the Co injector/detector is not oxidized at the interface
with pentacene. A way to realize lateral devices with clean Co electrodes is to
remove the top (oxidized) few nanometers by sputtering just before pentacene de-
position. An alternative way is the use of shadow masking in a layered structure
with the fabrication all in situ. Non-conventional shadow masks may be fabri-
cated in thin (few microns) membranes, but this techniques was not employed
in this research. A suspended Ge mask, so called trilayer recipe [3], but without
performing lift-off, was tested and showed that devices can be successfully fabri-
cated. This was not further used due to the complexity of the fabrication process
and especially the fragility of the mask.

3.1.2 Field effect devices

In view of the conductivity mismatch problem, the introduction of tunnel barriers
and tuning of their resistance to match the resistance of the pentacene semicon-
ductor is necessary. However, the same effect can be achieved in a field effect
geometry (FET) where the source and drain electrodes consist of Co covered with
AlOx tunnel barriers of a given thickness. In this case, it is the semiconductor re-
sistance that is fine tuned in order to match the (given) tunnel barrier resistance,
see Fig 3.3. In lateral devices using conventional lithography the tunnel barrier
thickness is restricted to at least the natural oxide thickness due to exposure to
air in the lift-off step.

We used n-type highly doped silicon (as a gate electrode) with a thermally
grown oxide on top as gate oxide. The reason for using thermally grown sil-
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Figure 3.4: Fabrication steps of organic spin valve field effect devices: (a) clean,
highly doped Si wafer; (b) thermal oxidation (field oxide); (c) etching
in buffered HF solution through windows opened in photoresist; (d)
thermal oxidation (gate) oxide; (e) patterning by lithography of the
source and drain electrodes; (f) pentacene deposition. SEM pictures of
actual devices. The recessed region extending approximately between
the four squared markers (top picture) represents the gate oxide. Bot-
tom picture shows the interdigitated pattern. The S-D electrodes of
Co/AlOx have low contrast compared with the Au wiring.

icon oxide (SiO2) was its reliability, i.e., good insulation over large areas and
good reproducibility in the breakdown characteristics (breakdown fields of about
1 V/nm). Also, we investigated the insulation properties and the breakdown
characteristics of thin aluminum oxide layers grown by various methods: reactive
deposition of Al in a UHV system, Ar sputtering from a stoichiometric aluminum
oxide target (at various partial pressure of O2), ion assisted deposition. The best
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results showed similar high breakdown fields of 1 V/nm and were obtained by
the reactive deposition in UHV with the substrate held at about 200 K and by
sputtering in pure Ar with the substrate at room temperature. However, over
the large areas the reproducibility was rather poor. These results are not further
discussed in this thesis.

The fabrication procedure is outlined in Fig. 3.4(a)-(f). The silicon wafers
were oxidized in our laboratory. The gate electrode extends over the whole wafer,
whereas the FET active area is relatively small (few hundred square microns).
Extra care has been taken to minimize the leakage currents and to further im-
prove the reproducibility by growing thicker oxide underneath the rather extended
wiring and bonding pads necessary for connecting the sample to the measuring
equipment. The gate oxide thickness used for the experiments in this thesis was
120 nm whereas the field oxide thickness was 300 nm. In a few cases commercially
available oxidized wafers with a uniform 500 nm thick oxide were used.

3.1.3 Spin valve electrical characterization setup

Typical measurement layouts of a lateral spin valve device are shown in Fig. 3.5.
In the local 2-terminal configuration (lateral or vertical devices) a voltage is ap-
plied between the injector and detector while measuring the current flow. This
configuration includes the contacts effects in the measured signal. A more desir-
able geometry is the non-local 4-terminal geometry, in which the current is applied
between the injector and pentacene to the left and the voltage drop is detected
between detector and pentacene to the right. Since the current and voltage paths
do not intersect, the voltage drop measured at the detector is purely given by the
spin imbalance created at the injector and which diffused through the pentacene
layer before reaching the detector. This is the desirable measurement configu-
ration since spurious effects (such as contact magnetoresistance) are eliminated,
the signal comes from the pure spin currents. Due to the high resistance of the
pentacene layer, which sometimes is close to the detection limit of the electrical
measurements equipment, the interdigitated (finger) geometry was employed in
most of the measurements. However, this geometry has the disadvantage of being
difficult to implement in a non-local 4-terminal geometry.

Electrical characteristics of pentacene are sensitive to air [4, 5]. Therefore,
the experiments have to be performed in a controlled environment that could be
reproduced. The setup used for electrical characterization consist of a vacuum
container (for room temperature measurements) or a dipstick (for low temperature
measurements) which were placed in a magnetic field. The samples were glued on
a 16 or 24 pins chip carrier which allowed for the measurement of several devices,
see Fig. 3.5.
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Figure 3.5: Two possible measurement configurations of a lateral spin valve and
the electrical setups used for spin valve measurements.

3.2 Magnetization direction manipulation

The ability of manipulating (e.g. by an externally applied magnetic field) the rel-
ative orientation of the magnetization of the injector and detector independently,
such as to provide parallel or antiparallel orientation, is a requirement for the op-
eration of spin valves. There are several alternatives for achieving this: the use of
different ferromagnetic materials (which naturally posses different coercive fields)
for the injector/detector or the engineering of one (or both) electrode(s) such as
to provide different switching fields if they are from the same material. Before we
discuss the details of magnetization manipulation used in this thesis, we introduce
the anisotropic magnetoresistance effect (AMR), an effect which can be used to
measure the coercive field, the switching field if the electrode consist of single
magnetic domain. When a current is passed through a slab of magnetic material,
the resistance of the slab depends on the relative orientation of the magnetization
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Figure 3.6: Left: The AMR effect - the resistance of a ferromagnetic slab depends
on the relative orientation of the magnetization (M) with respect to
the current path (I). Right: SEM picture of typical devices used for
the investigation of the magnetization switching field as a function of
electrode width.

(M) with respect to the direction of the current flow (I) [6]. The resistance of the
sample is given by the following relation

R(θ) = R⊥(1 + ∆R cos2 θ) (3.1)

where θ is the angle between M and I (Fig. 3.6), ∆R = (R‖ − R⊥)/R⊥ is the
AMR ratio, a material constant and R⊥ = R(θ=90◦), R‖ = R(θ=0◦, 180◦).

3.2.1 Coercive fields in lateral devices

In lateral devices different coercive fields are obtained by fabricating the (thin)
electrodes with different widths. Due to the shape anisotropy, thin Co layers have
the magnetization oriented in the plane of the film and nanowires have the mag-
netization oriented along the wire with the coercive field being determined by the
width of the wire. The advantage of using the shape anisotropy to engineer the
switching fields is that only one material is required which can be deposited in a
single step. An external magnetic field is used to manipulate θ as the magneti-
zation of the sample will align with the field. A field strong enough and applied
antiparallel to the direction of the magnetization of the wire will cause it to switch
direction and become parallel with the field. During the switching event, θ will
deviate from 180◦ causing the resistance to change (to decrease for ∆R > 0). In
this way, AMR provides the means for checking the switching field. The layout
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Figure 3.7: (a) and (b) AMR for parallel and perpendicular orientations of the
external magnetic field with respect to the current path (easy axis) for
a width of 876 nm and a thickness of 9 nm of the Co electrode. The
direction of sweeping the B field is indicated by arrows. (c) switching
field as a function of the width of the electrodes at 9 nm thickness.
Note: the data is not corrected for the small hysteresis present in the
magnet.

of the samples used for the AMR measurements is shown in Fig. 3.6. The width
of the electrodes was measured using SEM. The resistance is measured using the
lock-in technique in a four terminal geometry in which the current is sent trough
the outer two electrodes and the voltage drop is measured by the inner two. Mea-
surements for a sample with a width of 867 nm are shown in Fig. 3.7a)-b) for the
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Figure 3.8: AMR two terminal lock-in measurements of the Co electrodes of
a vertical structure with 70 nm pentacene spacer. The direction of
sweeping the B field is indicated by arrows. The dimensions of the
electrodes and the direction of the B field with respect to current
path are given by labels. Note: the data is not corrected for the small
hysteresis present in the magnet

external field applied parallel and perpendicular to the direction of the current.
The switching field was taken at the minimum value of the resistance of Fig. 3.7a).

The dependence of the switching field of Co wires of 9 nm thickness and a few
µm length as a function of wire width was investigated using AMR and the results
are shown in Fig. 3.7c). The details related to the magnitude of the switching field
and the mechanism involved (coherent rotation of the magnetization, domain wall
creation and propagation etc.) are outside of the scope of this thesis. In order
to realize a spin valve device, it suffices to know when the electrodes will switch
their magnetization. For lateral spin valve experiments we typically used pairs of
electrodes with widths of 500 nm and 250-300 nm.

3.2.2 Coercive fields in vertical devices

Another way to manipulate the switching field is to pin the magnetization of
the electrodes by antiferromagnetic coupling [7]. Measurements of V. Tiba [8]
showed that the engineering of Co electrodes is not necessary and that the coercive
fields of about 100 Å Co when deposited on SiO2 substrate and on the organic
material perylene-tetracarboxylic-dianhydride (PTCDA) are different by 5 to 10
mT. These results point to a very simple geometry that can be used to fabricate
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the spin valves, i.e., pentacene is sandwiched in between two Co electrodes. This
layered geometry allows the organic spacer to be just a few nanometers thick,
enabling to fabricate spin valve devices with organic materials in which the spin
flip length is rather small. In Fig. 3.8, AMR measurements of the Co electrodes of
an actual sandwich structure employing ∼ 70 nm (nominal thickness) pentacene
are shown. The bottom electrode has the dimensions 5 mm (length) × 1 mm
(width) × 15 nm (thickness) and is aligned with the field, i.e., the current path
and the external field are parallel. The top electrode, oriented perpendicular with
respect to bottom one and the external magnetic field, has a similar length, a
width of 0.5 mm and (evaporated) thickness of 50 nm. The device is fabricated
all in situ by using a conventional shadow mask. Since the electrodes have such a
large width, the magnetization is expected to be multidomain but oriented in the
plane. Fig. 3.8 does not allow to distinguish if the coercive fields of the bottom and
top layer are different (practically, they are both very close to 0 mT). However,
due to the multidomain structure and assuming uniform current flow in a spin
valve structure, it is expected that some of the current (in zero magnetic field)
will flow between two regions of the ferromagnetic electrodes which are oriented
antiparallel. In sufficiently large magnetic fields both electrodes will posses the
same orientation of the magnetization.

3.3 Photoemission experiments

3.3.1 Ultra high vacuum setup

All photoemission experiments were carried out in situ, in a interconnected ultra
high vacuum system comprising a deposition chamber (pressure of ≤ 3 × 10−9

mbar during depositions) and an analysis chamber where the photoemission spec-
tra are collected (base pressure of 2× 10−10 mbar).

The deposition chamber is equipped with evaporation sources for Co, Al and
pentacene. An Ar sputtering gun and an oxygen inlet were also available. The
substrates used consist of oxidized silicon wafers and were introduced in the sys-
tem using a load-lock. Co and Al metals were evaporated from resistively heated
Radak cells at rates of 1.5 Å/min, using alumina crucibles. Details on the pen-
tacene deposition are presented in Sec. 3.4. The growth rates were monitored with
quartz balances calibrated by atomic force microscopy or surface profilometry. All
depositions are done with the substrate held at room temperature if unspecified.
The oxidation of Al was done in the preparation chamber (for low oxygen doses)
or in the load-lock of the system by exposing the samples to 99.5 % purity oxygen.

The analysis chamber is equipped with a non-monochromatic Al Kα X-ray
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Figure 3.9: UHV setup used for deposition of Co, Al and pentacene and photo-
electron spectroscopy measurements.

source (1486.6 eV) and a non-monochromatic He discharge lamp (UV light of
21.22 eV). The photoelectrons were analyzed with a hemispherical analyzer from
Vacuum Generators. The incoming light and the analyzer are at 35◦ with respect
to the sample surface normal. The resolution was 1.5 eV for XPS and 0.15 eV for
UPS, as determined from the width of the Ag Fermi edge at room temperature
(80%-20%). The spectra were collected using a home made measurement routine
which allows basic data analysis: satellite correction, secondary electrons and FL
cutoff extraction, and single Gaussian peak fitting with Shirley or linear back-
ground. Multiple energy levels were fitted using the more versatile XPSPeak4.1
program [9]. All XPS spectra were satellite corrected. UPS spectra are recorded
with a bias of -4 V applied to the sample and were not satellite corrected, the
intensity of the most intense 23.09 eV satellite is less than 2%. The photoemis-
sion measurements were done with the sample at room temperature immediately
after each pentacene deposition step or oxygen exposure step without braking the
vacuum. No charging effects were observed in any of the samples reported in this
thesis.
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Figure 3.10: XPS spectra in the region of Co 2p energy levels (Co oxide related
energy levels are indicated by the dashed lines) of: (a) bottom -
clean Co, middle - same Co film exposed to O2 (67 L), top - the
oxidized film covered with Al (13.5 Å); Al ”steals” oxygen from Co
oxide; (b) 25 Å Co films covered with Al layers of variable thickness
(indicated by labels) and air exposed (∼ 12 h); 20 Å Al are required
to protect Co from oxidation.

3.3.2 Co/AlOx interface, natural AlOx thickness

In this section we show experimentally two of the reasons for choosing aluminum
oxide (AlOx) as tunnel barriers: the Co/AlOx interfacial energetics and the thin
natural AlOx thickness. The aluminum oxide is termed AlOx and not Al2O3 since
the stoichiometry of the films was not checked.

First, from considerations regarding the free energies of formation, when tak-
ing the reaction 2Al + 3CoO › Al2O3 + 3Co it follows that Al2O3 + 3Co is the
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stable configuration [7]. It is, therefore, expected that when Al is deposited on
an oxidized Co surface it will ”steal” the oxygen form Co. This is important for
the spin valve experiments since oxidized Co is detrimental to the efficient injec-
tion/detection of spins. In a XPS experiment a thin (25 Å) clean Co layer was
exposed to 67 L oxygen, where 1 Langmuir (L) = 1.33 × 10−6 mbar sec. After
that 13.5 Å Al was deposited on top. The spectra in the region of Co 2p energy
levels was monitored, see Fig. 3.10. Clearly, upon deposition of Al, the Co oxide
related energy levels have disappeared, that is Al ”steals” the oxygen from Co.
An identification of the Co oxide related energy levels (if they correspond to CoO
etc.) was not performed. For the spin injection experiments it is sufficient to
know whether Co is oxidized or not.

In a second XPS experiment we determined the natural aluminum oxide thick-
ness, i.e., the oxide thickness when pure Al deposited on Co is exposed to air (for
about 12 hours). This is important, as it allows the fabrication of thin tunnel
barriers with the advantage of exposing the sample to air, greatly simplifying the
fabrication procedure of pentacene spin valves. In a series of samples, a thin layer
of reactive Co (about 25 Å) was first deposited on an oxidized silicon substrate
followed by immediate deposition of a thin Al layer of variable thickness. The
depositions were performed at room temperature. Then the sample was taken
out of the UHV deposition system for a period of about 12 hours. For very thin
layers of Al, the oxygen is able to penetrate and reach the Co underlayer thereby
oxidizing it. If the Al layer is thick enough the AlOx formed will protect the
Co layer from oxidation. Therefore, Co oxidation serves as a measure of oxygen
penetration and the natural aluminum oxide thickness can be deduced. The Co
layer was intentionally kept thin in order to improve the sensitivity of detecting its
oxidation at the interface with AlOx (such that a monolayer of CoOx represents
a significant fraction of total Co atoms probed by photoemission). In Fig. 3.10
the spectra in the region of Co 2p energy levels is shown for the different thick-
nesses of Al investigated. For comparison the clean Co spectrum is also shown.
Clear signs of Co oxidation are visible for Al thicknesses of up to 18-20 Å. Form
these measurements we deduced that 20 Å of Al are necessary to protect the Co
underlayer (at 12 hours of air exposure).

3.4 Pentacene growth details

Pentacene was purified as described in [8]. The evaporation was done from a home
made, resistively heated, pinhole source using a glass crucible. In all experiments
presented in this thesis pentacene was grown with the substrate kept at room
temperature. For the photoemission experiments, pentacene was deposited onto
Co or Co/AlOx covered substrates in a sequential manner at a rate of 2.5 Å/min
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Figure 3.11: AFM image of 80 nm of pentacene on oxidized silicon substrates.
Top and right graphs show cross section along the lines indicated.

up to a thickness of 120 Å and 5 Å/min for higher thicknesses.
For devices, in which the pentacene layer thickness was 70 to 100 nm we used

a rate of 5-10 Å/min. Pentacene was carefully degassed at 150◦ (about 50◦ below
the evaporation temperature of∼190◦−200◦) for∼12 hours before the experiment.
In these conditions (deposition rate and substrate temperature) the growth mode
of pentacene on SiO2 is layer plus island mode (Stranski-Krastanov) [10]. Atomic
force force microscopy (AFM) images of a nominally deposited 80 nm pentacene
on a clean oxidized silicon substrate, see Fig. 3.11, shows pentacene islands with
dimensions of the order of ∼ 1 µm. Even though the morphology of the pentacene
layer is of great importance and influences the mobility of carriers no investigations
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Figure 3.12: SEM picture of a spin valve device with interdigitated Co/AlOx
electrodes. In the vicinity of the electrodes (and the active area
of the device) the pentacene grains are smaller than far away from
them.

were conducted to increase the grain size since all devices studied have electrode
spacings of less than 1 µm, which is bellow the dimensions of the typical grain
size of pentacene. However, it is known that the growth mode near the triple
interface substrate/electrode/pentacene is different from the one far away from
the electrodes [11]. Fig. 3.12 shows that in the vicinity of the electrodes the
grain size is smaller than far from the electrodes. This may be determined by
the close proximity of the electrodes themselves, though both SiO2 and AlOx are
rather inert surfaces. Another reason may be the cleanliness of the substrate in
the area of the electrodes. Due to the secondary electrons scattering in the EBL
process, the resist area around the electrodes receives a small dose (the proximity
effect). This may slightly affect the resist striping in the lift-off step with the
possibility of having some remains of resist on the wafer, which determine the
surface properties to be different near the electrodes compared with far from
them, therefore affecting the growth of the pentacene layer.
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