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Chapter 1

Introduction
The electron was discovered just before the turn of the 20th century by the British
scientist J. J. Thomson [1] while he studied cathode rays. Thomson understood
that the rays in a cathode ray tube must be carried by particles with a negative
charge and a mass smaller than a Hydrogen atom. It was however not until
1925 when Uhlenbeck and Goudsmit [2], working in Leiden, suggested that an
electron has another intrinsic property; the spin. In electronics, the electron spin
has mostly been neglected until the discovery of the giant magnetoresistance
(GMR) effect by two research groups, in Paris and Jülich, simultaneously in 1988
[3, 4].
To explain the GMR effect one needs to know that an electric current consists of
electrons in two magnetic spin states; spin up and spin down. In non-magnetic
materials there are as many spin up as spin down electrons. In magnetic materials there is a difference in the density of states for the spin up and spin down
electron, leading to dissimilar scattering conditions. For clarity let us define majority spin electrons as those electrons in a magnetic material that have their spin
aligned with the magnetization (low scattering rate) and minority spin electrons
are those electrons with their spin opposite to the magnetization (high scattering
rate).
Figure 1.1 shows a spin valve that exhibits the GMR effect. The spin valve consists of two magnetic metal layers separated by a non-magnetic metal layer. In
the figure on the left the magnetizations of the two magnetic layers are antiparallel aligned. Here the majority spin electrons of the top magnetic layer are
the minority spin electrons of the bottom magnetic layer (I) . Equally, the minor(I)

We assume, for now, that there is no spin flip scattering and thus the current can be thought of
as the sum of two electron currents; spin up and spin down.
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Figure 1.1: Schematic view of electron scattering in a magnetic/nonmagnetic multilayer spin valve.

ity electrons of the top magnetic layer are the majority electrons of the bottom
magnetic layer. Either way, the electron experiences a layer with high scattering conditions and a large resistance is obtained in the anti-parallel alignment
(RAP ). In the parallel alignment (fig. 1.1 right) the majority spin electrons of the
top magnetic layer remain the majority spin electrons in the bottom layer and
the minority spin electrons remain the minority spin electrons. This way at least
one electron spin undergoes little scattering and the total measured resistance is
low (RP ). The relative resistance change, magnetoresistance (MR), is defined as
MR = (RAP - RP )/RP .

1.1

Spin-electronics

It was this discovery of the GMR effect that marks the beginning of a new field
called spin-electronics [5-8] (II) . This field promises unique electronic devices
and applications of which, for example, the GMR effect was already commercially applied within ten years of its discovery. This introduction will start by
listing a few well known spin-electronic devices and continues by describing a
number of spin-electronic applications.

1.1.1
1.1.1.1

Spin-electronic devices
Two-terminal devices

A well known two-terminal device that changes its resistance with applied magnetic field uses the anisotropic magnetoresistance (AMR) effect, this is found in
ferromagnetic materials [9] and an MR of 2 to 4% is observed at RT in NiFe. The
spin valve as explained before is another example of a two terminal device in
(II)

spin-electronics is also called magnetoelectronics or spintronics.
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which the resistance changes with applied field. Figure 1.1 showed a so-called
hard soft system where the difference in coercive field between for instance Co
and NiFe is used to obtain two well defined magnetic states. GMR sensors in
general are typically based on exchange biased spin valves. Here the magnetization of one of the magnetic layers is pinned by an anti-ferromagnet or an
artificial antiferromagnet while the other layer remains magnetically free. Advanced versions of this sensor, that include the use of nano oxide layers at the
interfaces, show an MR in the range of 15% to 20% [10, 11]. The exchange bias
layer requires an anneal in a magnetic field for thermally setting of the magnetic orientation. During operation, the temperature should remain below the
blocking temperature (III) of the exchange bias layer, 235◦ C for IrMn [12, 13].
Another type of two terminal device that is widely studied is the the magnetic
tunnel junction (MTJ) [14, 15]. Here two ferro-magnetic electrodes are separated
by a thin insulator layer. Electrons have a finite change to tunnel across this
insulator. This tunnel process is spin-dependent, because of the ferro-magnetic
electrodes. MTJs show a MR in the order of 40% at room temperature (RT) and
it’s resistance or better resistance-area product can be varied over a wide range
[16, 17]. The MR of MTJs is however decreased to half its maximum value at
about 0.5V junction bias [18]. Proper oxidized MTJs show increased MR when
they are annealed close to 300◦ C and a slow degradation of the MR is observed
when they are annealed at higher temperatures, The MR drops to 5% after consecutive anneals up to 410◦ C [19, 20].
Colossal magnetoresistive (CMR) perovskite and pyroclore oxides [21, 22], show
large MR effects but either at low temperatures or in high magnetic fields. The
last magnetoresistive device mentioned here, is the Hall sensor [23], which, is
actually a four terminal device, but it is widely used to sense magnetic fields
and was recently used to show the feasibility of (hybrid) hall effect devices [24].
1.1.1.2

Three terminal devices

Three terminal spin-electronic device are scarcer but a few of them are named
below. For example, the Johnson transistor [25, 26], based on metals only, was
used to study spin polarized conduction electrons in gold films. Schaadt et al.
[27] has incorporated a granular tunnel magnetoresistive thin film in the gate
structure of a MOSFET. The magnetic field dependent charge build up in the
gate shifts the transistor threshold voltage, which can be used to measure magnetic fields. Datta et al. [28, 29] suggested another type of field effect transistor
(III)

The blocking temperature is the temperature at which the exchange bias field vanishes.
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that uses ferromagnetic material for the source and the drain to inject a spin polarized current in a two-dimensional electron gas (2-DEG), a third contact, the
gate, is used to alter the degree of spin precession in the 2-DEG. The spin-valve
transistor (SVT) [30] and the magnetic tunnel transistor (MTT) [30, 31] both utilizes hot electrons that are transferred through ferromagnet and normal metal
thin films after which they are collected with energy and momentum selection.
The latter two will be discussed in this thesis.

1.1.2

Spin electronic applications

Spin-electronic applications are build around the devices mentioned before. Obviously, different parameters are important for the various applications and
these will be specifically mentioned.
1.1.2.1

MRAM

Magnetic random access memory (MRAM) [32, 33] is currently a hot item and
for good reason; MRAM has the potential to be a competitor (or even successor) of existing CMOS memories [34, 35]. The memory element in a MRAM is a
magnetic element with two magnetically stable states that can be "written" and
"read" electronically. The obvious advantage of non-volatility can be combined
with the non-destructive readout, low power consumption, possibly high packing density and the fast read and write access times to a memory that can replace
static RAM, dynamic RAM and Flash memory. The two major industries that are
pushing MRAM on the market are IBM/Infineon [17] and Motorola [36].
Solid state MRAM started with the use of AMR films as the memory element
[37]. The larger MR response of GMR films could make MRAM’s more commercially interesting, but it was the large perpendicular resistance of MTJs that
allows the high packing density of a cross-point architecture (see also fig 1.2).

Figure 1.2: The high perpendicular resistance and large MR of a MTJ allows the high packing density of a cross-point architecture, taken from [38].

The spin-valve transistor and the magnetic tunnel transistor
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One of the major challenges is the temperature compatibility of spin-electronics
with CMOS technology. If MTJ films are used in the back-end of a CMOS process, which seems to be the established route for MRAMs, then they need to survive a 400◦ C anneal. The latter is used to cure plasma induced damage during
back-end processing [39]. The operating temperature is however at room temperature. Switching uniformity is another important requirement for MRAM
cells, because the writing scheme is such that the magnetic field from a bit or
word line alone should not switch the magnetic element, whereas the combined
fields must switch the element. This must be valid for all elements on the chip.
The element should also be electrically matched with the electronic circuits and
word and bit lines to optimize read access times, this includes a high output
signal. Scalability to below 100 by 100 nm2 is another requirement since the
MRAM has to compete eventually with the high density DRAM memories.
All the named arguments are also valid for programmable logic based on spinelectronics [40].

1.1.2.2

Read heads

The areal density in magnetic data storage is increasing with a rate of over 100%
per year [41]. This is made possible by advances in media, read heads and the
data channel. The demand for ever increasing amounts of data storage will
probably never end, since the rule is; whenever there is (cheap) storage space
available, people will use it. Recording heads for hard disk are normally of a
shielded sensor design. For tape recording, yoke type heads are more favorable,
(See for overviews [42, 43, 44]). The sensor in a read head must be scalable and
also physically fit within the read gap (space between shield 1 and shield 2 in
figure 1.3), in order to keep up with the increasing areal density. The magnetic
response should be linear with the applied field, as not to complicate the read
electronics. The operating temperature can be as high as 100◦ C because of the
constant motion of the head over the media, whereas the temperature during
the read head fabrication can be more than 250◦ C [12]. Signal to noise ratio
(SNR) should be large enough to ensure that the media noise is the dominant
noise source. Read heads have only recently changed from combined inductive
read/write heads, to a separate read and write channel, where the read sensor
was first an AMR film. Modern read heads have spin-valve sensors in the read
circuit and research is carried out to find the feasibility of MTJs in read heads
[45, 46, 47].
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Figure 1.3: A schematic view of a modern read head found in hard disks,
taken from [41].

1.1.2.3 Magnetic field sensors

Magnetic field sensors [48, 49] can be used in a variety of applications. The
most important application is probably the automotive industry [50] where
they are used for angle detection and rotation speed sensing amongst others.
Robust [51] and inexpensive sensors are needed in this field, which can operate
under harsh environmental conditions. This includes a operating temperature
range from −40◦ C to 150◦ C. A large output signal helps to simplify additional
electronics and is thus cost effective.
Opto-isolators are well known devices to galvanically isolate two electronic
circuits while information is simply transmitted from one circuit to the next. Its
equivalent, using GMR sensors, the magnetically coupled linear isolator [52]
can be used as a less bulky replacement, which might also be operated at higher
frequencies [48].
GMR sensors can be used to detect DNA hybridization events in a DNA array
sensor using "microbead" labelling [53]. They can also be used in a contact-less
potentiometer [54] or even as pick up elements for guitars [55], and with some
imagination one can probably think of many more applications.
All the used magnetic field sensors require high sensitivity, large SNR and a
linear response.

The spin-valve transistor and the magnetic tunnel transistor
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Scanning magnetoresistance microscopy

A scanning magnetoresistance microscope (MRM) [56] is a relative low cost microscope that can image stray magnetic field from magnetic samples. In our
group we designed and build [57, 58] a version in which we used yoke-type
magnetoresistive tape heads, AMR sensors and SVTs as the scanning probe (see
fig. 1.4 left). An example of a MRM image, where we used a SVT as the scanning
probe to image a track of 250µm bits on a tape is shown at the right in figure 1.4.
The resolution of a MRM depends closely on the distance between the probe and
the sample, but also on the dimensions, sensitivity and the SNR of the sensor.

Figure 1.4: Left: 3D rendering of a magnetoresistance microscope. Right:
scanning MR microscope image of 250µm bits on a tape, the scanning
probe was a SVT.

1.2

Fundamental studies of hot-electron magneto transport

A field in which the SVT has already proved to be very useful is the research
into the physics that governs the hot-electron magnetotransport. We have, for
example, previously given a quantification of the thermal attenuation lengths
[59] and shown anisotropic spin-orbit scattering [60] of hot electrons in NiFe.
This was possible because the SVT works in a large temperature range, and
since the SVT is a solid state device, it can easily be cooled or heated and placed
in a arbitrary large magnetic field. Moreover the exponentional decay in the
base allows the unambiguous separation between spin-dependent and spinindependent processes. The knowledge obtained with the SVT might be used
to extend our knowledge on hot electrons effects as seen in ballistic electron
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emission microscopy (BEEM) [61] and possibly the bias dependence of magnetic
tunnel junctions [62].

1.3

Motivation and thesis outline

The SVT was introduced in 1995 [30] and has already been the topic of three
PhD studies [63, 64, 65]. This thesis differs in the sense that it focuses on the
properties relevant to application. Above we saw that each spin-electronic
application has its own sets of requirements, but a few common features can be
identified. Scalability is important for MRAM, read heads and MR microscopy.
A large SNR is important for any application since it either provides speed
or accuracy. A large output signal simplifies any additional electronics and is
thus of utmost importance. The SVT has already shown its use as an aid in the
study of hot-electron magnetotransport. It has also shown high magnetic field
sensitivity of more than 300% in a few Oe at RT [66]. This thesis will highlight
the scalability, SNR and the output signal (transfer ratio) of the SVT. Results
of another hot-electron transistor the MTT, which may have some advantages
over the SVT in terms of transfer ratio and technology, will also be discussed.
Chapter 2 is an introduction into the basics of the SVT and gives also the experimental details of the measurements. Chapter 3 will start with the experimental
procedure for SVTs with dimensions down to 10 by 10µm2 . This is followed by a
discussion on the size dependence of the transistor properties and also includes
a study into device breakdown. Noise measurements on the SVT are described
in chapter 4, the SNR of the SVT can be calculated when the noise sources are
known. Chapter 5 discusses the output signal of the transfer ratio and shows
how the current transfer ratio can be improved by 2 orders of magnitude. Chapter 6 starts with the basics of the MTT and shows our first measurements on
MTTs resulting from a collaboration with IBM. The MTT could be an important
alternative to the SVT. A discussion and conclusions can be found in chapter 7.

The spin-valve transistor and the magnetic tunnel transistor
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Chapter 2

The spin-valve transistor
The spin-valve transistor utilizes hot-electron magnetotransport and exhibits a
large magnetocurrent (MC) above 200% at room temperature in small magnetic
fields. The main purpose of this chapter is to explain the basics of the spin-valve
transistor. The electrical and magnetic characterization of the SVT will also be
described at the end of this chapter.

2.1

The spin-valve transistor

The layout of a spin-valve transistor (fig. 2.1) closely resembles a metal base
transistor (MBT) as explained in [67], except that the metal base incorporates a
spin valve. A Schottky barrier is formed at each semiconductor/metal interface
of this semiconductor/spin valve/semiconductor structure, see figure 2.2.

Figure 2.1: Schematic layout of the spin-valve transistor (left) and a transmission electron microscope image of the cross section of a real device
(right)
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In normal operation the transistor is used in the common base configuration,
here the spin-valve layer is the base contact. One of the Schottky barriers, the
emitter, is forward biased, causing a current of hot electrons over the Schottky
barrier into the spin-valve base. The second Schottky barrier, the collector, is in
normal operation zero or reversed biased.

Figure 2.2: Three dimensional energy diagram of the spin-valve transistor.
Shown here in the parallel state.

The electrons injected into the spin valve have a certain energy and momentum, dictated by the choice of semiconductor and metal. These electrons travel
through the spin-valve base to the second metal/semiconductor interface. This
Schottky barrier can only be crossed by electrons that have an energy higher
than the Schottky barrier and a momentum that fits an available state in the
semiconductor. So electrons that have the correct energy and momentum will
contribute to the collector current (IC ). All other electrons that have lost their energy or arrive with the wrong angle due to scattering events in the base layer will
thermalize and contribute to the base current (IB ). The ratio between the collector current and the injected electrons (IE ) is the common base current transfer
ratio α,

α=

IC
.
IE

(2.1)

When the collector current is measured as a function of magnetic field we find
that the collector current depends on the magnetic state of the spin-valve base
(see figure 2.3).
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Figure 2.3: Collector current versus magnetic field at RT, IE =50mA. Ar→
rows denote the magnetic state of the spin valve; ←
← and → denotes that the
magnetization of the magnetic layers in the spin valve are aligned (parallel
→
state), ←
→ and ← denotes that the magnetic layers have opposite magnetizations (anti-parallel state).

This can be explained by the spin-dependent scattering of hot electrons in the
magnetic layers of the spin-valve base. The injected hot electrons are unpolarized, having the same number of majority and minority electrons. In the first
magnetic layer the electrons become spin polarized because of the difference in
scattering conditions for majority and minority electrons. This can be as much as
M
98% for 60Å of Ni82 Fe18 using λm
N iF e = 10Å and λN iF e = 43Å as the volume attenuation lengths for minority (λm ) and majority (λM ) hot electrons respectively
[59, 68]. When the magnetization of the two layers are aligned (parallel state)
the minority spin electrons in the first magnetic layer are also minority spin electrons in the second magnetic layer and these will be attenuated in both layers.
However, the majority spin electrons are relatively little scattered in both magnetic layers and remain their energy and momentum. They can cross the collector Schottky barrier, which results in a relatively high collector current (ICP ).
In the other situation where the two magnetic layers are anti-parallel aligned,
the majority electrons of the first layer will be the minority electrons of the second layer and both spins have been attenuated by the spin valve. This results
in a relatively low collector current (ICAP ). We can now define the magnetocurrent (MC) as the relative change in collector current for parallel and anti-parallel
alignment,
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MC =

ICP − ICAP
.
ICAP

(2.2)

From the above discussion it is clear that we need a minimum of two magnetic
layers in the base. Although, we have also shown an anisotropic transport of
hot electrons through a single magnetic film due to spin-orbit scattering in an
anisotropic magneto transistor [60], this will not be discussed in this thesis.

2.1.1

Schottky diodes

The two Schottky barriers formed at both semiconductor/metal interfaces play
an important role in the operation of the SVT. Many of the properties of the
transistor are determined by the behaviour of the two Schottky barriers, so we
will discuss them here in more detail.
The schematic energy diagram of a Schottky barrier is shown in figure 2.4.

Figure 2.4: Energy diagram of Schottky diode, symbols are explained in
the text.

The important quantity in this graph is qΦB this is the actual barrier height. EF
is the fermi level of this unbiased Schottky diode. EC is the conduction band of
the semiconductor. Vbi is the build in potential across the junction. The Schottky effect lowers the barrier by q∆Φ and moves the Schottky barrier maximum
away from the interface to xm . qΦB is determined by the combination of semiconductor and metal, typical values for Si based diodes are 0.5 - 1eV [69]. The
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current associated with an ideal Schottky diode using the thermionic emission
theory is:
i
¡ qφB ¢h
¡ qV ¢
Idiode = AA∗∗ T 2 exp −
exp
−1 .
kT
kT

(2.3)

Here A is the diode area, A∗∗ is the effective Richardson constant (A∗∗ for Si is
1.1 · 106 A/m2 /K2 ), T is the absolute temperature, q is the electron charge, ΦB
is the Schottky barrier height, k is the Boltzman constant and V is the applied
voltage.
2.1.1.1

The emitter

The emitter-base diode is a forward biased Schottky barrier. Most electrons will
follow the thermionic emission theory when Si with a resistivity of 1 to 10 Ωcm
is used (ND of 4 · 1015 to 4 · 1014 , where ND is in this case the number of P
atoms per cm3 of Si). Other contributions to the current in a Schottky diode are
tunneling through the barrier, minority injection (i.e. holes from the metal to the
semi-conductor) and recombination in the space charge region.
Tunneling through the barrier dominates at higher doping and at lower temperatures. Less than one electron out of 106 tunnels through the barrier for a Au/Si
diode with a doping ND of 1015 in the temperature range of 100 to 350K [69].
The same number applies for minority injection at the low bias conditions that
are normally used for the SVT.
Recombination in the space-charge area uses trapping centers in the forbidden
bandgap of the semiconductor. These trapping centers are associated with the
incorporation of impurities in the Si crystal or on its surface.
The current through a diode will deviate from the thermionic current when the
above named effects contribute to the diode current. An ideality factor (n) can be
introduced in equation 2.3 to quantify the deviation from thermionic emission,
shown in equation 2.4.
³ qφ ´h
³ qV ´
i
B
ISchottky = AA∗∗ T 2 exp −
exp
−1 .
kT
nkT

(2.4)

Note that an ideal diode has an ideality factor of n=1.
Now we will discuss the energy of the electrons that are injected from the
semiconductor over the Schottky barrier into the metal base. The injected
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electrons show a thermal distribution in their energy of about 4kT wide with an
lower cutoff determined by the Schottky barrier. This is basically independent
of the applied bias except for a weak dependence of the Schottky barrier height
on the applied voltage due to the Schottky effect.

2.1.1.2

The collector

The collector-base diode is a zero or reversed biased Schottky barrier. Hotelectrons from the base can only cross this barrier if they have enough energy
and a momentum that matches one of the available states in the Si. The available
states depends on the crystal orientation of the Si and on the energy at which the
electron arrives. These states are typically within a cone of 10◦ of the normal at
0.8eV for a Si(100) semiconductor (the acceptance cone). But even an electron
with the right momentum and energy can be reflected quantum mechanically
due to the potential step in the band structure.
The collector current should ideally consist of only electrons that originate from
the emitter (IC = αIE ). The collector is however a Schottky barrier just as the
emitter and follows therefore the same current-voltage relation as in equation
2.3 and IC is more correctly defined as αIE + Idiode . The collector diode current
(Idiode ) is now unwanted and can be minimized by zero or reverse biasing of
the Schottky barrier. Parameters to minimize the small remaining excess current
are: reducing the area A, raising the barrier height φB and lower the temperature
T . The three effects (tunneling, minority injection and recombination) that were
mentioned for the emitter diode also play a role here. Moreover the so called
edge leakage can be orders of magnitude larger than the hot electron transfer
current (αIE ). Edge leakage is caused by process induced damage at the edges
[70], this damage can however be removed. The collector diodes in this thesis
show near thermionic emission and the small remaining parasitic leakage current is typically below 1·10−10 A at 0.1V reverse bias at RT, which makes this
current negligible compared with (αIE ).
To summarize, A high quality collector Schottky barrier is needed to minimize
the excess current on top of the hot electron current. The emitter barrier should
have a higher barrier than the collector barrier in order to inject electrons at an
energy above the collector barrier. The two Schottky barriers that are typically
used in this thesis are; Pt/Si (qΦB ≈ 0.9eV) and Au/Si (qΦB ≈ 0.8eV) for the
emitter and collector respectively.
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The base

The base consist of a stack of layers with at least two magnetic layers and a
non-magnetic spacer layer. The metals that are used have preferably large attenuation lengths, and the magnetic layers should have a large difference in
majority and minority spin attenuation lengths. The metals in contact with Si
should yield high quality Schottky barriers. The typical base used in this thesis
is a Pt/NiFe(I) /Au/Co/Au multilayer.
2.1.2.1

The magnetic base

Different types of magnetic stacks are feasible as the base of the SVT. In this
thesis, transistors with a hard-soft magnetic stack are used. A hard-soft system
consists of two uncoupled magnetic layers with a difference in coercive field.
The layers can switch independently and two distinct magnetic states (parallel
and anti-parallel) are obtained. We have typically used NiFe and Co with a
Au spacer layer. The magnetization and the current in plane (CIP) resistance
versus applied field of such a hard-soft system is shown in figure 2.5. Note, the
coercive field of the Co is higher than expected for a pure Co film, since the Co
of this sample is directly exposed to air.

Figure 2.5: (Left) Hysteresis loop measured with a vibrating sample
magnetometer (VSM) of a molecular beam epitaxial (MBE) grown
Si(100)/Pt(2nm) /NiFe(3nm) /Au(4nm) /Co(3nm) sample. The two different
switching fields of NiFe and Co layer are clearly visible. (Right) CIP resistance measurement of the same sample [71].

In some applications (such as magnetic field sensors) a magnetic stack with antiferromagnetic coupled layers can be more advantageous. The magnetic layers
(I)

NiFe denotes Ni82 Fe18 throughout this thesis.
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are now anti-parallel aligned in zero applied field and they can be aligned by
applying a high enough magnetic field. A CIP resistance measurements on a
MBE grown Si(100) /(Cu(2nm) /Co(1.5nm) )×4 sample is shown in figure 2.6.

Figure 2.6: AC CIP resistance measurement vs magnetic field of a MBE
grown Si(100)/(Cu(2nm) /Co(1.5nm) )×4 sample.

A third structure, an exchange-biased spin valve, also consists of two uncoupled magnetic layers. Here one of the magnetic layers is pinned to an antiferromagnet or to an artificial anti-ferromagnet. To apply such a spin valve in
the SVT requires a pinning structure that does not hinder the hot-electron transfer.
2.1.2.2

Transfer across the base

The transfer across the base (αb ) is governed by the attenuation lengths of the
metal films and by the attenuation of the interfaces. In the typically used base we
can identify 6 interfaces. Each interface is associated with a (spin-dependent) attenuation (Γ), due to the differences between the electronic states at both sides of
the interface and due to the interface disorder and defects. The transfer through
the layers of the base depends exponentially on the (spin-dependent) attenuation length (λ) for hot electrons and also on the layer thickness. The transmission
(T) through the normal metal layers is: Tnm = exp(−t/λnm ), where t is the layer
thickness. The transmission through the magnetic layers is spin-dependent and
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m
m
TfMm = exp(−t/λM
f m ) and Tf m = exp(−t/λf m ) are the transmission of majority
(M) and minority (m) spin hot electrons respectively. The total base transfer
factor αb is a multiplication of all the interface attenuation factors and transmissions through the layers, as shown in equation 2.5 for the parallel state of the
spin valve.

1
αbP = (α↑ + α↓ ) =
2
−t
( M
)
( −t
)
1
( −t )
( λ−t ) M
( −t )
M
M
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2.1.3

The transfer ratio

The total transfer ratio α depends, besides of the transfer through the base, also
on the emitter efficiency (αe ) and the collector efficiency (αc );

α = αe αb αc .

(2.6)

The emitter efficiency αe is the ratio between the injected hot electrons and the
total emitter current. This ratio is close to but never exactly 1, because a few
electrons are not injected as hot electrons due to the small deviation from pure
thermionic emission. Moreover, the Schottky barrier maximum is just inside the
semiconductor due to the Schottky effect. This means that some hot-electrons
already loose their energy before they reach the metal base, due to scattering
events with phonons in the semiconductor.
The collector efficiency (αc ) is also not exactly 1 due to the possibility of scattering with phonons before the electrons actually reach the Schottky barrier maximum. Another reason why electrons with the right energy and momentum
do not get collected is because they may reflect quantum mechanically on the
potential step of the Schottky barrier.

2.1.4

Growth, interfaces and silicides

Spin valve structures are normally grown on a suitable seed layer, for example
Si/SiO2 /Ta. In the spin-valve transistor the growth is started on a clean Si sur-
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face. The first layer must yield the desired Schottky barrier, have a large attenuation length and act as the seed layer for the subsequently grown spin-valve. A
good seed layer enhances the growth of the next layers as well as the quality of
the interfaces. A transmission electron microscope image (TEM) of the typically
grown base was shown in figure 2.1.
The importance of the interfaces can be seen from the numerical calculation
shown in figure 2.7.

Figure 2.7: Calculation of number of electrons within the acceptance cone
versus position in the base layer. P-up is the contribution of spin up electrons to the total current in the parallel (P) state of the spin valve, equally
for the other three possibilities [72].

This figure shows the amount of electrons that are within the acceptance cone of
the collector versus the position in the base layer [72]. An interface diffusivity
of 0.9 is assumed and a steep drop in collector current is observed at each
interface. This is associated with the loss of electrons that are scattered outside
the acceptance cone due to elastic scattering at the interfaces. The number of
scattering sites at an interface is related to structural quality and mismatch in
electronic states.
Silicide formation can already happen at moderate temperatures for some materials [73]. The Schottky barrier moves, when part of the metal on the Si/metal
interface is silicidized, to the Si/silicide interface. The silicide will then become
part of the base. This is disastrous if the silicide has a much shorter attenuation
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length than the pure metal and should thus be avoided.

2.2

Electrical characterization

The measurement setup used to characterize the transistor consists of two
source-measure units. A Keithley 2400 for the emitter circuit and a Keithley
236 for the collector circuit. A Bruker water-cooled electromagnet with a 200V60A power supply is used to apply an external magnetic field (Hmax = 1.5T).
Temperature dependent measurements are possible with a liquid nitrogen bath
cryostat. All measurements were automated by Labview software.

2.2.1

Diode measurement

Figure 2.8: I-V characteristics of a 700µm by 350µm Pt/Si diode on a logarithmic scale at RT. Solid line is a fit based on thermionic current.

To characterize the diodes, we measure their I-V curves. These are then fitted
with equation 2.4 to yield the Schottky barrier height and the ideality factor.
These values give a good idea of the quality of the diodes. The I-V curve in
figure 2.8 is from a 700µm by 350µm Pt/Si Schottky diode that was defined by
ion beam etching (IBE). The data was fitted with ΦB =0.877eV en n=1.024, which
are values that can be expected for high quality Pt/Si Schottky diodes. Note
that the measured data only follows the fit based on thermionic current from
0 to 350mV. Deviations in the forward biased region are caused by the series
resistance of the diode and the current compliance settings of the measurement.

20

The spin-valve transistor

The extra current in the reversed bias region is caused by the effects explained
in paragraph 2.1.1.

2.2.2

Metal base characteristics

The standard transistor characteristics can also be measured for metal base or
spin-valve transistors. An example of such a measurement is shown in figure
2.9.

Figure 2.9: Common base characteristics of a Si(100)/Au 60Å/Si(100) transistor. (Left) collector current versus collector-base bias for five values of
IE . (Right) collector current versus emitter current for VCB = 0. T=RT

In the left panel we plotted the collector current (IC ) versus collector-base
voltage (VCB ) of a Si(100)/Au 60Å/Si(100) metal base transistor (MBT) at room
temperature. The emitter current (IE ) was kept constant during the voltage
sweep of VCB . The collector current is mostly independent of VCB for positive
VCB . Moreover the value of IC increases with αIE when a emitter current is
applied. The weak increase in collector current with collector-base bias in the
left panel is caused by the Schottky effect. This lowers the collector barrier and
moves the top of the barrier closer to the metal/Si interface. Hereby effectively
reducing the base width of the transistor as well as increasing the energy
difference between emitter and collector. Both effects enhance the transfer ratio
slightly.
In the right panel of figure 2.9 we plotted the collector current versus emitter
current at a constant VCB . A linear relation between IC and IE is expected, but
a slightly larger IC /IE is seen at high emitter current. This is mostly due to
the extra leakage current contribution as the device heats up with large emitter
current. Also a small increase in transfer ratio is expected, because a higher
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voltage across the emitter barrier is needed to supply the large emitter current.
This raises the emitter barrier height slightly and consequently the transfer ratio.
A third effect that accounts for a larger collector current at high emitter currents
is the non-zero resistance of the base layer. The latter can best be explained
with the discrete component model of the MBT as shown in figure 2.10. Here
the DBE and DBC represents the Schottky diodes of the emitter and collector
respectively. Parallel to the ideal collector Schottky diode is a large resistor Rd
that represents any parasitic resistance associated with this diode. Also parallel
with the collector diode is a current controlled current source, this represents the
hot electron transfer across the base. In the base circuit we find a small resistance
(Rbase ) that represents the finite resistance of the base layer. Finally we find two
series resistances (RsE and RsC ), they represents the resistance of the bulk Si and
Ohmic contacts of the emitter and collector respectively. With this model it can
easily be seen that a negative voltage develops across the base resistor when an
emitter current is applied (note the current through the base resistor is almost
equal to the emitter current, IB = (1-α)IE ≈ IE and Rbase ≈ 50Ω). If the collector
base voltage is kept constant at 0V, then the collector diode will be more reversed
biased by the voltage over Rbase and thus a slightly larger collector current will
result.

Figure 2.10: Discrete component model of the spin-valve transistor. Components are explained in the text.

2.3 Magnetic characterization
The collector current of the spin-valve transistor is measured in a quasi static
magnetic field. The emitter current is normally kept at 2mA, this is a reasonable
value when one has applications in mind. Two extreme cases to measure the
output are shown in figure 2.11. In the left panel VCB is kept constant at 0V and
the measured current is in first order only the hot electron transfer current. In
the right panel IC is kept at zero and VCB is measured. To explain this measurement we again use the transistor model of figure 2.10. The voltage across the
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Figure 2.11: Output measurement in a quasi static magnetic field sweep.
Left panel, Collector current while IE and VCB are kept constant. Right
panel, Collector Base voltage while IE and IC are kept constant. T=RT.

base resistor is (1-α)IE ×Rbase . This voltage is mostly independent of the applied
magnetic field. The hot-electron transfer current αIE will now induce a voltage
across the parallel circuit of the diode DBC and the resistance Rd . There is no
current in the series resistance (RsC ), so there is no voltage drop across this resistor. The total measured voltage is thus the voltage across the base resistance
and the voltage across the parallel circuit of DBC and Rd . If we now assume a
linear resistance for the diode in this bias region, then we find a base resistance
of 48Ω and a resistance of 2.1MΩ for the parallel circuit of DBC and Rd . Obviously, we use the collector current measurement in this thesis, since this current
is unambiguously related to the hot electron transfer across the base and does
not rely on process-induced properties such as the parasitic resistance Rd .

Figure 2.12: Magneto current versus collector-base bias and emitter current (Left) IE = 2mA, (Right) VCB =0V. T=RT.

The magnetocurrent and the transfer ratio are determined from the magnetic
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field dependent measurement. The transfer ratio from equation 2.1 is slightly
modified by replacing IC with IPC . The MC and transfer ratio can be measured as
a function of VCB , IE and temperature. Figure 2.12 shows for example the MC
versus VCB and IE , respectively. We find that the MC is mostly independent
of both IE and VCB . The MC reduces a little with applied collector base bias,
this is caused by an increase in leakage current and since this leakage current
is magnetic field independent it must reduce the MC. The MC is constant with
emitter current, as expected, since the MC depends only on the relative current
change.
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Chapter 3

Size dependence of the
spin-valve transistor properties
Most of the research on SVTs, as well as most of the research in this thesis, is
done using transistors that have an emitter size of 350µm by 350µm. This size
is convenient to process, and also allowed detailed study of the SVT properties
[74]. It might also be adequate for some applications such as magnetic field
sensors, but it is certainly too large to serve as a memory element in a MRAM
or as the sensing element in a magnetic read head. The topic of this chapter is
the size dependence of the main properties of the SVT, such as transfer ratio and
MC. Insight in the failure mechanism of the SVT with high emitter current is
also obtained in this research. We will first introduce a new fabrication process
so as to be able to study the effects of scaling of the lateral dimensions of the SVT
on its main electrical and magnetic properties

3.1

Device preparation

The preparation of the devices with a transistor size of 350µm have been described in several other publications [64, 70] and will not be repeated here. The
transistor size used throughout this chapter is the length of one side of the
square emitter. The SVT dimensions in the other chapters are always 350µm
unless otherwise stated. The process as described in [70] was not suited to scale
the SVT below 350µm, because the SVTs in [70] are designed to be contacted by
direct ultrasonically bonding with Au wire, which becomes unpractical below
200µm. The process described here differs from the previous process by the use
of contact leads and bond pads to make the electrical contacts to the transistor.
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Three main changes to the process in [70] are introduced to realize the miniaturization and contact leads. The emitters were previously etched from a 360µm
thick Si wafer by a time controlled etch process to a height of 30µm. This height
implies a large aspect ratio when the lateral emitter size is reduced to 10µm and
does not allow contact leads to the emitter, because the latter would suffer from
the large step height. To solve this, we introduce the use of Silicon-On-Insulator
(SOI) wafers, here we use the insulator layer (SiO2 ) as an etch stop. This allows
a reduction of emitter height from 30µm to 3µm. Secondly, the repair etch, as
used in [70], designed to remove damaged silicon caused by ion beam etching
(IBE) of the base, also removed the small Si emitters. The damage to the Si is reduced by the use of a combination of ion beam and wet etch techniques and the
repair etch is reduced in time, so that it no longer removes the small Si emitters.
Finally, the introduction of contact leads and bond pads requires an insulating
layer, for this we use SU8 [75], a negative tone photoresist. The details of this
process can be found in Appendix A. Moreover, the use of Si(111) was inherent to the process used in [70]. In the process described here, both Si(111) and
Si(100) can be used as collector wafer.

3.1.1

Silicon on insulator and Si(100) substrates

Si(100) epitaxial wafers were bonded to Si(111) wafers in the process described
in [70]. The Si(100) wafer was thinned down to 30µm by a time controlled etch
in tetramethylammonium hydroxide (TMAH). The anisotropic wet etch with
TMAH etched the Si(100) wafer hundred times faster than the Si(111) wafer [76],
so there was no need to protect the Si(111) wafer during this etch. This process
was successful to reproducibly make SVTs and study the many transistor properties. But it did not allow a change in the collector wafer from Si(111) to Si(100)
and also the emitter height of 30µm was designed for direct wire bonding. So
first a process was designed that reduced the emitter height from 30 to 3µm by
using SOI wafers and this process was also flexible enough to use both Si(111)
and Si(100) as the collector substrate [77].
The SOI wafers that are made to our specifications by the supplier (BCO [78])
consists of three layers. The handle Si is a 360µm sacrificial layer that is only
used to maneuver the wafer before the wafer is bonded. The buried oxide layer
is a 1µm SiO2 layer that will be used as an etch stop. Finally the device layer,
which will be processed into emitters, is a 3µm Si(100) layer with a doping profile from high (5·1015 , 80keV) to low (3-5Ωcm) starting at the buried oxide interface. For the collector wafer, a n-type (1-10Ωcm) double sided polished (dsp)
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Si(100) wafer is prepared with a 1µm layer of Si3 N4 deposited by PECVD on its
backside.
The wafers are sawn to 11.9 by 17.9 mm2 for the n-Si dsp wafer and 11.9 by 20.9
mm2 for the SOI wafer. The two wafers are then immersed in a sequence of
chemicals; 100 % HNO3 (Nitric acid), 1 % HF (Hydrofluoric acid) , 5 % TMAH
and 50 % HF, after which they are free of saw dust and oxide.
The cleaned wafers are mounted onto a bonding tool, specially designed for in
situ metal bonding [79], and loaded into an ultrahigh vacuum deposition system. The deposition of the base is started, when the pressure reaches the low
10−10 Torr range. A shutter hides the collector dsp wafer during the deposition
of Pt (30 Å)/ NiFe (30Å) /Au (40Å)/Co (30Å) on the emitter SOI wafer. The
shutter is opened before the simultaneous deposition of the last 20Å Au layer
on both wafers. During the deposition of the last Au layer, the bonding tool is
triggered and both wafers are bonded. The obtained structure is shown in figure
3.1, for a tunnel electron microscope (TEM) image see figure 2.1 in chapter 2 or
figure 5.3 in chapter 5.

Figure 3.1: Schematic cross-section of a SOI wafer bonded to a dsp wafer.

This structure is now immersed in TMAH 10% at 85◦ C, and the handle Si layer
of the SOI wafer is etched. The etch will stop when the buried oxide layer is
reached since SiO2 is not etched in TMAH [76]. Simultaneously the Si3 N4 layer
protects the dsp wafer from etching. The buried oxide layer is subsequently
etched by BHF. A Cr/Au layer, patterned by lift off, is used as a mask for the
device Si etch that defines the emitters, the same Cr/Au layer also doubles as
the ohmic contact to the emitters. The base layer is defined by means of ion beam
etching (IBE), this process damages the Si around the edge leading to parasitic
edge leakage that undermines the proper working of the SVT. A repair etch as
described in [70] is used to remove the damaged Si and high quality Schottky
barriers are obtained. Figure 3.2 shows the result of a "large" (350µm) SVT with
a 3µm high emitter and a Si(100) collector, and the resulting MC of 236% and a
transfer ratio of 5·10−6 equals the result (208% and 5.8·10−6 ) of the SVT with a
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30µm high emitter and a Si(111) collector in [70].

Figure 3.2: Collector current versus magnetic field of a "large" (350µm)
SOI(100)/Pt/NiFe/Au/Co/Au/Si(100) SVT [77].

3.1.2 Bond-pads and insulator layer
After we showed that the change to SOI wafers had no influence on the transistor properties, we started to reduce the transistor size down to 10µm. As
described before a repair edge is needed to remove the damaged Si that causes
the parasitic edge leakage current. However, the repair process etches not only
the damaged Si but also the sides of the Si emitter. The time needed to repair the
IBE damage also removed the small emitters and this process is thus redesigned
for small structures. This is accomplished by a combination of IBE and wet etching. The IBE of the base is now stopped in the last metal layer (Au) and this
layer is further etched with a KI solution. The etch rate of the IBE proved to be
reproducible enough for a time controlled etch stop in the 4nm Au layer. The
damage to the Si is reduced considerably, though a small edge leakage current
remains. The repair etch is reduced in time from 3 minutes to 30 seconds and
the small emitters survived. The next step in the process is to change the direct
wire bonding strategy into a design with contact leads and bond pads. For this,
the transistor should be insulated. Negative tone photoresist, SU8 (Microresist,
mr-L6500.5exp), is used for this purpose. SU8 is chosen for three reasons, first
the low process temperature (< 140◦ C), secondly, the good chemical and thermal stability [75] and finally less process steps are required compared with SiO2
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or Si3 N4 as insulator layer. A 300nm thick SU8 layer is spun onto the sample
and the contact holes are formed by conventional photolithography. A Cr/Au
metal film is then patterned by lift off to form the contact leads and bond pads
(figure 3.3). The transistor is finally contacted by ultrasonically wire bonding of
Au wire to the contact pads.

Figure 3.3: Top, optical microscope image showing the top view of a transistor with bondpads. Bottom, schematic side view of the same structure.

3.2 Results
We can now reproducibly make transistors that vary in size from 300µm to 10µm
with the previously described process. Using these transistors we studied the
size dependence of the electrical and magnetic properties, which will be described in the next paragraphs.

3.2.1

Schottky diodes

The emitter and collector barriers are characterized by I-V measurements, to assure that they show no size dependence. The Schottky barrier height and ideality factor are determined by fitting the measured I-V curves with the thermionic
emission theory. The resulting barrier height is plotted versus transistor size in
fig. 3.4. Both the emitter and collector barrier height are independent of the
transistor size over the investigated range. The Si/Pt emitter diode has a 0.86 ±
0.01 eV barrier height and the Si/Au collector diode shows 0.80 ± 0.01 eV. The
ideality factor is 1.04 ± 0.02, close to ideal thermionic emission, for all diodes.

30

Size dependence

Figure 3.4: Barrier height of emitter and collector diode versus transistor
size [80].

Figure 3.5: Results of transistors from 300µm to 10µm. IC at IE =1mA is
plotted on the left vertical axis and the corresponding MC is plotted on the
right axis. T=RT [80].

3.2.2

Magnetocurrent

The collector current at an applied emitter current of 1 mA is plotted for each
transistor size as a function of applied magnetic field in fig. 3.5. The collector
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current is shown on the left vertical axis. The corresponding magnetocurrent
is shown on the right vertical axis. As the SVT becomes smaller than 25 µm,
the magnetization reversal process is no longer smooth and small steps can be
observed. This can possibly be attributed to process induced pinning sites along
the base edge or by redeposition on the sides of the spin valve during the IBE
etch of the base. More research is needed to optimize the magnetization reversal
of the small transistors.
The MC as function of transistor size is depicted in Fig. 3.6, which shows that
the MC is constant around 240% over the investigated size range. This value
is comparable to the 236% of the transistor shown in figure 3.2 and also to the
results from [70], and verifies that this newly designed process has no noticeable
side effects on the main SVT property.

Figure 3.6: The dependence of magnetocurrent on the transistor size. The
dotted line shows the average MC of 240%, T=RT [80].

3.2.3 Transfer ratio
While the MC value remains constant, the transfer ratio shows some size dependency, albeit weak. The transfer ratio has a value around 10−5 above 25µm as
shown in fig. 3.7. It starts to decrease below 25µm and is 6·10−6 for the 10µm
SVT. This can be attributed to the deterioration of the emitter efficiency. Processinduced defects along the emitter edge can be responsible for this deterioration.
Electrons passing through edge defects enter the base layer with a lower energy
and can thus not contribute to the collector current. This reduces the absolute
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collector current value but does not affect the relative collector current change,
MC. Note that this decrease in transfer ratio is related to the fabrication process
and is not a fundamental limit in the scaling of the SVT.

Figure 3.7: The transfer ratio as a function of transistor size [80].

3.2.4 Leakage current
Leakage current is an unwanted contribution to the collector current and should
be minimized. The leakage current can be caused by two effects. The first effect,
as described in paragraph 2.1.1, is the thermionic current inherent to a reverse
biased Schottky barrier, this contribution is proportional to the collector area.
The second contribution is caused by process damage, which is mainly around
the edges and thus proportional to the edge length. As described before, we
use a repair etch to minimize process-induced leakage current. The repaired
collector diode usually shows a leakage current below 10−9 A. In figure 3.8, the
current value of the reverse biased collector diode (VCB =1V) with zero emitter
current at room temperature is plotted versus collector area in a log-log scale.
In addition to the measured data, two lines are drawn, the leakage current proportional to area (solid line) and edge (dashed line), respectively. The leakage
current can be fitted well with the line proportional to area, implying that area
leakage current dominates the leakage current and the repair process is effective
in suppressing the process-induced parasitic edge leakage current. The deviation of the smallest diode from the fit with the area leakage is either due to the
increasing importance of edge with decreasing size or the limit of the current
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measurement setup, which is in the 10−12 A range. The latter also makes it difficult to interpret the leakage current characteristics of the emitter diode, which is
an order of magnitude lower than that of collector diode due to the higher Pt/Si
Schottky barrier, hence the results are not discussed here.

Figure 3.8: The dependence of collector leakage current on collector area.
The circles are the collector current value at 1V reverse bias and IE =0. A
solid and dotted line represents a leakage current proportional to diode
area and edge length, respectively [80].

3.2.5 Maximum input current
We have slowly increased the emitter current for several devices with various
dimensions to the point of break down. Both the emitter bias voltage as well as
the collector current is being monitored.
As expected and shown in fig. 3.9, the emitter bias voltage increases with higher
emitter current and so does the collector current (not shown). The maximum
emitter current is determined from the point where the emitter bias voltage
jumps abruptly, indicating breakdown of the emitter or base. Obviously, the
breakdown current decreases for smaller transistors. To understand this behavior let us first consider the currents in the SVT. A three-dimensional schematic
illustration shows the electron flow in the SVT (fig. 3.10). Note that the emitter
current and base current are almost equal due to the low transfer ratio, while
the cross section of the base is much smaller than the emitter area due to the thin
base (16nm).

34

Size dependence

Figure 3.9: Emitter bias voltage versus emitter current for different sized
SVTs, the abrupt jump indicates the breakdown point [80].

Figure 3.10: Schematic diagram of the SVT showing the electron flow and
the cross sections. x is 10, 25, 50, 100 or 200 µm [80].

When we look at the current density in the emitter (JE ) at breakdown we see
a strong increase with decreasing emitter area, middle graph of fig. 3.11, this
is counter intuitive and discarded as cause for device breakdown. However,
when we look at the base current density (JB ) at breakdown it remains constant
at around 1.7·107 A/cm2 , bottom graph of fig. 3.11. This implies that the input
current is limited by the maximum possible current density in the base and not
by the much lower current density in the emitter. Electromigration failure of the
base is the most reasonable cause for this limit, which is indirectly confirmed by
other studies of GMR sensors [81, 82, 83]. Here one finds breakdown of the spin
valve caused by electromigration failure at the same order of magnitude for the
current density.

The spin-valve transistor and the magnetic tunnel transistor

35

Figure 3.11: Top, emitter current at device breakdown for two series of
SVTs. Middle, emitter current density (JE ) at device breakdown. Bottom,
base current density (JB ) at device breakdown. [80].

3.3 Conclusion
SVTs with dimensions down to 10 by 10 µm2 were successfully fabricated using
SOI wafers, a combination of dry and wet etching techniques and SU8 as an
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insulating layer. These transistors were used to investigate the influence of size
on the electrical and magnetic properties of the SVT.
We found that the Schottky barrier height was independent of the transistor dimensions, whereas the parasitic collector leakage current scaled proportional to
the area. The magnetic response was also found to be independent of dimension, i.e. the MC remained constant around 240% for all transistor sizes. The
transfer ratio showed a slight decrease for transistors with dimensions below 25
by 25 µm2 , which is attributed to a process induced deterioration of the emitter
efficiency.
The maximum possible input current is limited by the current allowed in the
base. The current density in the metal base is the highest in the SVT. Breakdown
occurred when the current density in the base exceeded around 1.7·107 A/cm2 ,
which is in agreement with the value for electromigration failure for spin valves.

Figure 3.12: Process scheme for guard-rings in the collector wafer.

In conclusion, the MC and transfer ratio of the SVT do not show to depend fundamentally on the lateral dimension of the SVT, which enables a further miniaturization. Scaling down will, in my view, ultimately be limited by the minimum height necessary for the emitter. The emitter Si used in the experiments
described here have a dotation profile that changes from low doped at the base/
emitter interface to highly doped at the Ohmic contact side. A minimum Si
height of 100nm is needed to incorporate the low doped Si for the depletion area
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(50nm) and the concentration profile from low to high doped Si for the Ohmic
contact (50nm). A 100nm thick Si layer can be reasonably patterned to a 100 by
100nm emitter. Schottky diodes with an area of 0.01µm2 have been shown to
yield high quality barriers [84]. The first step in further scaling down of the SVT
is optimizing the IBE etch process. The next step is to define the base such that
the repair etch can be avoided completely. This prevents unnecessary contact of
the SVT with caustic chemicals. To accomplish this one can use guard rings in
the collector wafer. A guard ring prevents that the edge of the metal becomes a
part of the Schottky barrier and thus edge leakage is no longer observed. Figure
3.12 shows a process that might be used to create guard rings in the collector
wafer prior to the in situ bonding. In this process we start by growing a Si3 N4
layer on a Si substrate. Next, we open windows in Si3 N4 and oxidize the wafer.
Finally, we remove Si3 N4 and polish the wafer prior to the metal bonding.
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Chapter 4

Noise properties of the
spin-valve transistor
Noise is the random fluctuation of output signal inherent to the device that is
used. Noise or better the signal to noise ratio (SNR) determines the resolution of
a certain measurement within a certain time. The higher the signal, compared
to the noise level, the higher the resolution of this device or the faster the device
can be used.
Information about noise of spin-electronic devices is well described in many
publications [85, 86, 87, 88, 89]. However noise studies on the spin-valve transistor had not yet been performed. A collaboration with the group of Prof. W.
de Jonge at the Eindhoven University of Technology allowed us to do a detailed
measurement of the noise properties of the SVT. First an introduction to the relevant noise phenomena will be presented and also the intrinsic noise sources of
other spin-electronic devices will be described. This is followed by a discussion
of the noise sources and noise measurements of the SVT.

4.1

Introduction

Three types of noise are relevant for the following discussion. Thermal noise,
shot noise and 1/f noise. The first two are white noise sources meaning that
they have a constant value independent of frequency. The magnitude of the
latter however, increases with decreasing frequency.
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4.1.1

Noise

Thermal noise

Thermal noise is due to random thermal motion of electrons and is present in
normal resistors. The velocity at which the electrons move randomly is directly
related to temperature (T) and is much higher than the velocity of normal drift
current electrons at room temperature. At T=0K there is no thermally activated
electron movement and therefore no thermal noise. The root mean square (rms)
value of thermal noise voltage can be written as [90, 91]:

v 2 = 4kT R∆f,

(4.1)

Where k is the Boltzmann constant, R is the resistance and ∆f is the bandwidth
of the measurement. Thermal noise is independent of frequency up to the reciprocal of the time it takes for an thermally activated electron to collide (≈
1013 Hz). It therefore has a flat frequency spectrum in any practical situation,
normally called a white spectrum, hence thermal noise is known as white noise.
A voltage spectral density can be defined for thermal noise as SV =4kTR with
unit V2 /Hz. The corresponding current spectral density is SI = (δI/δV)2 SV =
4kT/R in units A2 /Hz [92].

4.1.2

Shot noise

In a Schottky diode electrons cross a barrier independent and at random. The
steady current through the diode is thus a large number of small current pulses
caused by the individual electrons. The root mean square variation around the
average value is:

i2 = 2qI∆f.

(4.2)

where q is the electronic charge and I is the total average current. The above
equation is also frequency independent, so shot noise is another white noise
source and a current spectral density can be defined as: SI = 2qI with unit
A2 /Hz. Moreover shot noise is temperature independent. The above equation
is valid for frequencies up to the inverse of the transit times of electrons through
the Schottky barrier (1015 Hz) [90].
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1/f noise

While 1/f noise is present in many systems, the origin is not always known. The
current spectral density of the 1/f noise can be represented by the phenomenological Hooge relation [91, 85]:

SI (f, H) =

αh (H) 2
I .
Nfγ

(4.3)

The exponent γ is close to one, hence the name 1/f noise. N is the number
of charge carriers in the sample and αh is the dimensionless Hooge parameter.
The spectrum SI (f) varies with 1/f over a large frequency range. 1/f noise is
only present when a direct current is flowing. In Schottky diodes 1/f noise is
associated with a two step tunneling process [91]. Here an electron tunnels from
the conduction band to a trap state and from the trap state to the metal.
In magnetic tunnel junctions 1/f noise is also associated with trap states in the
barrier and it depends sensitively on the quality of the ferromagnet-Al interface
[86]. αh can be used to compare intrinsic noise levels between different devices
[85]. In a tunnel junction α/N in equation 4.3 must be replaced by β since N does
not have a meaning inside the tunnel barrier [92]. β can be used to parameterize
the 1/f noise e.g. 1/f noise versus junction dimensions or magnetic field.

4.1.4

Barkhausen noise

Barkhausen noise is caused by random jumps in the magnetization during the
switching of a magnetic film [42]. Normally caused by a sudden movement of a
domain wall. The output signal of a magnetic sensor depends on the magnetization of one or more magnetic films, thus the Barkhausen noise is also present
in the output signal of the sensor. Barkhausen noise can be eliminated by using
single domain elements or by removing the multi domain parts from the sensing
part.

4.2

Noise in spin valves and tunnel junctions

A spin valve is a resistive device and hence a background of thermal noise (SV =
4kT R) is to be expected. 1/f noise is also present in spin valve devices. The
parameter γ in equation 4.3 was found to range between 0.85 and 1.2, up to a
current density of 5 · 1010 A/m2 in [85]. Moreover, the 1/f noise was found to

42

Noise

increase by a factor of 40 in the most sensitive part of the sensor. Figure 4.1
shows a frequency measurement of a spin-valve film, clearly visible are the 1/f
and the thermal noise contributions.

Figure 4.1: Noise spectrum of a spin valve. Sense current density is
1.4·1010 A/m2 . Thermal noise and 1/f noise are indicated by dashed lines.
Taken from [85].

Tunnel junctions are not pure resistive devices, rather a barrier is introduced.
The current spectral density of the white noise contribution is [45, 92, 93]:

SI = 2qI coth

³ qV ´
.
kT

(4.4)

Here V is the DC-bias of the tunnel junction and I is the tunnel current. At zero
bias the noise is equivalent to thermal noise and at bias voltages much higher
than kT/q, the noise becomes equivalent to shot noise. Figure 4.2 shows the
white noise current spectral density versus tunnel current. The data follows the
noise calculated with equation 4.4 well.
1/f noise is also measured in tunnel barriers. For magnetic tunnel junctions,
a difference in 1/f noise (less than a factor of 2) between the parallel and antiparallel state is found. Also an increase in the 1/f noise is shown at the switching
fields of the magnetic tunnel junction. The latter two effects are shown in figure
4.3. An optimal SNR for an magnetic tunnel junction can be found by taking
into account that both the output signal and the 1/f noise scale with I. Shot
noise scales with the square root of I and the relative TMR decreases with I.
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Figure 4.2: White noise current spectral density versus tunnel current of
a 100 by 50µm tunnel junction. Noise equal to shot noise is seen when
|I| > 10µA and noise equal to thermal noise is seen when I = 0. Courtesy
of TU/e [92].

Figure 4.3: Top: 1/f noise (β ) versus magnetic field of a tunnel junction.
Note the increase in 1/f noise in the anti-parallel state and at the switching
fields. Bottom: corresponding junction voltage. Courtesy of TU/e [92].

4.3 Noise in the spin-valve transistor
Insight in the noise source of the SVT is needed if one wants to discuss it’s SNR.
The noise spectra of the SVT have been measured in a collaboration with the
group of Prof. W. de Jonge at the Eindhoven University of Technology. These
measurements allowed us to characterize the noise sources of the SVT.
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Noise

Experimental details

The noise spectra of three types of hot-electron transistors are measured. The
first type is a metal base transistor with a Pt (40Å)/Au (40Å) base. The relatively large collector current of this type of transistor allowed us to measure
its noise spectrum up to 100kHz. It also served as a test sample where due to
the lack of magnetic layers in the base the noise can not have a magnetic origin. The second transistor is an anisotropic magneto transistor (AMT) with a Pt
(20Å)/NiFe (50Å)/Au (40Å) base layer. This transistor can tell if the inclusion
of one magnetic layer has an influence on the noise character of the hot electron
transistors. The last sample in this series of measurement is a spin-valve transistor with a Pt (20Å)/NiFe (30Å)/Au (35Å)/Co (30Å)/Au (40Å) base layer. This
transistor is used to see if the noise behaviour changes with the relative orientation of the two magnetic layers. All transistors have the same dimensions of
350µm by 350µm for the emitter area and 350µm by 700µm for the base area.
The spectrum of both the AMT and the SVT were measured up to 1kHz. The
measurements where performed in a mu-metal shielded setup. The Helmholtz
coil, the battery-operated low-noise trans-impedance amplifier (SR570) and the
battery pack that supplied the emitter current where all inside the mu-metal
box. The output of the low-noise trans-impedance amplifier was connected to
a HP3562A dynamic signal analyzer. A typical spectrum of the SVT and the
trans-impedance amplifier is shown in figure 4.4.

Figure 4.4: Typical noise spectrum of a SVT (Si/Pt/NiFe/Au/Co/Au/Si)
and trans-impedance amplifier, applied magnetic field is 6 Oe, which is the
switching field of the NiFe layer. The -3dB point is at 2kHz.

The y-axis is the voltage spectral density of the amplifier output. We are of
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course interested in the current spectral density of the collector current. This
can be obtained after correcting for amplifier noise and the gain (V/A) factor
of the trans-impedance amplifier. The -3dB point of the amplifier was set to
2kHz which explains the decrease in noise magnitude for frequencies larger than
1kHz, as observed in figure 4.4.

4.3.2

Experimental results
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The spectra of the three types of transistors have been measured. The flat part
from 10 to 100kHz was used to calculate the SI for the MBT and the flat part from
10 to 1KHz was used for both the AMT and the SVT. The SVT was measured
with the spin valve in its parallel state. The collector current was varied by
adjusting the emitter current from 1 to 20mA and the collector-base diode was
zero biased. The white noise level is plotted versus the collector current in figure
4.5.

10

Si / Pt / Au / Si
Si / Pt / NiFe / Au / Si
Si / Pt / NiFe / Au / Co / Au / Si
calculated shot noise 2q IC
-8

10

-7

10

-6

10

-5

10

-4

current spectral density (A /Hz)

collector current (A)
2x10

-26

2

measured density
noise in SVT versus IC for transistors with
Figure 4.5: Noise current spectral
calculated shot noise 2q I
three different base structures: Pt/NiFe/Au/Co/Au (open squares),
Pt/NiFe/Au (filled circles), Pt/Au(open circles). The solid line represents
calculated shot noise -26
in the collector current.
C

1x10

This measurement can well be described by assuming shot noise in the collector
current as the main noise source of the SVT. The current spectral density of the
SVT can then be calculated as SI =2qIC . A continuous line calculated with 2qIC
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with the assumption of shot noise in the collector current. The inclusion of one
or more magnetic layers reduces the collector current but it does not add noise
of magnetic origin on top of the shot noise.
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The noise spectra of the SVT have also been measured in a quasi-static magnetic
field. The field dependence of SI is shown in figure 4.6. The emitter current was
fixed at 5.65mA and the collector-base diode was zero biased. A line showing
calculated shot noise based on a measured IC is also included. Again an excellent agreement is shown between the measured noise and the calculated shot
noise in the collector current. The magnitude of the noise is less in the anti-

Figure 4.6: Measured noise (SI ) versus magnetic field of a SVT (open circles), IE is 5.65mA and VCB is 0V. The included solid line represents the
calculated line for shot noise based on a measured value of IC [94]. T=RT.

parallel state than in the parallel state. This is expected with shot noise, because
ICAP is less than ICP . Moreover no additional noise, such as 1/f noise, is observed
not even at the switching fields of the spin-valve. This is clearly shown by the
flat the spectrum from 10 to 1kHz in figure 4.4, which was measured at 6 Oe
which is the switching field of the NiFe layer.

4.3.3 Signal to noise ratio
The noise contribution to the collector current is shown to be shot noise. Using
this, we can calculate the signal to noise ratio;
SN R = 10 log

³P

signal

Pnoise

´
= 20 log

³I

signal

inoise

´
.

(4.5)

Where Psignal and Pnoise are the signal and noise power respectively. The current
(Isignal ) is the absolute collector current change. For the noise current we use the
worst case situation, i.e. shot noise in the maximum collector current ICP . The
corresponding SNR is [94]:
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Figure 4.7: Signal to noise ratio versus IP
C calculated with equation 4.6 in a
1Hz bandwidth for MC is 10, 100 and 1000%. [94]

The calculated SNR versus ICP is shown in figure 4.7 for a 1Hz bandwidth and
various MC. The SNR increases with 15dB if the MC is increased from 10% to
100%, however a change in MC from 100% to 1000% does not increase the SNR
drastically. The SNR is also shown to continuously improve with collector current. We can increase ICP linearly for better SNR with either α or IE (IC =αIE ).
We saw however in chapter 3 that IE has an upper limit set by electromigration
failure of the base. Therefore optimizing α is of utmost importance for device
performance and this will be described in the next chapter.

4.4

Conclusion

All measurements clearly show that the noise in the collector current is completely dominated by shot noise. This is measured in the 10 to 1kHz range, with
emitter currents up to 20mA and dimensions of 350µm by 350µm at RT. The
inclusion of one magnetic layer or spin valve in the base reduces the collector
current and thus the shot noise, but it does not add noise of magnetic origin on
top of the shot noise. The collector current spectral density of the SVT changes
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linearly with IC in a quasi-static magnetic field as expected for shot noise. No
1/f noise has been observed, not even at the switching fields of the spin valve.
It is shown that the SNR continues to increase with larger collector current,
therefore improvement of α is important for device performance.
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Chapter 5

Transfer ratio of the spin-valve
transistor
For any application a large SNR is beneficial, it either provides speed or accuracy. We have seen in the previous chapter that to obtain a large SNR a high
collector current is needed. From the basic relation IC = αIE we see that we
can increase IC by either increasing the emitter current, or the transfer ratio. We
know from chapter 3 however, that the emitter current has an upper limit imposed by electromigration failure of the spin-valve base, therefore the way to
enlarge the collector current is to optimize α. First we will show how the transfer ratio can be increased using only the non-magnetic base layers with the aid of
metal base transistors. The result from this study is used to increase the transfer
ratio of spin-valve transistors without affecting the magnetocurrent. Moreover
the importance of structural quality of the SVT will be showed as well as how
the magnetic layers can be optimized for maximum collector current change.

5.1

Metal base transistors

Metal base transistors (MBTs) are used in this chapter to study how the transfer
ratio depends on the choice of the non-magnetic layers. MBTs have been chosen
since they are equivalent to SVTs except the spin valve has been omitted from
the base. This makes their results more easy to be interpreted than comparable
data obtained with SVTs. Literature on MBTs is relatively scarce, this is because
of its poor qualities as an amplifier compared to high quality modern bipolar
transistors and field effect transistors. Hence their use is currently limited to
study hot electron transfer through metals. In the spin-valve transistor we do
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not necessarily seek current gain, since applications such as MRAM, read heads
and magnetic field sensors do no require a SVT with current gain. However,
we exploit the exponential dependence of the hot electron transfer on the spindependent attenuation lengths. The latter results in a large magnetic modulation
of the collector current.

5.1.1

Metal base transistors from literature

The most famous metal base transistors are probably made by Sze and Crowell
in the 60’s. Their results and a comprehensive work on metal base transistors
can be found in [67]. This work includes the hot electron attenuation lengths of
several metals at 1eV. Other groups have also made MBTs over the years, but
all transistors suffered from relatively low transfer ratios. Results of structures
close to the transistors made in this thesis are listed in table 5.1. The table also
includes the material of the semiconductors, emitter and collector barrier height
(Φe and Φc ) and their fabrication technique.
Emitter
Si
Si
a-Si:H
GaAs

Φe
0.80eV
0.69eV
1.10eV

Base
10nm Au
7nm CoSi2
10nm Pt
10nm Au

Collector
Si
Si
a-Si:H
Si

Φc
0.78eV
0.63eV

α
0.31
0.15
1 · 10−4
2 · 10−3

fabrication
Point contact
SPE and MBE at 650◦ C
Glow discharge
Bonding

ref.
[95]
[96]
[97]
[65]

Table 5.1: properties of metal base transistors from literature, SPE is solid
phase epitaxy and MBE is molecular beam epitaxy.

5.1.2 Experimental results of metal base transistors
We first study the characteristics of metal base transistors, to observe what the
role is, of the non-magnetic layers in the base on the transfer ratio. MBTs have
been made, using the same fabrication process as used for SVTs. The results of
MBTs with a single metal in the base (Si/Au (60Å)/Si and Si/Pt (60Å)/Si) are
shown in table 5.2. The transfer ratio of the Au transistor is more than an order
of magnitude higher than the transfer of the Pt transistor. Note that the observed
difference in Schottky barrier height between emitter and collector (∆Φb = Φe −
Φc ) is caused by the difference in processing of the emitter and collector (Wet
chemical etch for the emitter and IBE for the collector.) To investigate the role
of this barrier height difference, one needs to be able to reliably create a barrier
difference.

The spin-valve transistor and the magnetic tunnel transistor

Φe
0.83eV
0.86eV

n
1.04
1.12

base
60Å Au
60Å Pt

Φc
0.81eV
0.85eV

n
1.00
1.07

∆Φ
0.023eV
0.014eV
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α
7.2 · 10−3
1.2 · 10−4

Table 5.2: results of metal base transistor with single metal base.

To obtain a larger difference in Φe and Φc one could choose to use different semiconductors, for the emitter and collector substrate, or use two different metals
for the semiconductor/metal interfaces. In this thesis we use only Si technology,
so we are free to choose the metals of the Schottky contacts. Thus to create a
barrier difference one need two different metals in the base for the emitter and
collector Schottky diode. Therefore transistors with a Si/NME /NMC /Si structure have been made. Here NME is a normal non-magnetic metal layer that is of
a different material as the NMC layer (see also figure 5.1 for a schematic energy
diagram.) We have systematically changed the Schottky barrier metal in two
series of SVTs. In the first series, denoted as Pt series, NME is Pt and NMC is
either Pt, Au or Cu. In the second series, denoted as Au series, NME is Au and
NMC is either Au or Cu. Note that the growth started with the NME layer and
the in situ metal bond was performed in the NMC layer.

Figure 5.1: Schematic energy diagram of a MBT with a double metal base.
The barrier height difference is the difference in Schottky barrier height
between emitter and collector. The growth of the metal base is started with
the NME layer and the bond is made in the NMC layer.

The results of the MBTs are summarized in figure 5.2, here the thickness of the
NME and the NMC layer of the MBT with two metals are 40Å each. The results
of the single metal base transistors have also been included, here the total base
thickness is 60Å. The data is grouped in two series, one that started with Au as
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the NME layer and the other started with Pt.
Note, that both series show the trend that an increased barrier height difference
corresponds to a larger transfer ratio. This is unexpected since the total base
thickness of the double metal base is thicker and an extra metal/metal interface
is introduced in the base as compared to the single metal base. Thus the loss in
transfer due to this additional interface and the overall thicker base is compensated by the enhancement in transfer ratio with larger ∆ΦB .

Figure 5.2: The results of single metal and double metal base transistors
versus barrier height difference at RT. NME was Au for the Au series and
Pt for the Pt series. Dashed line is a guide to the eye.

This enhancement is due to the larger number of states available in the collector semiconductor. For electrons that are injected at an energy just above the
collector barrier (small ∆ΦB ) the density of states in the conduction band of the
collector is small and only few electrons can enter the semiconductor. When
the energy of the injected electrons becomes larger (large ∆ΦB ), the density of
states increases and more electrons can be collected. This is also seen in ballisticelectron-emission-microscope (BEEM) experiments [61], as well as in transistors
with a tunnel barrier emitter [98], see also the experiments in Chapter 6.
Besides the increase in transfer ratio with ∆ΦB , we also observe that the transfer
ratio is larger for the Au series than for the Pt series. The difference can be
explained by the shorter hot-electron attenuation length of Pt as compared to
Au. BEEM studies yield an attenuation length (λ) of about 200Å for Au [99].
Although no data is available for metallic Pt, a λ of about 40Å is obtained in a
BEEM study on PtSi [100]. Since the transfer ratio depends exponentially on the
reciprocal of the attenuation length, (α ∝ exp(−t/λ) where t is layer thickness)

The spin-valve transistor and the magnetic tunnel transistor

53

[30], one expects a larger transfer ratio for the Au series than for the Pt series at
comparable ∆ΦB .
The largest transfer ratio of 3% is found for a Si/Au (40Å)/Cu (40Å)/Si MBT.
Care has to be taken that in a practical transistor one can not simply change the
∆ΦB by changing materials but related issues such as growth, silicide formation,
interfaces and the quality of the metal bond might also change when different
materials are used.
5.1.2.1

The metal bond

From transmission electron microscopy (TEM) studies we know that the quality
of the bond interface depends on the materials used. See figure 5.3 which shows
TEM images of a metal bond in Au and Co. Note the near absence of a bond interface in the gold bond, whereas the Co bond clearly shows a interface halfway
the Co layer, which is where we would expect the metal bond.

Figure 5.3: HR-TEM image of a bonded Si/100Å Au/Si structure (left) and
a Si/100Å Co/Si structure (right). Note the near absence of a bond interface for the Au layer whereas a clear interface is shown for the Co interface.

It can thus be expected that a bad quality bond interface results in more scattering and thus a lower transfer ratio is observed compared to a high quality bond
interface, such as Au//Au.
5.1.2.2

The influence of Si crystal orientation on the transfer ratio

In Chapter 2 we stated that only electrons with a momentum that fits within
the acceptance cone are collected. If a Si(100) substrate would be used for the
collector instead of a Si(111) substrate, then electrons with a different momentum will be collected. Si(100) substrates accepts electrons with a momentum
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emitter
Si(100)
SOI(100)
SOI(100)

Φe
0.91eV
0.85eV
0.88eV

n
1.01
1.07
1.02

base
40Å Pt/40Å Au
40Å Pt/40Å Au
40Å Pt/40Å Au

collector
Si(111)
Si(111)
Si(100)

Φc
0.80eV
0.76eV
0.77eV

n
1.20
1.20
1.15

α
8.5 · 10−4
8.0 · 10−4
8.2 · 10−4

Table 5.3: results of crystal orientation.

along the normal of the metal/Si interface. Whereas for Si(111) there are only
states available for electrons arriving under an angle. In Chapter 3 a process has
been described that changed the n-type epitaxial Si(100) emitter substrate to a
SOI(100) wafer and the Si(111) collector substrate to a Si(100) wafer. Three types
of transistors have been made to show the influence of these substrates on the
transfer ratio. MBTs were chosen for this purpose since their simple base structure allowed a straightforward characterization. The results are summarized in
table 5.3.
A difference between a SOI(100) emitter and Si(100) emitter was not expected
and also not observed. Also, more surprisingly, no difference was observed
when the collector wafer was changed from Si(111) to Si(100). This implies that
there is either no momentum conservation at the collector barrier or the distribution of electrons in momentum space is completely uniform at the collector
interface.
BEEM studies on the collection of Au/Si(100) and Au/Si(111) interfaces show
conflicting results. In [101] a difference in collection is predicted, but experiments showed similar BEEM spectra. Experiments in [102] show momentum
conservation across a non-epitaxial Au/Si(111) interface for thick Au layers at
77K. However for thin Au layers and also at room temperature there is sufficient randomization of the momentum of the injected electrons, either by diffusive scattering at the Au surface or by electron-phonon scattering, such that no
difference in BEEM spectra was observed.
5.1.2.3

Thermal effects of the transfer ratio in MBTs

If the transfer ratio is measured as function of temperature one would expect
a decrease in transfer ratio when the temperature rises, since electron-phonon
scattering in the base increases with temperature. The temperature dependence
of the transfer ratio is shown in figure 5.4. Here we plotted the normalized transfer ratio of two metal base transistors (Si/Au/Si and Si/Pt/Cu/Si). The transfer
ratio of the Si/Au/Si shows a much larger temperature dependence compared
to the Si/Pt/Cu/Si transistor. Moreover the transfer ratio increases with temper-
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ature, this is in contradiction with the expected increase in electron-phonon scattering. So the dominant effect is not related to temperature dependent scattering
effects in the base, but rather to the distribution of Schottky barrier heights.

Figure 5.4: Normalized transfer ratio of two metal base transistors versus
temperature at VCB = 0 and IE = 2mA.

The diode measurement always yields an average value for the Schottky barrier height. In reality there is a distribution of barrier heights across the diode
area. It is even possible that in some regions the emitter barrier is lower than
the collector barrier. Without any temperature effect this area would always
inject electrons with an energy below the collector barrier. The energy of the injected electrons show however a thermal distribution of about 4kT wide with an
lower cutoff determined by the Schottky barrier and a tail extending into higher
energies. This means that at higher T more electrons are injected at an energy
above the local emitter barrier and more electrons have the energy to overcome
the collector barrier. This effect on the transfer ratio should thus be more pronounced for transistors with a small barrier height difference, since more parts
of the emitter inject below the collector barrier at low temperature. This is clearly
shown in figure 5.4.

5.2

Spin-valve transistors

Since the SVT is no different from the MBT except for the incorporation of a spin
valve in its base layer, one would expect the same dependencies of the transfer ratio on the non-magnetic layers. Therefore, an increase in transfer ratio is
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Φe
0.88eV
0.88eV
0.87eV
0.81eV
0.82eV

base
Pt/s.v/Pt
Pt/s.v./Au
Pt/s.v./Cu
Au/s.v./Au
Au/s.v./Cu

Φc
0.86eV
0.83eV
0.61eV
0.80eV
0.69eV

∆ΦB
0.02eV
0.05eV
0.26eV
0.01eV
0.13eV

α
1.0 · 10−6
7.4 · 10−6
106 · 10−6
9.5 · 10−6
118 · 10−6

MC
213%
260%
218%
204%
230%

Table 5.4: Results of SVTs with different Schottky barrier materials. s.v.
denotes a NiFe/Au/Co spin valve.

expected for larger ∆ΦB and also an increase is expected when one replaces Pt
with Au. In the SVT however, we want to increase the transfer ratio without
loss of magnetocurrent. A similar set of transistors, now with a Si(100) /NME
/Ni82 Fe18 /Au /Co /NMC /Si(100) structure, have been made to see the dependence of the SVT properties (α and MC) on the choice of non-magnetic layers.

5.2.1 Non-magnetic base layers
5.2.1.1 Schottky barrier heights of SVTs
We have systematically changed the Schottky barrier metal in two series of SVTs.
In the first series, denoted as Pt series, NME is Pt and NMC is either Pt, Au or
Cu. In the second series, denoted as Au series, NME is Au and NMC is either
Au or Cu. The results have been summarized in table 5.4.
In fig. 5.5 we show the parallel collector current versus Schottky barrier height
difference of the same two series.
Also for the SVTs an increase in transfer ratio is seen when ∆ΦB is larger for
both the Au and Pt series. Equally, the Pt series has a lower α than the Au series
at comparable Schottky barrier difference, as expected from the MBT studies.
While the transfer ratio improved a factor of 118 from the Pt/NiFe/Au/Co/Pt
base to the Au/NiFe/Au/Co/Cu base, the variation in MC is small and nonsystematic (see table 5.4). This implies that the relatively small changes in the
energy of the injected electrons have no large impact on the spin-dependent
attenuation processes. Also the changes of the collector barrier height enhances
the collection of both the spin up and spin down electrons equally. We can thus
enhance the transfer ratio without affecting the magnetocurrent.
The maximum transfer ratio, so far, α = 1.2·10−4 was obtained with a Si/Au
(20Å)/NiFe (30Å)/Au (70Å)/Co (30Å)/Cu (40Å)/Si SVT and the corresponding
MC was 230% (See fig. 5.6).
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Figure 5.5: Collector current for five types of SVT versus barrier height
difference. IE = 2mA and s.v. denotes a NiFe/Au/Co spin valve. Dashed
line is a guide to the eye.

Figure 5.6: Collector current versus magnetic field of a Si/20Å Au/30Å
NiFe/70Å Au/30Å Co/40Å Cu/Si transistor, IE = 2mA and T=290K.

In our lab we used the layers NME and NMC to enlarge the barrier height difference. An alternative is to change one of the Si substrates to, for example,
a GaAs substrate. At IMEC (Leuven, Belgium) transistors have been made in
collaboration with MESA+ using GaAs technology. A GaAs/Si hybrid structure Si(100)/30Å Pt/30Å NiFe/43Å Au/30Å Co/40Å Au/(GaAs/AlAs) was
used to make SVTs [103, 65]. The GaAs/AlAs Emitter is used to inject electrons into the base at an energy of 1.2eV. The structures have been grown in
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the same UHV system and started on similar Si substrates as the Si SVTs in this
thesis, so the base layer is virtually the same as the Pt/NiFe/Au/Co/Au transistors. A 10 times larger transfer ratio (6.4 · 10−5 instead of 7.4 · 10−6 for a
Si/Pt/NiFe/Au/Co/Au/Si SVT) is observed. Why the measured MC is only
90% for the GaAs/Si SVT remains a question. It might also be feasible to make
transistors with a SiC/Si hybrid structure, since a SiC/Au Schottky diode features a Schottky barrier of 1.2eV [104]. Another option is to use a tunnel barrier
at the emitter side. This not only allows one to further enlarge the energy of the
injected electrons, but also opens up the possibility to remove layers from the
base if a ferromagnetic emitter electrode is used (See chapter 6).
5.2.1.2

Structural changes of the spin-valve base

Note that, as said before, by changing the Schottky barrier materials NME and
NMC one may introduce changes in the structural properties of the SVT. The
structure of a SVT is shown with a transmission electron microscope image in
figure 5.7.

Figure 5.7: HR-TEM image of a Si(100)/Pt/NiFe/Au/Co/Au/Si(100)
structure. Top, detailed image that shows the Co grains, the bond interface and the inclusions on the Pt/Si interface. Bottom, 250nm overview.

From this image we can see that the bond interface is visible, grains are present
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in the Co layer, possibly some intermixing between the different layers and
maybe some silicide formation at the Pt/Si interface is present. One might expect an enhancement in α if the growth conditions can be optimized and thus
improving the structural properties. With respect to the layer NME we have
specifically examined the influence of this layer on the transfer ratio. A series of SVTs have been made in which the Pt thickness (x) of a Si(100)/Pt (x)
/NiFe (35Å)/Au (40Å)/Co (35Å)/Au (40Å)/Si(111) was systematically varied
from 20 to 60Å. One would expect an exponential decay with layer thickness
(α ∝ exp(−x/λ)). Surprisingly, however, an initial increase in transfer ratio with
Pt layer thickness was reproducibly obtained (see fig. 5.8). This is attributed to a
structural change of the SVT with Pt thickness.

Figure 5.8: IP
C of a Si(100)/Pt (x)/NiFe (30 Å)/Au (40 Å) /Co (30 Å) /Au
(40 Å)/Si(100) transistor where x is varied from 20 to 60 Å, T=100K [105,
106].

The optimum Pt thickness for this type of spin-valve base structure is thus 30Å.

5.2.2

Magnetic base layers

The interface and volume attenuation of hot electrons in NiFe and Co have been
studied. Several series of SVTs were especially prepared for this purpose. The
series with a Pt(30Å)/ NiFe(x) / Au (44Å) / Co(30 Å) / Au (40Å) base in which
x is varied from 0 to 100Å is repeated here (Fig. 5.9).
The left panel shows the IPC and IAP
C versus NiFe thickness at 100K and the
right panel shows the corresponding MC. Two lines indicating spin-dependent
volume scattering only (solid) and spin-dependent interface scattering only
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AP
Figure 5.9: IP
C and IC (left panel, labels P and AP) and MC (right panel)
at 100K, the NiFe thickness ranges from 0 to 100Å and the Co layer is kept
at 30Å. Solid and dashed lines, represent the extreme cases with only spindependent volume scattering or only spin-dependent interface scattering,
respectively [59].

(dashed) have also been included. Clearly the spin-dependent behavior of the
data is best described with the solid line describing spin-dependent volume scattering. From the exponential decay of IPC with NiFe thickness we deduce a volume attenuation length for majority hot spins of NiFe (λ↑N iF e ) as 43±3Å. The
attenuation length for minority hot electrons follows from the MC dependence
on thickness (λ↓N iF e =10±2Å) [59]. Furthermore we can quantify the attenuation
of an interface by comparing the IC data from the device with zero NiFe thickness and the value obtained by extrapolating the IC value to zero NiFe thickness. The difference (169nA and 78nA, a factor 2.2) is the interface attenuation
factor or more precisely the replacement of a single Pt/Au interface by two new
Pt/NiFe and NiFe/Au interfaces. The interfacial attenuation can be attributed
to a combination of the mismatch between the electronic states at both sides of
the interface and due to the interface disorder and defects.
Obviously, reducing the magnetic layer thickness increases α. However, it simultaneously reduces the MC as is seen in fig. 5.9. From an application point
of view, one is interested in a large absolute collector current swing (∆IC ), since
this implies not only a large SNR but also simplifies additional electronics. An
optimum between transfer ratio and MC that yields the maximum ∆IC should
thus be found. For this we write the IPC and IAP
C as;
M
m
ICP ∝ TNMiF e TCo
+ TNmiF e TCo
,

(5.1)
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ICAP ∝ TNMiF e TCo
+ TNmiF e TCo
.
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(5.2)

m
Where TM
f m and Tf m are the transmission of majority (M) and minority (m) spin
hot electrons, given by;

TfMm = exp(−tf m /λM
f m ),

(5.3)

Tfmm = exp(−tf m /λm
f m ).

(5.4)

This formula includes only spin-dependent bulk scattering, where tf m is the
thickness for NiFe or Co. The absolute collector current swing can thus be described as;

M
m
∆IC = ICP − ICAP ∝ (TNMiF e − TNmiF e )(TCo
− TCo
).

(5.5)

The data of figure 5.9 is repeated in figure 5.10, only this time the absolute current change (∆IC ) is shown. The expected optimum is shown and this is well
described by the solid line based on equation 5.5.

AP
Figure 5.10: Absolute current change (IP
C -IC ) versus NiFe thickness.
Maximum for 19Å NiFe, MC at maximum is 200%.

M and
We can calculate the optimum magnetic layer thickness topt
f m when the λ
m
λ are know using;
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³
´
ln λM /λm

³
´
topt
fm =
1/λm − 1/λM

(5.6)

The optimum thickness for NiFe at 100K is 19Å and the corresponding MC is
m
200% by a Co thickness of 30Å (using 21Å and 8Å for λM
Co and λCo respectively,
as determined by Rippard and Buhrman [107]). Note that in this series the ICP
shows the normal exponential decay with NiFe thickness, so the optimum in
∆IC is not caused by structural changes as in fig. 5.8.

5.2.3

Thermal effects on the transfer ratio

We found that the increase in transfer ratio with temperature is an intrinsic property of MBTs (section 5.1.2.3), so it should also be present in SVTs. However,
when the collector current of the SVT is measured as function of temperature
another thermal effect is found, see figure 5.11 [108]. From T=100 to 200K the
previously explained effect is still dominant but from 200K onwards thermal
spin wave scattering becomes dominant. A spin wave or magnon is the collective precession of the magnetic atom spin around the net magnetization vector.
When a majority electron interacts with a spin wave the spin wave is absorbed
and the spin of the electron is flipped. The same is true for minority spins except
that now a spin wave is emitted. The interaction with thermal spin waves mixes
the two spin channels but does not change the energy of the electron enough
to prevent collection (I) . Hereby effectively reducing the magnetocurrent with
temperature.
The amount of thermal spin wave mixing is larger for thicker magnetic layers
and for ferromagnetic materials with a lower Curie temperature. Although the
effect described in section 5.1.2.3 and the effect described here play a role in the
temperature dependence, the overall temperature dependence is weak. This is
also illustrated by the scaled CIP-MR temperature dependence measurement of
the same spin valve as used for the SVT base, which shows a larger variation in
the same temperature range. The maximum collector current with temperature
depends thus on the difference between Schottky barrier height, and also the
thickness and Curie temperature of the magnetic layers.
(I)

The interaction does however change the electrons momentum and this might prevent collection. A thermal spin wave attenuation length (λT SW (T )) of 130±20Å and 270±40Å at RT, was
obtained for hot-electrons in NiFe and Co, respectively [59].
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Figure 5.11: (Left) Collector current in parallel and anti-parallel state versus temperature. (Right) MC versus temperature a CIP-MR measurement
is also shown for comparison. [108]

5.3 Conclusion
The hot-electron transfer-ratio increased by a factor of 118 when a
Pt/NiFe/Au/Co/Pt base is replaced by an Au/NiFe/Au/Co/Cu base layer,
while the magnetocurrent remained above 200%. The first route to increase the
transfer ratio is by changing the non-magnetic Schottky barrier materials. The
difference in Schottky barrier height between emitter and collector depends on
these materials. The transfer ratio is found to increase when the Schottky barrier difference is enlarged, this is due to the larger amount of states available
for electrons when they arrive at the collector with a higher energy. An increase
in transfer ratio with constant ∆ΦB is found when one replaces the Pt layer by
Au. From the experimental data we see that the MC remains constant above
200% independent of the choice of emitter and collector Schottky barrier material, indicating that small changes in energy do not have a large influence on
the spin-dependent scattering events and the transfer can be increased without
compromising the magnetocurrent. The influence of the structural quality of
the SVT on the transfer ratio was evidenced by the optimum in collector current
versus Pt layer thickness. A trade off between transfer ratio and MC yields a
maximum in ∆IC at a given magnetic layer thickness. Temperature dependent
measurements show that the transfer ratio and magnetocurrent are only weakly
dependent on temperature. The dependence is governed by the spatial distribution of the Schottky barrier height and the thermal spin-wave scattering. The
latter is dominant at room temperature. The influence of crystal orientation on
the collection characteristics was found to be negligible. The best result for SVTs
so far is found for a Au (20Å)/NiFe (30Å)/Au (70Å)/Co (30Å)/Cu (40Å) base,
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which showed a transfer of 1.2 · 10−4 and a MC of 230%.
Further improvement of the transfer ratio might result from better control over
the structural quality of the complete SVT. Another option is to use a tunnel
barrier at the emitter side. This not only allows one to further enlarge the energy
of the injected electrons, but also opens up the possibility to remove layers from
the base if a ferromagnetic emitter electrode is used, see chapter 6.

The spin-valve transistor and the magnetic tunnel transistor

65

Chapter 6

The magnetic tunnel transistor
6.1

Introduction

The magnetic tunnel transistor (MTT) is another type of hot-electron transistor.
The main difference with the SVT is the use of a tunnel barrier as injector for
hot electrons. While the MTT was proposed by Monsma et al., the first MTTs
were made and patented by Mizushima et al. [30, 31, 109, 110]. The schematic
diagram of two of the structures made by Mizushima et al. are shown in figure
6.1.

Figure 6.1: Schematic energy diagram of Magnetic Tunnel Transistors
made at Toshiba. (a) non polarized electrons are injected from an Al emitter through a Al2 O3 tunnel barrier in a Al/Fe/Au/Fe/Au base. (b) spinpolarized electrons are injected from a Fe emitter into an Al/Fe/Au base,
taken from [109]. V is the tunnel barrier bias and eVb is the Schottky barrier
height.

The energy of the injected electrons is eVE , where VE is the emitter voltage. The
collector current is IC = α(VE )IE + Ileak , where both α and IE are a function of
the emitter voltage. The important difference between the two structures that
are shown is the polarization of the injected current and the number of layers in
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the base. In type (a) non polarized electrons are emitted from an Al top electrode
(the emitter). They are then injected in an Al (45Å)/Fe (15Å)/Au (100Å)/Fe
(10Å)/Au (10Å) base, in which a minimum of two magnetic layers (similar to
the SVT) are required to polarize and analyze the injected hot electrons. The
thickness of the two iron layers are dissimilar so that a difference in coercive
field is obtained and the base becomes a hard-soft spin valve. Type (b) uses
a Fe emitter and thus spin polarized electrons are injected in the Al (10Å)/Fe
(15Å)/Au (15Å) base. Only one magnetic layer is necessary in the base and in
this thesis we will focus on this structure. The working of the MTT of type (b)
can best be explained with figure 6.2.

Figure 6.2: Schematic operation of the type (b) magnetic tunnel transistor.

The top part shows the transistor in the parallel configuration, here most of the
injected electrons enter the base as majority electrons (I) . These electrons have a
low scattering probability and a high collector current is measured. In the antiparallel state most electrons are injected as minority electrons, these have a high
scattering probability and will thus thermalize in the base and constitute to the
(I)

The tunnel polarization (P) is usually positive for typical FM/Al2 O3 interfaces.
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base current. Only the much fewer majority electrons have a high probability to
enter the collector and a low collector current is obtained.
The MTT has some important possible advantages over the SVT, namely:
– Technology
The fabrication technology can be simpler, since no in situ metal bonding
is required.
– Magnetics
The ferromagnetic electrode of the type (b) MTT can be magnetically
pinned by an antiferromagnet or an artificial antiferromagnet.
– Transfer ratio
The transfer ratio could be higher since less layers are needed in the base.
This is especially true for the type (b) MTT where a single magnetic layer
in the base is sufficient.
The energy of the injected electrons is variable and can thus possibly be
higher then the energy of electrons injected by a Schottky barrier.
– Physics
The energy dependence of the magnetotransport properties can be studied, since the energy of the injected electrons can be varied.
The MTT of type (b) can be used to study the spin polarization of the
FM/insulator interface.
In a collaboration with Dr. Stuart Parkin at the IBM Almaden research center in the USA, we were able to make MTTs using in situ shadow mask techniques. The typical MTT had a Si(100)/Co (100Å)/Al2 O3 (Al=18Å)/Co84 Fe16
(100Å)/Ir22 Mn78 (300Å)/Ta (50Å) structure. Here the Co was the free base layer,
CoFe was the emitter electrode pinned by IrMn and Ta served to protect the
IrMn from oxidation.

6.2

Tunnel barrier

The main difference between the SVT and the MTT is the use of a magnetic
tunnel junction (MTJ) as the injector. The basics of the MTJ are briefly discussed
in this paragraph.

6.2.1

Basics

A MTJ consists of two magnetic layers separated by a thin insulator (FM/I/FM)
[18]. Fig. 6.3 shows the schematic energy diagram of a tunnel junction.
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Figure 6.3: Schematic view of tunneling through a barrier. There is a finite probability for an electron to tunnel, since wavefunction Φ1 and Φ2
overlap.

The two electron wave-functions Φ1 and Φ2 are either reflected at the
metal/insulator interface or partially transmitted as an evanescent wave. A finite chance exists for an electron to tunnel from one electrode to the next, since
there is an overlap between the two wave-functions. The tunnel probability becomes larger with bias and a non-linear IV curve is observed (see fig. 6.4). The
IV curve can be fitted to the Simmons/Brinkman [111, 112] tunneling theory to
obtain the effective barrier height and thickness.

Figure 6.4: Non linear IV curve of Co/Al2 O3 /CoFe/IrMn/Ta tunnel junction at T=77K, non linearity indicates tunneling process.
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The tunnel process depends mostly on the density of states (DOS) of the d and
s electrons at the FM/insulator interface [113, 114, 115]. Moreover it is generally assumed that the spin is conserved in the tunneling process and thus the
tunneling process can be viewed as if there are two independent spin channels
participating in the tunnel process (II) .

Figure 6.5: Simplified schematic view of tunneling with magnetic electrodes [117].

Figure 6.5 shows a simplified view of a tunnel process between two ferromagnets. The tunnel process from the left to the right electrode depends on
both the number of available electrons with a certain spin state at the left electrode and the number of available states to tunnel into for this spin at the right
electrode. The tunnel current (It ) can be written as the sum of two separate
spin currents: It = I↑t + I↓t . The ↑ indicates electrons with their spin aligned with
the magnetization of the left electrode. Similarly, the ↓ indicates electrons that
have their spin anti-parallel aligned. The total tunnel current in the parallel state
(Itot,P ) can be described as:
↑
↓
M
m
Itot,P = It,P
+ It,P
∝ δLM δR
+ δLm δR
.

(6.1)

M indicates the fraction of tunnel electrons with their
In this equation δLM and δR
spin aligned with the magnetization of the left and right electrode respectively.
Similarly for the minority electrons (m) that have their spin anti-parallel aligned.
The anti-parallel tunnel current can be described in a similar fashion, here we
reverse the magnetization of the right electrode:

↑
↓
m
M
Itot,AP = It,AP
+ It,AP
∝ δLM δR
+ δLm δR
.
(II)

(6.2)

The spin conservation will vanish rapidly due to spin-flip transitions if the barrier is doped
with magnetic impurities [116].
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The tunnel magnetoresistance (TMR) is defined as:

TMR =

Itot,P − Itot,AP
Itot,AP

(6.3)

Julliere [14] showed a simple relation between the TMR and the polarization (P)
which is generally written as:
TMR =

∆R
2PL PR
=
.
RP
1 − PL PR

(6.4)

The tunnel spin polarization PL is defined as:

PL =

δLM − δLm
,
δLM + δLm

(6.5)

and similarly for the right electrode.
The polarization of some FM/insulator combinations have been measured using superconductor/ insulator/ ferromagnet structures [118, 119]. The polarization of Co, Ni81 Fe19 and Co84 Fe16 was found to be 42, 45 and 52% respectively [120]. Using these values for a Co/Al2 O3 /Co84 Fe16 junction leads to
the upper limit of the TMR of 55%. A large TMR of 40% was measured for a
Si/Co/Al2 O3 /Co84 Fe16 /IrMn/Ta MTJ at 77K and at a DC-bias of 10mV (fig.
6.6).

6.2.2

Bias dependence

As showed before the conductance of a tunnel barrier becomes higher with bias.
The TMR value however, decreases fast with bias, see figure 6.7 for an example.
The slight asymmetric curve is a common feature for two dissimilar ferromagnetic electrodes [18].
The on-going study on the bias dependence has still not revealed the causes of
this effect [121, 122]. Zhang et al. showed that part of the decrease might be
attributed to magnon excitation at the FM/insulator interface [62].

6.2.3

Magnetics

One important advantage of the MTT structure is the possibility to tailor the
magnetics of the emitter electrode by "pinning" it to an antiferromagnet [123].
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Figure 6.6: Tunnel resistance versus magnetic
Co/AlOx/CoFe/IrMn/Ta MTJ. Bias is 10mV and T=77K.
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Figure 6.7: Left:
Bias dependence of parallel and anti parallel resistance.
Right: Bias dependence of TMR. Junction is a
Si/Co/AlOx/CoFe/IrMn/Ta structure at T=77K

When the coupling between the two layers is successful, which depends closely
on the interface between the two layers, then the ferromagnet is exchange
biased. The magnetization of a Si(100)/Co (100Å)/Al2 O3 (25Å)/Co84 Fe16
(100Å)/Ir22 Mn78 (300Å)/Ta stack was measured using the magneto optical Kerr
effect and is shown in fig. 6.8. Note that the Co layer switches symmetrically
around 0 field, while the hysteresis loop of the pinned Co84 Fe16 layer is shifted
to the right. The obvious advantage of this magnetic stack compared to the
hard-soft system in figure 2.5 is the well defined parallel and anti parallel state.
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Figure 6.8: Kerr intensity versus magnetic field of a Co / Al2 O3 / Co84 Fe16
/ Ir22 Mn78 / Ta junction. The free Co layer switches symmetrically around
0 field, while the hysteresis loop of the pinned layer is shifted to the right.
T=RT.

6.2.4 Junction Breakdown
The energy of the injected electrons in a MTT depends on the DC-bias of the
tunnel barrier. This energy should at least be larger than the collector Schottky barrier (0.8eV for Au/Si Schottky barriers) in order to measure a collector current. A tunnel barrier can however experience dielectric breakdown at
voltages below or near 1V. Oepts et al. [124, 125] has performed breakdown
test on Co/Al2 O3 /Co junctions with a barrier thickness of 2nm. Breakdown of
these junction occurred when the electric field was in the order of 1·109 V/m.
Moreover the lifetime of these junctions were severely shorted when operated
at high voltages (III) . Shimazawa et al. performed breakdown measurement on
Co/AlOx/Co tunnel junctions made by radical oxidation [126]. They found
a breakdown voltage of 0.7 to 1.3V depending on junction area and oxidation
time. The largest breakdown voltage was found for small junctions (2µm by 2
µm) and large oxidation times (14 min). Breakdown of natural oxidized barriers have also been studied [127, 128] and here they found a larger value for the
breakdown voltage for thicker barriers. The overall conclusion has to be that
the breakdown voltage can be increased by using thick barriers, or high quality
defect free barriers.
(III)

About 3hours of lifetime is predicted by both the E and 1/E model if the junction is operated
at 1V and immediate breakdown is observed at 1.2V.
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Emitter characteristic

For the SVT the energy and injection cone of electrons emitted across a Schottky barrier are well defined. The energy distribution is about 4kT wide with an
lower cutoff determined by the Schottky barrier and a tail extending into the
higher energies. The injection cone is well defined in the Si, since the barrier
maximum lies buried in the Si crystal and the injection cone depends on the
acceleration in direction perpendicular to the metal/Si interface and the original velocities in the directions parallel with the metal/Si interface (IV) . For the
tunnel barrier, the injection cone depends, in a first estimation, on the barrier
roughness. This is schematically depicted in fig 6.9. Path a is larger than path b
thus the tunnel probability of path b is higher and electrons are injected under
an angle depending on the roughness of the barrier.

Figure 6.9: Schematic view of a very rough barrier, the tunnel probability
of path a is smaller than path b, thus electrons are also injected under an
angle.

Fowler-Nordheim tunneling occurs when the applied voltage is larger than the
tunnel barrier height (Φ) (More precise qVE > qΦ). Electrons will then tunnel
in the conduction band of the insulator and consequently lose there energy by
inelastic scattering processes. The latter leads to poor hot electron injection, see
for example [67] page 607-613. Since the barrier heights of MTJs are generally
between 2 and 3eV and operating voltages of the MTT are around 1V, FowlerNordheim tunneling is unlikely and direct tunneling as described by [111] is the
likely tunnel process. Since the energy of the injected electrons decays exponentionally from their maximum at qVE , not all injected electrons are injected at
an energy of qVE . Some electrons might be injected below the collector barrier
(IV)

The shape of the cone in the first metal layer in the base depends sensitively on the diffusivity
of the Si/Metal interface [72].
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even though the emitter bias is larger than the Schottky barrier (qVE >qΦc ), see
for example fig 1(c) in [129], this effect reduces the emitter efficiency.

6.3

Preparation

The typical MTT structure used in this thesis is a Si(100)/Co (100 Å)/ Al2 O3 (Al
= 18Å) / Co84 Fe16 (100 Å) / Ir22 Mn78 (300 Å)/ Ta (50 Å). These were made in
an advanced sputter deposition chamber [130], using in situ shadow mask techniques. The 1 inch Si(100) uniformly doped (1-10Ωcm) wafers were cleaned in
an UV/Ozone environment and dipped in an HF solution prior to loading. The
deposition started when the chamber was pumped down below 1·10−8 mBarr. A
Labview programme was used to place one of the 24 loaded Si substrates with
one of the eight possible shadow masks above the correct sputtergun. The following steps were now used to make the tunnel transistor (see fig. 6.10). The
first step is the sputtering of 100Å Co through the holes in mask 1 to make the
base layer and the ohmic contact to the collector. In step 2, 18Å of Al is the sputter deposited over the complete wafer, this layer is subsequently oxidized completely in an oxygen plasma. The next step is the reactive sputtering of the thick
AlOx insulator pads through mask 2. This step is needed to prevent shortcuts
from the emitter electrode to the edge of the base layer. The final top electrode
is a pinned Co84 Fe16 layer, sputtered through mask 3. The pinning is done by
the 300Å thick Ir22 Mn78 antiferromagnetic layer. The last layer is protected from
oxidation by a 50Å Ta layer. The width of the emitter (80µm) is the width of
the top electrode determined by mask 3. The length (150µm) is the distance between the two insulator pads of mask 2. The obtained MTTs are contacted by
ultrasonic wire bonding with aluminium wire. The complete transistor is now
dipped in liquid Nitrogen to obtain the measurements at 77K.

6.4
6.4.1

Results
Tunnel spin polarization

Figure 6.6 showed a junction with a TMR of 40% at 77K . The same junction biased at 900mV shows only a small TMR of 4%. Moreover, at 900mV the injected
electrons have an energy above the Si/Co Schottky barrier and a collector current caused by the transfer of hot electrons across the Co layer can be observed.
This collector current is plotted versus magnetic field in the left graph of fig-

The spin-valve transistor and the magnetic tunnel transistor

75

Figure 6.10: Schematic view of MTT process.

ure 6.11. The free Co layer switches symmetrically around 0 field whereas the
pinned layer does not switch in this magnetic field range. This gives us two well
defined magnetic states (parallel and anti-parallel) and MC is defined equivalent
to the MC of SVTs in equation 2.2.

Figure 6.11: Left: collector current versus magnetic field of a Si(100)/Co /
Al2 O3 / Co84 Fe16 / Ir22 Mn78 / Ta transistor. Right: transfer ratio versus
magnetic field. VE = 900mV, T = 77K, tr = 2.7·10−5 . TMR at 10mV = 40%,
TMR at 900mV = 4%.

In this measurement we keep a constant tunnel barrier bias, hereby ensuring
that the energy of the injected electrons is constant during the measurement.
The junction, however, still has a small TMR of 4% at 900mV, so in the parallel
state the emitter current is slightly higher compared to the anti-parallel state, this
contributes to the MC. This effect is shown when we plot IC /IE versus magnetic
field (right graph of figure 6.11), the relative change is reduced from 129% to
120%.
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The MC of a MTT of type (b) is directly related to the spin-polarization P of the
emitter electrode at a certain bias and temperature. To explain this we write
down the parallel collector current in a similar fashion as the tunnel current in
equation 6.1.
M)

↑
↓
M (−t/λ
ICP = IC,P
+ IC,P
∝ δLM δR
e

m

m (−t/λ )
+ δLm δR
e
.

(6.6)

Here the ↑ indicates electrons that are aligned with the magnetization of the
emitter. δLM and δLm are the fraction of majority and minority electrons of the
M and δ m are the fraction of tunnel electrons of
emitter/insulator interface and δR
R
the insultor/base interface. If we assume an emitter that is magnetically pinned,
then for the anti-parallel case the magnetization of the base will be reversed and
the IAP
C can be written as:
m)

↑
↓
m (−t/λ
ICAP = IC,AP
+ IC,AP
∝ δLM δR
e

M)

M (−t/λ
+ δLm δR
e

.

(6.7)

The tunnel polarization of the emitter/insulator interface is equivalent to equation 6.5:

PL =

δLM − δLm
.
δLM + δLm

(6.8)

For the polarization of the base we have to modify this equation into:
M

PR∗

m

m e(−t/λ )
δ M e(−t/λ ) − δR
= R
.
M e(−t/λM ) + δ m e(−t/λm )
δR
R

(6.9)

The MC can be described in terms of polarization as follows:

MC =

ICP − ICAP
2PL PR∗
=
.
1 − PL PR∗
ICAP

(6.10)

The MC depends thus on both the polarization PL and P∗R . The latter varies with
the thickness (t) of the base. In figure 6.12 we show the thickness variation of the
MC using equations 6.6 and 6.7 to calculate the MC versus Co thickness (t) at a
specific tunnel polarization (Ptun ). For the ferromagnet we used Co with a λM =
21Å and λm = 8Å as measured by [107].
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Figure 6.12: Calculation of MC versus thickness of the magnetic layer of a
MTT and spin polarization of tunnel electrons Ptun =0-50%.
m

M

At 80Åof Co the contribution of e(−t/λ ) is negligible compared to e(−t/λ ) and
M and δ m and thus independent of P . In
P∗R is close to 100% independent of δR
R
R
this special case a simple measurement can reveal the tunnel spin polarization
of the emitter/insulator interface:

PL =

ICP − ICAP
.
ICP + ICAP

(6.11)

Note that it is more correct to use the normalized collector current ICP /IEP and
ICAP /IEAP . Using the latter for the measurement in fig 6.11 leads to a tunnel spin
polarization P of 37.5% for a Co84 Fe16 /Al2 O3 emitter electrode at 900mV bias
and 77K. When we allow for spin mixing and a less than 100% filtering of the
minority electrons by the base, then we conclude that the 37.5% is a lower limit.

6.4.2

Spectroscopy

Another important feature of the MTT is the ability to do spectroscopy. The energy of the injected electrons depends on the emitter voltage (VE ) as eVE . In
figure 6.13 the parallel and anti-parallel collector current are plotted on a logarithmic scale versus emitter voltage.
The hot electron contribution to the collector current is above the detection limit
at 0.73V and increases three orders of magnitude within the next 350mV. In this
measurement not only the energy of the injected electrons change with emitter voltage but also the emitter current, it is therefore more informative to plot
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Figure 6.13: Parallel and anti-parallel collector current versus emitter voltage of a Si(100)/Co / Al2 O3 / Co84 Fe16 / Ir22 Mn78 / Ta transistor, T =
77K

the derived quantities MC and transfer ratio versus emitter voltage. (See figure
6.14).

Figure 6.14: left: magnetocurrent versus emitter voltage, right: transfer
ratio versus emitter voltage of a Si(100)/Co / Al2 O3 / Co84 Fe16 / Ir22 Mn78
/ Ta transistor, T = 77K

The increase in transfer ratio is due to the larger number of states available at
higher energies above the collector Schottky barrier. Thus more electrons can
be collected when they arrive at an higher energy. The energy of the arriving
electrons depends among others on the injection energy, the latter is directly
related to the DC-bias of the tunnel junction. In the SVT we also saw an increase
in transfer ratio due to the larger number of available states at a higher energy
above the collector, when ∆ΦB was enlarged. However, for the SVT the energy
of the injected electrons is fixed by the Schottky barrier of the emitter. Thus to
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inject electrons at different energies, SVTs with different Schottky barriers had
to be made, see chapter 5.
The decrease in MC is harder to explain and a few effects that can be responsible
for this effect will be described. First as was shown before in figure 6.11 the MC
is slightly enhanced by the residual TMR. This TMR decays with emitter voltage and so does its positive effect on the MC. However this is only a very small
effect and cannot explain the observed decrease in MC. Another explanation is
based on the spin dependent angle distribution in the base layer. Here we start
from the assumption that the injected beam of electrons is highly forward directed. The majority electrons remain highly forward directed because of a long
elastic attenuation length whereas the distribution of minority electrons in momentum space will be much broader. These elastic scatter events will alter the
angle distribution but will not decrease the energy of the electron to prevent it
from entering the collector. Let us assume that we are injecting electrons with an
energy just above the collector barrier where the acceptance cone is small, here
mostly the highly forward directed majority electrons are collected and only a
few of the much stronger distributed minority electrons are collected. If we do
the same at a much larger injection energy where the acceptance cone is wide,
then the contribution of the highly forwarded majority electrons remains the
same whereas the contribution from the minority electrons is larger. This effect
will decrease the MC. It might also be possible that the tunnel spin polarization
does indeed decrease with emitter bias because electrons are injected at a different energy in the band structure of the Co electrode for higher DC-bias. Another
possibility might be that the spin dependent attenuation in the base is energy
dependent.
That we did not see a decrease in MC for the SVTs with different barrier heights
can be explained by the relatively small energy changes and the possibly smaller
influence of the elastic attenuation lengths because the angle distribution is already broad for both spin channels due to elastic scattering sites at the many
interfaces.
The for applications important ∆IC is plotted versus emitter voltage in figure
6.15. Here we see that although the magnetocurrent decreases with DC-bias the
∆IC continues to increase in this bias range.

6.4.3

Schottky barrier height

For the MTTs as described above, the collector Schottky barrier was a Si/Co
interface. When electrons are injected below the barrier height they can not con-
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Figure 6.15: Delta collector current change versus Emitter voltage of a
Si(100)/Co / Al2 O3 / Co84 Fe16 / Ir22 Mn78 / Ta transistor, T = 77K

tribute to the collector current. So the emitter voltage at which the collector current is above the detection limit must be related to the Schottky barrier height.
Figure 6.16 shows the transfer ratio versus VE of two tunnel transistors, with
a single 25Å Cu layer or a single 50Å Pd layer in the base. Here the collector
current is above the detection limit at 0.6V and 0.8V for the Cu and Pd base respectively. These values correspond to the values for Si/Cu and Si/Pd Schottky
barriers found in literature.

Figure 6.16: Transfer ratio versus emitter voltage for a tunnel transistor
with a 25Å Cu base and 50Å Pd base, T = 77K.
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Seed layer

In chapter 5.2.1.2 we saw that in the case of Pt an increase in thickness results
in a higher transfer ratio. This was attributed to structural changes in the SVT
with seed layer thickness, and a optimum thickness could be found for a Pt seed
layer. The same effect is seen in MTTs with a Cu seed layer. We made a series
of Si(100)/Cu (xÅ) /Co (100Å)/ Al2 O3 (Al = 18Å)/ Co84 Fe16 (100Å) / Ir22 Mn78
(300Å)/ Ta (50Å) transistors. The Cu thickness x was varied from 0 to 25Å and
the transfer ratio at VE =1V is plotted versus Cu thickness in fig 6.17. Contrary
to the expected exponentional decay with layer thickness an increase in transfer
ratio is shown. It is likely that also in the MTTs the structure changes with buffer
layer thickness and possibly an optimum Cu thickness can be found.

Figure 6.17: Transfer ratio versus Cu thickness for a Si(100)/Cu (xÅ) /Co
/ Al2 O3 / Co84 Fe16 / Ir22 Mn78 / Ta transistor, x = 0-25Å, VE = -1V, T =
77K

6.4.5

Temperature dependence

The first temperature dependent measurement on MTTs is shown in figure 6.18.
The leakage current (Ileak ) increases rapidly with temperature and this obscures
the hot-electron contribution to the collector current. We have therefore chosen
to plot the absolute change in transfer ratio (∆tr = (ICP + Ileak )/IEP − (ICAP +
Ileak )/IEAP ) in a limited temperature range up to T=180K. The leakage current
contribution is only completely cancelled out when IPE equals IAP
E . Although for
this barrier we still find a TMR of 3% at 1V the influence of the leakage current is
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still negligible up to T=180K. The ∆tr decreases with temperature for all emitter
voltages above the Schottky barrier height. The relative decrease in ∆tr with T
becomes larger with emitter voltage (5% at VE = -0.8V and 20% at VE = -1.1V).

P
AP
Figure 6.18: Left: Delta transfer ratio (ICP /IE
− ICAP /IE
) versus VE for T=
100 - 180K. Right: Delta transfer ratio versus T for VE is -0.8 to -1.1V.

The tunnel resistance at 10mV bias is reduced with 5% in this temperature range.
The TMR at 10mV also decreases with temperature from 30% to 28%. The tunnel
resistance has however, no influence on the ∆tr and the T-dependence of the
TMR is negligible at high bias. In the SVT (chapter 5.2.3) we have shown that
thermal spin wave scattering plays a role in the temperature dependence of the
MC of the SVT [108]. If this effect also plays a role in the MTT then it would
mix the majority and minority spin currents and that reduces the ∆tr. Also,
the attenuation lengths are shortened for higher temperatures because of the
temperature dependent electron-phonon scattering and one would thus expect
a lower transfer ratio at higher temperatures. A lower transfer ratio does not
affect the relative change but does lower the absolute transfer ratio change. In
the SVT we saw initially an increase in transfer ratio when the temperature was
raised. This was caused by a thermal broadening of the energy of the injected
electrons in combination with a distribution in Schottky barrier heights. This
was more pronounced for SVTs with a small ∆ΦB , if this effect plays a role in the
MTT it should be stronger for emitter voltages just above the Schottky barrier.
An increase in transfer ratio would make the ∆tr larger. Probably a combination
of the above named effects play a role in the temperature dependence, this could
explain why the relative decrease in ∆tr is lower for emitter voltages just above
the Schottky barrier. A more detailed study over larger a temperature range is
required.
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Conclusions

In the collaboration with Dr. Stuart Parkin we succeeded in making MTTs by
in situ shadow mask techniques. The best results, so far, measured at 77K were
obtained with a Si(100)/Co (100 Å)/ Al2 O3 (Al = 18Å) / Co84 Fe16 (100 Å) /
Ir22 Mn78 (300 Å)/ Ta (50 Å) MTT. The MTJ shows a large TMR of 40% at 10mV
bias and an MC of 129% is obtained when the collector current is measured at
900mV tunnel barrier bias. The largest ∆IC of 3.1nA is measured at 1300mV tunnel barrier, this corresponds to a tr of 2·10−4 and a MC of 71%. The hysteresis
curve of this transistor shows that the pinning of the emitter electrode by IrMn
is a useful technique to obtain two well defined magnetic states. The collector
current versus magnetic field measurements can be used to obtain information
about the tunnel spin polarization of the emitter electrode. This measurement
yields a lower limit for the tunnel spin polarization of FM/insulator combinations at a certain bias in a large temperature range. The MTT can also be used
to do spectroscopy since the energy of the injected electrons can be varied. The
transfer ratio increases with emitter bias, this is explained by the larger number of states available at an higher energy above the collector Schottky barrier.
The MC is shown to decrease with emitter bias, more study is needed to find
the physical phenomena that govern this decrease. A good theoretical model
that describes the energy dependent magnetotransport might be a good tool to
study this phenomena. Regardless of the decrease in MC, the ∆IC continues to
increase with emitter bias. The temperature dependent measurements showed
a decrease in absolute change in transfer ratio with temperature. It is likely that
similar effects as shown in [108] play an important role in the temperature dependent behavior of the MTT, more research is needed to confirm this. The presented MTTs were all measured at 77K, since RT operation with the presently
obtained transfer ratios was obscured by the large contribution of the leakage
current at room temperature. Although we have already achieved a transfer
ratio comparable with the SVT we expect an increase in transfer ratio from for
example changing from sputter deposition to evaporation. The less energetic
process of evaporation might lead to less silicide formation or intermixing [131].
Moreover the placement of an non-magnetic layer between the Si and the ferromagnetic layer should be further optimized to a yield larger transfer ratio and a
lower leakage current. This will yield room temperature operation of MTTs.
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Chapter 7

Discussion, conclusion and
recommendations
In this thesis it was shown that we have greatly improved the device parameters of the spin-valve transistor (SVT) over the last few years. To illustrate
this we have plotted the MC and the absolute current change versus year in
figure 7.1. An increase in MC to over 200% (fig. 7.1 left) was obtained in
1999 by changing from sputter deposition to evaporation and also by using
a hard/soft spin-valve instead of a Co/Cu exchange coupled multilayer in
the base. Since 1999, the MC remained constant while a steady increase in
the collector current change per mA of IE per year was obtained (fig. 7.1
right). Chapter 5 describes the steps involved with this increase. Although
we have performed relatively little research on MTTs, so far, and the device
parameters can not yet compete with the modern SVTs we have however
included this data for completeness. The data was taken at 77K, and the
current change was measured at 1V emitter bias. Note that the collector
current change of the MTT is lower than that of the SVT at present, this is
however expected to change for future devices.
In the previous chapters we have discussed the SVT and MTT individually. In
this chapter we will compare those transistors with each other based on aspects
important for applications. The comparison is extended to a third magnetoresistive device, the MTJ. The MTJ is chosen for this comparison since this is the
closest related device with good application prospects. It will be difficult to
compare the SVT with the MTT, since there is a large difference in research effort between the two devices. It is even more difficult to compare the SVT and
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Figure 7.1: Progress in magneto current (left) and ∆IC (right) over the last
years. Data taken at 290K and IE = 1mA for the SVT and T=77K and VE =
1V for the MTT.

MTT with the much wider researched MTJ. An attempt is however made in this
chapter to compare "imaginative" devices of 100 by 100nm2 . The data on MTJs
is taken from literature and the parameters of the SVT and MTT are taken from
results obtained in this thesis extrapolated to 100 by 100nm2 dimensions. After this discussion the overall conclusions and recommendations for SVTs and
MTTs will be described.

7.1 Discussion
7.1.1 Figure of merit
In order to compare the devices with each other one need to use "figures of
merit" (FOM). A figure of merit is a performance rating that governs the choice
of a device for a particular application or point of view and can be a combination
of different device parameters.
An important figure of merit could be the sensitivity of a device. A huge relative
effect in output current alone is not enough, the device should have a large
relative effect in small magnetic fields. Hence we define the sensitivity (S) of a
device as the relative change per unit magnetic field (%/Oe). A high sensitivity
is needed to measure small magnetic fields.
Devices can also be compared using their signal to noise ratio (SNR), since
this can be the limiting factor for the speed or accuracy of an application. To
calculate the SNR of a device one needs knowledge of the noise sources and
of the absolute current change. The absolute current change depends on the
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emitter current, transfer ratio and MC. In order to get a large SNR one needs
low noise, a large IE , large α and a large MC. A large absolute current change,
besides a large SNR, helps to simplify any additional electronics.
We can combine the above named aspects into one figure of merit, namely, the
SNR per unit magnetic field in dB/Oe. The device with the largest dB/Oe is
from an electrical signal point of view the best choice.

7.1.2

Device aspects

The integratability with very large scale integration (VLSI) technology and also
the scalability to sub-micron dimensions is an important aspect if the transistors
are to be used in future applications such as MRAM or spin dependent logic.
To be integratable with VLSI technology, the device needs to be able to survive
a 400◦ C anneal. The latter is used to cure plasma induced damage during
back-end processing.
Other important device aspects are the operating temperature range and the
robustness of the device (i.e. insensitivity to static discharges and temperature
stability). Finally a time constant τ is defined that is related to the operation
speed of the devices. A low τ indicates high frequency operation ability of the
device.

7.1.3

Magnetocurrent and sensitivity

The MC in the SVT was shown to exceed 300% at RT [108]. Moreover the spindependent scattering that governs the MC was shown to be mostly a bulk effect.
The latter can be used to make the MC close to infinity. Unfortunately the current
transfer of such a device will be extremely low.
In a MTT, with a single magnetic layer in the base, the MC is limited by the tunnel spin polarization of the ferromagnet/insulator interface of the top electrode.
This is an advantage if one wants to measure the spin polarization, see section
6.4.1.
The comparable device parameter for the MTJ is the TMR, in this chapter an
TMR of 40% is assumed at 200mV bias and at RT [132].
The sensitivity depends on the switching fields of the soft/free magnetic layer.
In all three devices similar magnetic layers that switch their magnetization in a
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few Oersted can be used. For the SVT we have achieved an sensitivity above
400%/Oe at RT [108].

7.1.4

Signal to noise ratio

Another important device parameter for comparison is the SNR. The SNR determines the resolution of a device. To compare the SVT, MTT and MTJ in terms of
SNR, we first describe the output signal of the three devices and then the noise
sources.
7.1.4.1

Transfer ratio

The output signal of a SVT is the absolute current change of the collector current. This depends on the transfer ratio, MC and the emitter current. If the SVT
is scaled down to 100 by 100nm2 then we know from chapter 3 that the maximum emitter current is 0.25mA, due to the maximum possible current density
in the base. Schottky diodes of these dimensions have been shown to still show
thermionic behavior [84]. In the SVT we need a base with at least two magnetic
layers separated by a non-magnetic spacer layer, see also fig. 7.2. Using equation
5.6 we can optimize the thickness of the magnetic layers to yield the maximum
absolute current change. In section 5.2.2 the spin-dependent attenuation lengths
for NiFe were determined for hot-electrons with an energy of 0.9eV and a ∆ΦB
of 0.1eV. These values are used together with the values for Co as determined in
[107]. In the same section an attenuation of 0.5 was found for the metal/metal
interfaces. In figure 7.2 all these values are summarized. Two more factors are
shown αe and αc , these can be calculated for a 0.9eV emitter barrier and a 0.8eV
collector barrier and are 0.9 and 0.45 respectively [133, 95].

Figure 7.2: Minimum base requirements for SVT, factors are explained in
the text.
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A transfer ratio of 0.032 is calculated for this for maximum ∆IC optimized SVT.
The MC is just 80% and a ∆IC of 3.5µA is observed for an IE of 0.25mA.
Note that the values for the attenuation of the interfaces can probably be
lowered if the growth is better optimized and/or when different metal/metal
interfaces are used. Also the (spin dependent) attenuation can be lowered for
SVTs with a larger ∆ΦB . Moreover αc will be larger when electrons arrive at
a higher energy. Extra layers are however needed since NiFe and Co do not
yield high quality Schottky barriers. An extra attenuation factor of 0.2 will be
introduced with a layer of gold of 20Å at the emitter side and a layer of 20Å Cu
at the collector side including the two extra metal/metal interfaces.
The MTT optimized for maximum ∆IC with a NiFe base is shown in figure 7.3.
Similar as for the SVT an optimum thickness for NiFe was calculated to be 19Å.

Figure 7.3: Minimum base requirements for MTT, factors are explained in
the text.
M

m

M e(−t/λ ) + δ m δ m e(−t/λ ) ) for
The transfer through the base is now; αb = 2(δLM δR
L R
the parallel state. If αc is chosen similar as for the SVT at 0.45 and we take αe
as 1 together with a tunnel polarization of 52% for the CoFe/Al2 O3 interface as
in [120]. Then a transfer ratio is calculated of 0.23 and the MC is 99%. Let’s assume that the breakdown of the MTT is also governed by the maximum current
density in the base layer. Then the maximum emitter current of a 100 by 100nm2
device is 0.08mA, this is less than the maximum current for the SVT with the
same dimensions since the base layer is thinner. At a typical bias of 0.9V this
means a resistance of the tunnel barrier of 11kΩ. Such a resistance is readily
obtained for a tunnel barrier with a resistance area product of 100 to 1000Ωµm2 .
The absolute current change for this example would be 9.2µA.
Note that the same spin-dependent attenuation lengths for NiFe are used for the
MTT as in the SVT example. This implies that the electrons are injected into the
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base at the same energy as the injected electrons in the SVT, around 0.9eV. Thus
a bias of the tunnel junction of 0.9V is required. In this example, we assume
that the tunnel barrier has a breakdown voltage much higher than 0.9V. Note,
that an order of magnitude increase in transfer ratio as compared to the SVT is
already observed by only changing the number of layers in the base for the MTT.
The transfer ratio can even further be enlarged by increasing the energy of the
injected electrons.
Similar as in the SVT, the NiFe/Si interface does not yield a high quality
Schottky barrier thus an additional layer with the associated extra attenuation
is needed. An additional attenuation of 0.45 is calculated for a 20Å Au layer
and one additional interface.
For the MTJ we assume a TMR of 40% at 200mV [132], thus the current
change through this junction is in first approximation ∆It =TMR·VM T J /RAP =
25mV/RAP . If the same resistance area product (R×A) for the tunnel barrier is
used as was for the emitter of the MTT (100 to 1000Ωµm2 ), then we observe an
absolute current change of 0.8µA to 8µA for the MTJ.
From this example it is clear that the transfer ratio of the MTT can in principle be
larger than the transfer ratio of the SVT. Although the maximum emitter current
is lower for the MTT then for the SVT, the larger transfer ratio still yields a larger
absolute collector current. The current change of the MTJ in this example is
based on values that might already be obtained with current technology and
knowledge. It is possible that an increase in current change for the MTJ can
readily be obtained by using a lower R×A product, or in the near future by
using higher TMR values at higher tunnel barrier bias.
7.1.4.2

Noise

In chapter 4 we found that the SVT exhibits shot-noise, and no additional noise
such as 1/f noise was observed in the experiments. The MTJ also exhibits
shot-noise at 200mV bias, moreover 1/f noise is found in tunnel junctions.
The contribution of 1/f noise is larger at the switching fields of the magnetic
layers. No noise measurements have been performed on MTTs, as far as we
know. It is however reasonable to assume that the output current has at least
a shot-noise contribution just as the SVT. It is not clear, whether for the MTT
the 1/f noise associated with the tunnel emitter is also seen in the output current.
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The SNR of the SVT is defined in equation 4.6, the absolute current change is
used as the signal and the noise in the maximum current is used as the noise
signal. Let’s define the SNR of the MTT and MTJ in a similar way. The signal is
the absolute current change and the only noise contribution is shot noise in the
maximum current. Figure 7.4 shows the SNR versus absolute current change
for the SVT,MTT and MTJ. The MC of the above examples have been used. The
largest SNR is found for the MTT, at a given absolute current change. This is
because to obtain the same absolute current change with a smaller relative effect,
the maximum current must be higher and thus the noise is also higher. This
graph does not take 1/f noise into account.

Figure 7.4: Comparison of calculated SNR in a 1Hz bandwidth versus absolute current change.

Note, in this example we optimized the base layer thickness of the SVT and
MTT for maximum collector current q
(equation 5.5). If we had optimized for
maximum signal to noise ratio (∆IC / ICP ), then the thickness of the NiFe and
the Co layer should be 27Å and 20Å, respectively.

7.1.5

Speed

An issue that has not yet been discussed is the speed of the device. There are
two types of speed important for spin-electronic applications. In a MRAM the
memory elements are normally not biased and only when the data is needed
the desired element is biased and electronically "read". So it is the time it takes
between the moment the memory element is biased until it can be read that is
important. In a magnetic read-head the sensor element is continuously biased
and the output changes with magnetic field. Here it is the time constant τ that
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determines how fast the electrical signal can follow magnetic changes. In a two
terminal device there is only one time constant. This time constant is the measure how long it takes before the device is fully charged. The same time constant
governs the time it takes for the output signal to electrically follow the changes
in the magnetization of the electrodes. In a three terminal device the in and output are "separated" by the transistor action of the device. Three time constants
are associated with such a three terminal device. The emitter charge time, which
is the time it takes before the emitter is fully charged. The second time-constant
is the base transit time and finally the collector circuit also has an associated RC
time. This means that for an MRAM the transistor first needs to be charged with
the emitter time constant τe . Then the electrons have to pass the base with base
transit time τb and finally the collector circuit responds with time constant τc . In
a read-head the emitter charge time is unimportant and only τb and τc dictate
the response time of the collector current to a magnetization change.
The emitter charge time of the SVT is τe =Re Ce [134], where Re is δVeb /δIE and
Ce can be calculated with:
s
²s
q²s ND
C=A
=A
.
W
2(Vbi − V − kT /q)

(7.1)

This equation is the general equation for the capacitance of a Schottky barrier.
The width W is the region in the semiconductor adjacent to the metal which is
depleted of charge carriers. The depletion width depends on the doping level
of the semiconductor (ND ) and the amount of charge that needs to be compensated, W can be calculated with:
s
W =

2²s ¡
kT ¢
Vbi − V −
.
qND
q

(7.2)

²s is the permittivity of the semiconductor and Vbi is the build in potential
across the junction. V is the applied voltage across the barrier. The τe calculated
for a 100 by 100nm2 SVT biased with 0.25mA is 1ps. The base transit time τb
is in the order of 10fs. The time constant of the collector depends on both the
collector capacitance and the base resistance as: τc =RB Cc . The resistance of the
base (RB ) was measured to be around 50Ω (I) . The collector capacitance (Cc )
(I)

50Ω was measured for a 350 by 350µm2 SVT. The base resistance of the 100 by 100nm2 device
is the same since the lateral aspect ratio did not change
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can be calculated with equation 7.1 and is approximately 0.1µF/cm2 for a zero
biased 0.8eV Schottky barrier. A τc of 0.5 fs is obtained for a 100 by 100nm2
collector. The capacitance of the collector diode depends on the depletion
width. In the SVT the depletion width can simply be widened by applying
a larger VCB . The latter has a very weak to no influence on the MC and the
transfer ratio. The collector bias voltage can thus be used to tune the frequency
performance of the collector circuitry.

There is only one time constant associated with the MTJ, since this is a
two-terminal device. To calculate this time constant we will first describe
the capacitance of a tunnel barrier. The capacitance of a tunnel barrier is the
capacitance caused by the geometry of the tunnel barrier in series with the
capacitance caused by charge build up at the interfaces (electron screening
effect) [135, 136]. The reciprocal of the total capacitance is: 1/C = 1/Cg + 1/Ci
= d/A²i + 2.3λm /A²m . Cg and Ci are the geometrical capacitance and the interface capacitance respectively, and λm is the characteristic penetration length
in metal (0.5Å for noble metals). ²i and ²m are the permittivity of the insulator
and the electrode. In [135] Landry found a Ci per unit area of 16µF/cm2 for
FeNi/Al2 O3 /FeNi junctions. The capacitance of the 100 by 100nm2 MTJ of
the example using a Al2 O3 thickness d of 10Å and ²i = 10²0 and also using
16µF/cm2 for Ci is calculated to be 5.6µF/cm2 . The τ of the MTJ is thus 5.6ps to
56ps for 100Ωµm2 to 1000Ωµm2 junctions.

The time constants in the MTT are a combination of the two above. The τe is
slightly smaller then the τ of the MTJ since the resistance is lower at higher
bias due to the non-linear IV characteristics of the junction. The transit time
through the base is similar to the base transit time of the SVT. The time constant
of the output of the MTT is also similar to the SVT defined as: τc = RB Cc . This
time constant is slightly higher than the τc of the SVT since the base thickness is
thinner and thus the base resistance is higher.
Although three time constants are associated with the SVT compared to just one
time constant for the MTJ, still the combination of the three time constants is in
favor of the SVT. Moreover the base-collector bias (VBC ) can be used to tune the
frequency performance of the SVT without affecting other device parameters.
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Impedance matching

One key parameter of the MTJ is the ability to impedance match the junction
with the sense electronics [17, 137]. A perfectly matched impedance allows
for the maximum energy transfer from sensor to amplifier and the impedance
should also be matched with the driving transistor. The MTT and the SVT are
three terminal devices and the driving transistor can thus be separated from the
sensing circuit. Both the output of the MTT and the SVT act as a current source,
which can be directly connected to a current input of an amplifier.

7.1.7

Scaling

In chapter 3 we described the size dependence of the SVT. It was shown that the
intrinsic device parameters are independent of size down to 10 by 10µm2 and
scaling below these dimensions is feasible. Ultimately the scaling of the SVT is
limited by the height of the emitter silicon. Scaling of the MTJ and MTT uses
basically the same simpler technology and working tunnel junctions have been
shown with sub-micron dimensions [17].

7.1.8

Robustness

Breakdown of a tunnel junction can occur at relatively low voltages [124, 125].
The Schottky barrier however is an extremely robust electric device. Breakdown
in a reversed biased Schottky diode occurs by the high current associated with
avalanching in the high field regions [138]. For breakdown to occur a reverse
bias voltage in excess of the bandgap/q has to be applied and also a depletion
region of several times the electron mean free path length is needed. Note, the
real breakdown occurs similar as in a forward biased Schottky barrier by the I2 R
losses.

7.1.9

Temperature stability

MTJs have been made that can survive annealing temperatures close to 400◦
[19, 20]. The junction resistance and TMR have been shown to depend on the operating temperature. A factor that governs the temperature dependence of the
TMR is the electron spin tunneling polarization (P) dependence on temperature.
The latter is proportional to 1-αT3/2 , where α is a material dependent constant
[139]. During operation, the temperature should remain below the blocking temperature of the pinning layer.
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The transfer ratio and magnetocurrent of the SVT are only weakly dependent on
operating temperature. The dependence is governed by the spatial distribution
of the Schottky barrier height and the thermal spin-wave scattering (See chapter 5.2.3). During operation the temperature should be below the point where
the temperature dependent leakage current contribution becomes the dominant
part of the collector current. Annealing studies of the SVT have not yet been
performed. It might be reasonable to assume that the Si/Metal interfaces will
readily be silicified since this process starts already at moderate temperatures
[73]. The silicide will become part of the base. This is disastrous for the transfer ratio if the silicide formation introduces defects or if the silicide has a short
attenuation length.

7.1.10

Comparison of device parameters

The three devices can now be compared in terms of sensitivity. From this point
of view the SVT can be made to have a close to infinity relative change per Oersted, since the spin dependent scattering was shown to be mostly bulk dependent. Thick layers are however needed in the base and an extremely low collector current would be obtained. A better figure of merit is the absolute current
change per unit magnetic field in A/Oe (or in m using SI units). This figure does
not include the noise that might be present in a device, thus it is better to compare the SNR per Oersted in dB/Oe of the three devices. At a given absolute
collector current change the SNR is the highest for the device with the largest
relative effect, assuming only shot noise for all three devices. If a MTT or SVT
can be made with an equivalent absolute current change compared to the MTJ
then from an electrical signal point of view the device with the highest MC is
the device with the best figure of merit. In the example used in this chapter,
we calculated an absolute collector current for the MTT that was comparable
with the current change of a MTJ. It might however be technologically simpler
to use a tunnel junction with a lower R×A product and a larger tunnel barrier
bias to improve the absolute collector current change associated with the MTJ.
Another device aspect is technology. Scaling down of the SVT was shown to
have little influence on the device parameters until 10 by 10µm2 . However, the
simpler technology for the MTT and MTJ might be more advantageous to realize small structures. From an electrical robustness point the SVT is much more
robust than the MTJ and MTT since the device consists basically of two Schottky diodes back to back. From a temperature stability point of view, we know
that the MTJ has been widely investigated and can withstand high annealing
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temperatures. The temperature stability of the SVT has not yet been investigated, but it is likely that the Si/metal interfaces will rapidly silicify. The high
frequency operation of the device depends on the time constant τ . The SVT has
three time constants compared to one time constant for the MTJ. The three time
constants together still yield a faster SVT than the one time constant of the MTJ,
moreover the frequency response of the SVT is tunable with VCB independent
of other device parameters. Although the emitter circuit of the MTT is essentially a tunnel barrier and thus the charging time is equivalent to the charging
time of a MTJ. When continuously biased, as in a read head, then the response
to magnetic changes is only governed by the time constant of the base and collector. The overall conclusion of this discussion should be that the three devices
have different advantages and disadvantages. The separation of in and output
of a three terminal device has enough advantages (sensitivity, speed, impedance
matching, physics) to justify additional research into scaling below 10 by 10µm2 ,
noise properties of the MTT and of course a further increase in the transfer ratio.

7.2

Conclusion and recommendations

The absolute current change of SVTs in small magnetic fields has increased by
two orders of magnitude over the last few years, whereas the magnetocurrent
remained constant above 200% (see fig 7.1). The best result, so far, was obtained
with a Si(100)/ Au (20Å)/NiFe (30Å)/Au (70Å)/Co (30Å)/Cu (40Å)/Si(100)
structure. This SVT showed a transfer ratio of 1·10−4 and a magnetocurrent of
230% at room temperature.
In this thesis three major topics have been described that are relevant for the
application of the spin-valve transistor. These are: scalability, the signal to
noise ratio and the transfer ratio. To study the scalability we have successfully
introduced a new fabrication process. The SVT is made by in situ metal bonding
of two Si wafers. In the new process we bonded silicon on insulator wafers with
double sided polished wafers. The bonded structure is further processed into
devices with dimensions down to 10 by 10µm using standard photolithography
and a series of dry and wet etching steps. The emitter and collector diodes
showed ideal thermionic behavior for all dimensions, as expected. Moreover
the parasitic leakage current of the collector diode was shown to scale with
diode area, indicating that the ion beam etch induced damage could be repaired.
The magnetic response was also found to be independent of dimension, i.e.
the MC remained constant around 240% for all transistor sizes. The transfer
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ratio showed a slight decrease for transistors with dimensions below 25 by 25
µm2 , which is probably caused by damage to the emitter edges. The highest
current density of the SVT is found in the metal base. Breakdown occurred
when the current density in the metal base exceeded 1.7·10−7 A/cm2 , which
is in agreement with the value for electromigration failure of spin valves. The
intrinsic properties of the SVT do not show size dependent behavior, which
enables a further miniaturization. Sub-micron Schottky barriers have been
shown to have ideal thermionic behavior [84]. In the latest process the emitter
size is limited by two factors: the height of the emitter (3µm) and the time of the
repair etch (30sec). In order to further scale down the SVT an SOI wafer with a
thinner device layer is needed. Moreover the ion beam induced damage should
be eliminated all together, thereby preventing over-etching of the emitter sides.
This might be possible by incorporating guard rings in the collector substrate
as explained in chapter 3. Furthermore, for both the SVT and the MTT a thick
layer of for example Au in the base can be beneficial. An Au layer does not
reduce the transfer ratio to a large extent since gold has a large attenuation
length. It does however enlarge the cross section of the base layer and thus
increases the maximum current density through the base. Moreover, it lowers
the base resistance which enhances the speed of the devices.
To study the signal to noise ratio of the SVT we first characterized its noise
sources. We showed that the noise in the collector current of a metal base
transistor with dimensions of 350 by 350µm2 was shot noise in the frequency
range from 10 to 100kHz at room temperature. Next, we showed that the
addition of 1 or more magnetic layers in the base did not add noise of magnetic
origin to the output current. No 1/f noise has been observed, not even at the
switching fields of the spin valve. Instead the collector current spectral density
of the SVT changed linearly with IC in a quasi-static magnetic field as expected
for shot noise. The signal to noise ratio can thus be calculated and was shown
to increase monotonically with collector current. 1/f noise is associated with
tunnel junctions, it is therefore present in the emitter current of a MTT. Whether
the 1/f noise is also observed in the collector current of the MTT is not known
and more study is needed to answer this question.
The SNR increases with IC . There are two ways to enlarge the collector current, either by increasing the emitter current or by increasing the transfer ratio
(IC =αIE ). The emitter current has an upper limit imposed by electromigration
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failure, therefore the way to enlarge IC is to optimize α. One way to optimize α is
to change the non-magnetic layers that define the Schottky barrier heights of the
emitter and collector. We demonstrated that α is enhanced at larger ∆ΦB due to
the larger amount of available states in the collector semiconductor. Also choosing non-magnetic metals with long attenuation lengths is beneficial. The hotelectron transfer-ratio increased by a factor of 117 when a Pt/NiFe/Au/Co/Pt
base is replaced by an Au/NiFe/Au/Co/Cu base layer, while the magnetocurrent remained above 200%. The latter indicates that the spin dependence of the
transmission is preserved. Another route to enlarge α is to optimize the structural quality of the spin valve thereby reducing scattering due to defects. The
influence of the structural quality of the SVT on the transfer ratio was evidenced
by the optimum in collector current versus Pt layer thickness. A maximum in
the absolute current change was previously predicted for a given magnetic layer
thickness. This maximum is a trade off between transfer ratio and MC and was
shown in a series of SVTs with varying NiFe thickness. Temperature dependent
measurements show that the transfer ratio depends on the barrier height difference and thermal spin-wave scattering. The influence of the crystal orientation
of the Si collector on the collection characteristics was found to be negligible.
Further improvement of the transfer ratio might result from better control
over the structural quality of the complete SVT structure. It is also possible to
use different semiconductors that yield higher Schottky barriers, as shown for
example with GaAs [103, 65] or use the high Schottky barrier of Au/SiC [104].
It might also be feasible to use silicides in the base layer (II) . Not only the largest
Schottky barrier for Si is reported for an Silicide, namely: IrSi (0.95eV) [141], it
might also enhance the thermal stability of the SVT.
Another option is to use a tunnel barrier at the emitter side as in a magnetic
tunnel transistor . This not only allows one to further enlarge the energy of the
injected electrons, but also opens up the possibility to remove layers from the
base if a ferromagnetic emitter electrode is used.
Besides the possibly higher transfer ratio of the MTT, this structure can also
have some other advantages over the SVT. These include the simpler technology
(no metal bonding needed) and the possibility to pin the top electrode. From a
physics point of view the MTT can possibly provide information on the tunnel
spin polarization and allow spectroscopy measurements in a large temperature
range. In a collaboration with S.S.P. Parkin at the IBM Almaden research center,
(II)

Deliberately growing silicides at the interface might yield high quality defect free silicides.
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we were able to successfully make MTTs using in situ shadow mask techniques.
The best result, sofar, measured at 77K was obtained with a Si(100)/Co (100 Å)/
Al2 O3 (Al = 18Å) / Co84 Fe16 (100 Å) / Ir22 Mn78 (300Å)/ Ta (50 Å) MTT. The MTJ
emitter shows a TMR of 40% at 10mV bias and an MC of 129% is obtained when
the collector current is measured at 900mV tunnel barrier bias. The largest ∆IC
of 3.1nA is measured at 1300mV tunnel barrier, this corresponds to a transfer
ratio of 2· 10−4 and a MC of 71%.
The transfer ratio was shown to increase with emitter bias, this is explained by
the larger number of states available at an higher energy above the collector
Schottky barrier. The MC showed a decrease with emitter bias, more study is
needed to find the physical phenomena that govern this decrease. Regardless
of the decrease in MC, the ∆IC continues to increase with emitter bias. The
influence of the structural quality is evidenced by the increase in transfer ratio
with the introduction of a Cu layer between the Si and the ferromagnetic layer.
Similar as to the SVT an increase in Cu thickness led to an increase in transfer ratio. The temperature dependent measurements showed a slight decrease in the
difference in transfer ratio for parallel and anti-parallel state with temperature.
Our first MTTs showed already a transfer ratio comparable with the SVT. This is
expected to improve, since the base of the MTT is a single Co layer compared to
the stack of five layers that make up the base of the SVT.
The transfer ratio of the MTT can possibly be greatly improved by using evaporation instead of sputter deposition. Since the sputter process is more energetic
it is likely that the interfaces are more alloyed. i.e. more silicide formation or in
the case of Cu/Co more alloyed interfaces [131]. Furthermore from experience
we know that a magnetic layer such as Co does not yield a high quality Schottky
barrier. The interface is probably highly silicified leading to large scattering and
possibly magnetic dead layers. Therefore the incorporation of a non-magnetic
layer between the magnetic layer and the silicon should drastically improve the
transfer ratio of the MTT.
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Appendix A
Process scheme, SVT with bond pads
Wafer preparation
SOI wafer (UTW001 BCO)
dsp n-type Si(100) wafer (1-10Ωcm)

– Standard wafer cleaning
10 min 100% HNO3
Quick dump rinse (QDR)
10 min 69% HNO3 at 95◦ C
QDR
– Dry oxidation
60 min 950◦ C O2 oxidation (30nm SiO2 )
30 min 1150◦ C N2 anneal
– PECVD of Si3 N4 on dsp Si(100)
1µm Si3 N4 on backside of dsp Si(100) wafer
SiH4 2000sccm, NH3 6 sccm, 300◦ C, 650mTorr, 60 LF for 1 hour.
– Sawing
Protect wafer with 3.5µm photoresist
SOI wafer is sawn to 20.9 by 11.9 mm2
dsp wafer is sawn to 17.9 by 11.9 mm2

Pre-bond cleaning
– 5 min HNO3 (100%), photoresist and organic contaminants removal
8 min DI rinse, to prevent cross contamination
1 min HF(1%), remove native oxide from Si saw dust
Quick DI rinse
7 min TMAH (5%) 80◦ C, Si saw dust etch
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8 min DI rinse, to prevent cross contamination
1 min HF (50%), to remove SiO2 protection layer
Quick DI rinse
Dry with N2 and mount samples on bonding tool and load it into the UHV system

Bonding
– deposit base layer and trigger bonding tool
Pt (2nm) / NiFe (3nm) / Au (4nm) /Co (3nm) / Au (4nm)

Emitter definition
– SOI wafer etch
1 min BHF, native oxide removal
Quick DI rinse
approx. 6 hours TMAH (10%) 85◦ C, etch stops on burried oxide layer, check end point
visually
DI rinse
20 min BHF, burried oxide layer removal
DI rinse
– Emitter mask
1 min 95◦ C, remove water vapor
spin HDMS (20s, 4000rpm)
spin 1.2µm photoresist (20s, 4000rpm)
1 min 95◦ C softbake
expose to UV for 5 seconds using mask 1 (emitter lift off)
1 min 120◦ C post-exposure bake
1 min photoresist develop
DI rinse
Check photoresist with microscope
1 min BHF, native oxide removal
sputter 15nm Cr (Ar 45 sccm, 5mTorr, 200W)
sputter 100nm Au (Ar 45 sccm, 5mTorr, 200W)
lift off with acetone in ultrasonic bath (5 min)
DI rinse
Check Cr/Au mask with microscope
– Emitter etch
30s BHF, native oxide removal
3 to 5 min TMAH (10%) 85◦ C, etch stops at base layer, check end point visually
DI rinse
check with microscope
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Base definition
– Base mask
1 min 95◦ C, remove water vapor
spin HDMS (20s 4000rpm)
spin 1.2µm photoresist (20s 4000rpm)
1 min 95◦ C softbake
expose to UV for 4 seconds using mask 2 (base definition)
1 min 120◦ C post-exposure bake
1 min photoresist develop
DI rinse
Check photoresist with microscope
– Base etch
Mount sample on dummy wafer with thermal paste and vacuum tape
6 min Ion Beam Etch (Ar 300 sccm, 20◦ tilt, 5mA, 250V)
Check resistance (approx. 5·10−3 with probes at ’I’ and ’T’ of INT)
DI wetting
30s Au etching (RT, 1200ml DI/600ml glycerol/132 gr KI (or 120 gr NH4 I/18gr I2 ))
2 min DI rinse
Check resistance (1·10−7 to 1·10−9 with probes at ’I’ and ’T’ of INT)
5 min acetone in ultrasonic bath, to remove photoresist
2 min DI rinse
Check resistance (1·10−7 to 1·10−9 with probes at ’I’ and ’T’ of INT)
– Repair process
10s BHF, removal of native oxide
Quick DI rinse
Dry with N2
30s TMAH (10%) 85◦ C, removal of damaged Si
2 min DI rinse
Check resistance (1·10−9 with probes at ’I’ and ’T’ of INT)

Insulation layer
– SU8, (Microresist, mr-L6500.5exp)
Spin SU8 (30s 2500rpm)
3 min 140◦ C soft bake
Expose to UV for 22 seconds using mask 3 (contact hole)
5 min 100◦ C post exposure bake
20 to 30sec photoresist develop
Rinse with IPA (DI water may destroy your sample)
Check SU8 with microscope
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Contact leads
– Base mask
1 min 95◦ C, remove water vapor
Spin HDMS (20s 4000rpm)
Spin 1.2µm photoresist (20s 4000rpm)
1 min 95◦ C softbake
Expose to UV for 4 seconds using mask 4 (contact leads)
1 min 120◦ C post-exposure bake
1 min photoresist develop
DI rinse
Check photoresist with microscope
– Metallization in Z400
Sputter Cr 400 W 5 min (pre-sputtering) + 50 sec (deposition) 250Å/min
Sputter Au 300 W 5 min (pre-sputtering) + 3 min
Lift off with acetone in ultrasonic bath (5 min)
Check Cr/Au mask with microscope
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Summary
Spin electronics is a new research area which not only uses the electron’s charge
but also its spin. By using the electron spin dependent properties of magnetic
materials one can make devices with a new functionality. This has lead to magnetoresistive devices that can change their resistance by 10 to 50% in small magnetic fields, such as giant magnetoresistance (GMR) devices and the magnetic
tunnel junction (MTJ). This large resistance change can be used in applications
such as read heads or serve as memory elements in a magnetic random access
memory (MRAM). This thesis describes two devices: the spin-valve transistor
(SVT) and the magnetic tunnel transistor (MTT). The SVT has an unique property, namely its huge relative collector current change of more than 300% in
small magnetic fields at room temperature. This unique property by itself is
not enough to warrant the applicability of the SVT. The other properties that
are important for the applicability of the SVT are described in this thesis. An
alternative to the SVT, the MTT, will also be discussed.
The SVT is a hybrid device that generally has an n-Si/ Pt / Ni82 Fe18 / Au/ Co/
Au/ n-Si structure. The Pt / Ni82 Fe18 / Au/ Co/ Au multi layer is the base and
the two semiconductors on each side are the emitter and the collector respectively. The SVT is used in the common base configuration, where the emitter
barrier (Si/Pt) is forward biased and the collector diode is zero or reversed biased. A flow of electrons from the silicon over the Schottky barrier into the metal
base starts when the emitter is forward biased. These electrons have an excess
energy compared to the Fermi level of the base and move in the direction of
the collector. The electrons that are scattered in the base will lose their energy
or momentum and make up the base current. Only those electrons that reach
the collector with the right momentum and a high enough energy can enter the
collector. The collector current is thus extremely sensitive to the scattering conditions in the base. The scattering conditions in the Ni82 Fe18 and the Co layer are
different for the spin-up and spin-down electrons. This makes the total scatter-
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ing dependent on the relative magnetizations of the Ni82 Fe18 and the Co layer.
The collector current is largest when the magnetizations are parallel (IPC ) and
smallest when the magnetizations are anti-parallel aligned (IAP
C ). The relative
AP
change in collector current is called the magnetocurrent (MC = (IPC - IAP
C )/IC ).
This PhD research started with the development of a reliable process for fabricating spin-valve transistors. The introduction of this process together with the
introduction of an ultra-high vacuum metal-evaporation system and the right
choice of materials resulted in the SVT’s that exhibit an MC of more than 300%
at room temperature.
This thesis starts with a study on the size dependence of the magnetic and electrical properties of the SVT. We extended the previously mentioned process by
using silicon on insulator (SOI) wafers, a combination of dry and wet etching
techniques and SU8 (a negative tone photoresist) as an insulator layer. We were
successful in producing SVTs with lateral dimensions that ranged from 300µm
by 300µm to 10µm by 10µm. As expected, we saw no influence of the dimension on the Schottky barrier height. Moreover the reverse current scaled down
linearly with area. Both observations show that we have high-quality Schottky diodes. The key property of the SVT, its MC, showed no size dependence
and remained constant around 240% for all dimensions. The transfer ratio is
the ratio between the applied emitter current and the measured collector current. This ratio showed a slight decrease for transistors with dimensions below
25µm by 25µm. This is attributed to a deterioration of the emitter efficiency. The
maximum possible emitter current decreases with transistor dimensions. The
limiting factor is the maximum possible current density in the spin-valve base,
which is 1.7 · 107 A/cm2 . This value agrees with electromigration failure of spin
valves. We have shown that it is possible to scale the lateral dimensions of the
SVT down to 10µm by 10 µm. In my view further scaling down is limited to the
physical height needed for the emitter, which includes the depletion width for
the Schottky barrier and the doping profile needed for the Ohmic contact.
To characterize the noise sources of the SVT we studied the frequency spectrum
of three types of transistors that differed only in the type of metal base. The
measurement showed that the frequency spectrum of the transistor with only
non-magnetic layers in the base was completely dominated by shot noise in the
frequency range of the measurement (10 Hz to 100kHz). The inclusion of one
or more magnetic layers lowered the collector current and thus the level of the
shot noise. It did not however change the nature of the noise or add noise (of
magnetic origin) to the collector current. The collector current spectral density
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(SI ) changes linearly with IC in a quasi-static magnetic field as expected for shot
noise. We have however not observed 1/f noise in our measurements, not even
at the switching fields of the spin valve. With this knowledge we can calculate
the signal to noise ratio (SNR) of the SVT. The SNR increases with increasing
MC and also with the absolute value collector current.
From the basic relation IC = α IE we see that we can increase the collector current
by either increasing the emitter current (IE ) or the transfer ratio (α). We saw before that the emitter current has an upper limit imposed by device breakdown,
therefore the way to enlarge IC is to improve the transfer ratio. We started to
improve α by enlarging the energy difference between the emitter and collector
barrier. The transfer ratio increased with increasing energy difference due to the
larger number of states available at the collector semiconductor when electrons
arrive with a higher energy. The transfer ratio also improves when materials
with longer attenuation lengths are used in the base, i.e. Au instead of Pt. The
influence of the SVT’s structural quality on the transfer ratio is demonstrated
by the optimum in collector current versus Pt layer thickness. Furthermore,
by varying the thickness of the NiFe layer we were able to prove that there is
a maximum in the absolute current change for a certain thickness, due to the
trade-off between transfer ratio and MC. The same study yielded a value for the
attenuation of an interface, which is a factor of 0.55. The influence of crystal
orientation on the transfer ratio was found to be negligible. Temperature effects
on the transfer ratio are weak and are due to the spatial distribution of Schottky
barrier heights and thermal spin wave scattering. Summarizing, we improved
the transfer ratio by a factor of 118 from a Si/Pt/NiFe/Au/Co/Pt/Si SVT compared with a Si/Au/NiFe/Au/Co/Cu/Si transistor, while the MC remained
constant above 200% and showed only small and non-systematic changes. The
latter implies that the collection of both the spin-up and spin-down electrons can
be improved, resulting in an increase in collector current without affecting the
MC. The best results so far for SVTs are with a Si/ Au (20Å)/ Ni82 Fe18 (30Å)/
Au (70Å)/ Co (30Å)/ Au (40Å)/ Si SVT, it has a transfer ratio of 1.2 · 10−4 and an
MC of 230%. Further improvement of the transfer ratio might result from better
control over the quality of the complete SVT structure. Another option is to use
a tunnel barrier on the emitter side. This not only allows one to further enlarge
the energy difference between the injected electrons and the collector Schottky
barrier, but also opens up the possibility to remove layers from the base if a
ferromagnetic emitter electrode is used, as in an MTT.
Magnetic tunnel transistors have been successfully realized with the use of in
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situ shadow mask technology. Already we achieved a transfer ratio equal to that
of SVTs, while the MC of the MTT is above 100%. The MTT has a Si/ Co/ Al2 O3 /
CoFe/ IrMn/ Ta structure. We have shown that the MTT can be used to determine a lower limit for the tunnel spin polarization of a ferromagnet/insulator
interface. With a MTT this lower limit can be determined in a large temperature
and tunnel-barrier bias range. The transfer ratio measured versus tunnel-barrier
bias continues to increase, due to the larger number of available states at the collector at higher energies. More research is needed to explain the tunnel-barrier
bias dependence of the MC. We expect that MTTs can be improved by using
evaporation techniques rather than sputter techniques. Furthermore the quality
of the collector diode can be improved with a corresponding increase in transfer
ratio by choosing the right materials.
The comparison of the SVT and MTT with tunnel junctions in terms of signal,
noise, scalability, frequency response, robustness and of course the ability to
study the properties of spin-polarized hot-electrons in magnetic materials justifies the further research of SVTs and MTTs.
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Spin-elektronica is een relatief nieuw onderzoeksgebied waarin niet alleen gebruik wordt gemaakt van de lading van een elektron maar ook van zijn spin.
Door gebruik te maken van de spin afhankelijke eigenschappen van elektronen in magnetische materialen kan men devices maken met een nieuwe functionaliteit. Dit heeft onder andere geleid tot magnetoweerstand devices waarvan de elektrische weerstand 20 tot 50% verandert na het aanleggen van een
magneetveld. Deze grote weerstandsverandering kan gebruikt worden in spinelektronische toepassingen zoals de leeskop in een harde schijf of het nog op
de markt te brengen magnetische RAM geheugen (MRAM). In dit proefschrift
worden twee spin-elektronische devices belicht: de spin-valve transistor (SVT)
en de magnetische tunnel transistor (MTT). De SVT heeft als unieke eigenschap
dat het uitgangssignaal al een grote procentuele verandering ondergaat bij het
aanleggen van een klein magnetisch veld, en dit bij kamertemperatuur. Deze
unieke eigenschap maakt een device zoals de SVT nog niet per definitie geschikt
voor toepassing als leeskop of geheugenelement. Dit proefschrift beschrijft de
andere eigenschappen van de SVT die belangrijk zijn voor eventuele toepassing
van dit device, alsmede een alternatief voor de SVT, de MTT.
De SVT is een hybride device dat typisch een n-Si/ Pt / Ni82 Fe18 / Au/ Co/ Au/
n-Si structuur heeft. De Pt/ Ni82 Fe18 / Au/ Co/ Au multilaag is de basis en de
halfgeleiders aan beide kanten van de basis zijn respectievelijk de emitter en de
collector. De SVT wordt in de gemeenschappelijke basisschakeling aangesloten.
De emitter Schottky barrière (n-Si/Pt) staat dan in zijn doorlaatrichting, en er zal
een elektronen stroom van het silicium over the Schottky barrière naar de metalen basis gaan lopen. Deze elektronen hebben een exces energie ten opzichte
van het Ferminiveau in de basis die overeenkomt met de hoogte van de Schottky
barrière. Deze "heteëlektronen bewegen zich in de richting van de collector.
Door verstrooiing in de metalen lagen zullen elektronen worden afgebogen of
hun energie verliezen. Deze verstrooide elektronen vormen de basisstroom. De
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elektronen die uiteindelijk zonder energieverlies en met het juiste momentum bij
de collector aankomen kunnen over de energiebarrière van de collector Schottky
diode (Au/Si) heen: dit is de collectorstroom. Omdat de verstrooiingscondities in het Ni82 Fe18 en het Co verschillend zijn voor "spin-upën "spin-downelektronen wordt de totale verstrooiing afhankelijk van de relatieve magnetisatierichtingen van de Co and Ni82 Fe18 laag. Zijn de magnetisaties gelijk gericht
dan is de collectorstroom (IPC ) het grootst. Zijn ze tegengesteld gericht dan is de
collectorstroom (IAP
C ) het laagst. Het relatieve verschil tussen de maximale en
AP
minimale collectorstroom noemen we magnetocurrent (MC = (IPC - IAP
C )/IC ).
Dit promotieonderzoek is begonnen met het ontwikkelen van een betrouwbaar
proces voor het maken van SVT’s. Dit proces samen met de introductie van een
ultra-hoog vacuüm systeem voor het opdampen van metalen en de juiste materiaalkeuze leidde tot de huidige SVT’s met de meer dan 300% magnetocurrent
bij kamertemperatuur.
Dit proefschrift begint met de studie naar de schaalbaarheid van SVT’s. Om dit
mogelijk te maken hebben wij het hiervoor genoemde proces uitgebreid met het
gebruik van silicon on insulator (SOI) wafers, een combinatie van natte en droge
etstechnieken en SU8 (een negatieve fotoresist) als isolatorlaag. Hiermee kunnen we SVT’s maken met laterale afmetingen die variëren van 300µm bij 300µm
tot 10µm bij 10µm. Zoals verwacht zagen we geen invloed van de afmetingen op de Schottky barrièrehoogte. Ook zagen we de stroom in de sperrichting evenredig afnemen met het oppervlak. Dit duidt op Schottky diodes van
een hoge kwaliteit. De belangrijkste eigenschap van de SVT, de MC, bleef constant 240% voor alle afmetingen. De transfer ratio is de verhouding tussen de
aangelegde emitterstroom en de gemeten collectorstroom. Deze ratio werd iets
lager voor transistors kleiner dan 25µm bij 25µm, dit wordt toegeschreven aan
een afname van de emitter efficiency. De maximaal mogelijke emitterstroom
neemt af met de afmetingen van de transistor. De limiterende factor is de maximaal mogelijke stroomdichtheid in de basislaag van 1.7 · 107 A/cm2 . Bij deze
stroomdichtheid treedt elektromigratie op in de spin-valve basis. Miniaturisatie
van de SVT is mogelijk tot 10µm bij 10µm. SVT’s met nog kleinere dimensies
wordt uiteindelijk onmogelijk gemaakt door de fysieke hoogte van de emitter
die bepaald wordt door de benodigde depletielaag (voor de Schottky diode) en
het ingebouwde dopingsprofiel (voor het Ohms contact).
Voor het bestuderen van de ruiseigenschappen van de SVT hebben we gekeken
naar het frequentiespectrum van drie typen transistors die alleen verschillend
waren in de samenstelling van de metallische basis. De metingen gaven aan dat
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het frequentiespectrum van een transistor met enkel niet-magnetische lagen in
de basis volledig werd gedomineerd door hagel ruis in het frequentie bereik van
de meting (10 Hz tot 100 kHz). De inclusie van een of meerdere magnetische lagen in de basis verlaagde de collectorstroom en dus het niveau van de hagelruis,
maar veranderde niet de aard van de ruis en voegde geen ruis (van magnetische
oorsprong) toe. De collectorstroom spectrale dichtheid (SI ) van een SVT verandert lineair met IC in een quasi-statisch magnetisch veld zoals verwacht voor
hagelruis. 1/f ruis is niet waargenomen in de metingen, zelfs niet tijdens het
ommagnetiseren van de magnetische lagen. Met deze gegevens kun je berekenen dat de SNR van de SVT verbetert naarmate de MC groter wordt en ook als
de absolute waarde van de collector stroom verhoogd wordt.
De absolute waarde van de collectorstroom kan worden vergroot door het verhogen van de emitterstroom (IE ) of het verbeteren van de transfer ratio (α) zoals
te zien is in de basisvergelijking IC = α IE . Eerder zagen we al dat IE niet
onbeperkt vergroot kan worden in verband met device breakdown. De beste
route om de collectorstroom te verhogen is dus het verbeteren van de transfer ratio. Het vergroten van α begon met het vergroten van het energieverschil tussen de emitter en de collector Schottky barrière. De transfer ratio werd
hoger naarmate het energie verschil tussen de barrières hoger werd. Dit komt
door de grotere hoeveelheid toestanden die beschikbaar zijn in het collector
silicium als de elektronen deze halfgeleider met een hogere energie bereiken.
Ook wordt de transfer ratio vergroot als materialen met een grotere vrije weglengte voor hete elektronen worden gebruikt, bijvoorbeeld Au in plaats van
Pt. De invloed van de structurele kwaliteit van de basislaag op de transfer ratio kon bewezen worden met het feit dat er een maximum optreedt in de collectorstroom als deze uitgezet wordt tegen Pt-dikte. Door het variëren van de
dikte van NiFe konden wij bewijzen dat er een maximum optreedt voor het absolute stroomverschil voor een bepaalde dikte doordat er een trade-off is tussen
de transfer ratio en MC. Dezelfde studie bepaalde dat het verlies in transfer van
een interface neerkomt op een factor 0.55. De invloed van de kristalstructuur
van de collector-halfgeleider heeft een verwaarloosbare invloed op de transfer
ratio. Temperatuureffecten op de transfer ratio zijn zwak en ontstaan door de
ruimtelijke distributie van de Schottky barrière hoogte over zijn oppervlak en
door thermal spin-wave scattering. Samenvattend is de transfer ratio van een
Si/Pt/NiFe/Au/Co/Pt/Si SVT een factor 118 verbeterd vergeleken met een
Si/Au/NiFe/Au/Co/Cu/Si transistor, terwijl de MC constant boven de 200%
bleef en alleen kleine niet-systematische veranderingen vertoonde. Dit laatste
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impliceert dat de collectie van zowel de spin-up en de spin-down elektronen
vergroot kan worden; dus een verbetering van de transfer ratio zonder dat de
MC beïnvloed wordt. Het beste resultaat voor SVT’s tot nu toe is een transfer ratio van 1.2 · 10−4 voor een Si/ Au (20Å)/ Ni82 Fe18 (30Å)/ Au (70Å)/ Co (30Å)/
Au (40Å)/ Si transistor met een MC van 230% . Verdere verbetering is mogelijk
door het energieverschil tussen emitter en collector Schottky barrière verder te
vergroten door gebruik te maken van andere halfgeleiders dan Si. Een betere
controle over de structurele kwaliteit kan ook leiden tot een grotere transfer ratio. Een andere mogelijkheid is het vervangen van de emitter Schottky diode
door een tunnel barrière. De tunnel barrière vergroot niet alleen het verschil in
energie tussen de geïnjecteerde elektronen en de collector barrière maar kan ook
leiden tot een vermindering van het aantal lagen in de basis als een magnetische
emitter elektrode gebruikt wordt zoals in een magnetische tunnel transistor.
Magnetische tunnel transistors (MTT’s) zijn succesvol gerealiseerd met gebruik
van in situ schaduwmasker technologie. Nu al hebben we transistors die
een transfer ratio hebben die vergelijkbaar is met die van SVT’s en die een
MC van boven de 100% hebben. De MTT heeft een Si/ Co/ Al2 O3 / CoFe/
IrMn/ Ta structuur. Wij laten zien dat de MTT gebruikt kan worden voor het
bepalen van een onderlimiet voor de tunnelspinpolarisatie van een ferromagneet/isolatorovergang. De eigenschappen van de MTT laten toe deze onderlimiet te bepalen in een groot temperatuurgebied en voor een groot bereik van
de tunnel barrier bias. Ook zien we dat de transfer ratio groter wordt naarmate
de bias over de tunnel barrière groter wordt. Dit komt doordat de energie van
de geïnjecteerde elektronen lineair is met de tunnel barrier bias, waardoor ook
het aantal mogelijke toestanden voor een elektron om gecollecteerd te worden
groter wordt. Meer onderzoek is nog nodig om de tunnel barrière bias afhankelijke MC te verklaren. Ook is de verwachting dat betere kwaliteit MTT’s te realiseren zijn met opdamptechnieken in plaats van sputtertechnieken. Daarnaast kan
het verbeteren van de collector Schottky barrière door de juiste materiaalkeuze
nog een drastische verbetering van de transfer ratio opleveren.
De vergelijking van de SVT en de MTT met magnetische tunnel juncties in
termen van signaal, ruis, schaalbaarheid, frequentierespons, robuustheid en
natuurlijk de mogelijkheid om de eigenschappen van hete electronen in magnetische materialen te onderzoeken leid tot een rechtvaardiging van verder onderzoek voor de verbetering van de SVT en de MTT.
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