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1
Introduction

1.1 Background and motivation

Magnetic field sensors have found many applications: read heads in audio/video/computer systems,

magnetic random access memories (MRAMs),  position/ rotation/ velocity sensors in cars/ aircrafts/

satellites, electronic compass applications, measurement of currents and scientific measurement

instruments. [2.1]-[2.30]. Other applications for magnetoresistive sensors include coin evaluation,

non-contact switching, and measurement of currents. A number of magnetic field sensors and their

measurement range is shown in Fig. 1-1:

Fig. 1-1 Comparison of various magnetic sensors [2.2], [2.29]
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Of these sensors, the inductive, magneto-optical and (giant) magnetoresistive sensors are already

used in magnetic recording technology. An important issue in digital magnetic recording is the bit

density and several new technologies have pushed this density forward, as shown in Fig. 1.2. Future

high density recording systems will depend increasingly on more sensitive field sensors, because of

the shrinking bit sizes and magnetic fluxes. The thin film head, the thin film media and subse-

quently the introduction of magnetoresistance heads enhanced the annual bit density increase dras-

tically. Due to tailoring of the magnetic materials in the base, the spin valve transistor shows a broad

measurable field range and may further enhance bit densities.

Fig. 1-2 Schematic progress in bit-density as a function of the year available for high-end hard

disk. The gigabit density will comprise magnetic bits with submicron dimensions [2.1], [2.3],[2.20]

When a ferromagnetic metal, such as Co or NiFe is placed in a magnetic field, the change in electri-

cal resistance (∆R/R) observed is usually 1 to at the most 3%. This anisotropic magnetoresistance

(AMR) effect has been industrially applied in hard disks since 1991 (See Fig.1.3) and the bit density

then increased with 60% per year.

Fig. 1-3 (left): Integration of magnetoresistive read element with inductive write element in a single

structure. Typical distance between the centres of the two elements is about 4 Pm (right): Maximum

possible areal density of different head designs increases with decreasing head/media spacing

[2.1].
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A major advantage of using magnetoresistive sensing of magnetic fields as compared to inductive

sensing is the static measurement mode of the MR sensor: a static magnetic field can be detected in

contrast to inductive pick-up coils for which a voltage is only generated by a temporal flux change.

For magnetic recording, the increase of density leads to a corresponding reduction in magnetic sig-

nal. Inductive head designs have compensated for the weakening signal by increasing the number of

turns in the coil, but each turn adds approximately 0.5 ohm of resistance to the circuit, with a corre-

sponding increase in thermal noise. Beyond 1 Gbit/in2, this thermal noise of the coil becomes the

main limitation preventing signal detection. In spite of their larger sensitivity, AMR heads are not a

permanent solution to areal density growth either. The non-linear behaviour of an AMR head’s re-

sponse to a magnetic field reduces the dynamic range of the sensor and makes it more difficult to

incorporate in a drive [2.1]. Also, future needs will demand still greater enhancements in sensitivity,

which may be resolved by Giant Magnetoresistance (GMR). Very recently the premiere of GMR

into the mass market has been provided by IBM who launched their 16.8 Gbyte hard disk with

GMR spin valve and the latest laboratory hard disk density is set at 11.6Gbits/in2 (Dec. 1997, see:

www.research.ibm.com).

This new magnetoresistance called "Giant Magnetoresistance", was discovered in 1988 [4.1] in

magnetic multilayers. It was soon called  the spin valve effect [1.5] because the magnetic layers act

as valves for electrons with different spin moments (spin up and spin down). The resistance of a

Fe/Cr metallic superlattice, measured with a current in-plane, showed a drastic decrease of almost

50% at low temperatures under application of a magnetic field. It was evident from the start that the

sensitivity could be increased significantly by measuring the resistance of the metallic superlattice

with a current perpendicular to the metallic layers. Also the analysis of transport properties should

be much easier, because the electrons cross all magnetic layers. The difficulty was to overcome the

very small resistance when measuring such ultrathin films perpendicularly. Experiments with super-

conducting leads or microstructures [5.1] have been undertaken, showing indeed that the magne-

toresistance was larger. While the first method could only be used at cryogenic temperatures, the

second technique was very elaborate and required a large number of bilayers and still had only mΩ
resistance values. The number of scientific papers on giant magnetoresistance is still increasing,

from 2 papers in 1988, 100 papers in 1992, to about 450 in 1997.

Another way of measuring the magnetoresistance perpendicularly was proposed in 1992 [17.2]. The

magnetic multilayered film forms the base of a three terminal double barrier transistor structure. The

current transmitted across this base shows an exponential dependence on the electron mean free

path and (magneto)resistance of the base, opening the possibility to construct a sensitive magnetic

field sensor: the spin-valve transistor. Sensitivity is not only be enlarged because of the perpendicu-

lar current flow through the multilayers, but also because of the exponential dependence of the cur-

rent transfer on de (magneto)resistance of the base. Besides such apparent advantages, the possibil-

ity to vary the electron energy allows for perpendicular hot electron energy spectroscopy in spin

valves. The spin-valve transistor consists of three regions: a spin-valve base, a hot electron injector

such as a Schottky barrier or a tunneling barrier and a collector barrier which discriminates between
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scattered and ballistic (not scattered) electrons. The base can be made of any magnetoresistive metal

system, but this work is limited to GMR systems reported in literature. Since the electrons travel

perpendicularly, it is not interesting to apply an AMR base, since high fields are required to vary the

current-magnetization angle (from in-plane to perpendicular).

In this thesis the first perpendicular hot electron transport effects in the spin-valve transistor struc-

ture are demonstrated, both at cryogenic and room temperature. In order to come to these results, a

specific device design and a novel technology has been introduced to tackle the impossibility to

deposit a device quality single crystal semiconductor on top of the base metal: The base metal is

now sandwiched between two semiconductor substrates using spontaneous adhesion of very flat

clean surfaces: direct bonding. This technique offers major transport benefits and flexibility in

choice of materials, which may lead also to important improvements for high frequency metal base

transistors. Because of this and its use for transport characterization of the spin-valve transistor, the

literature on metal base transistors is reviewed. As a further improvement, the air bonding procedure

has been replaced by a very reliable new successor: vacuum metal bonding, and is consequently

described in detail.

Although the spin valve transistors may have been prepared using tunneling barriers, Schottky bar-

riers were chosen mainly because of the larger hot electron injection current densities that were fea-

sible. These are required for room temperature operation: in the case of small injection currents, the

collector leak current exceeds the transferred ballistic current. Nevertheless, for spectroscopic appli-

cations the tunnel emitter is interesting since the energy of injected electrons can be controlled di-

rectly by the applied emitter bias, and will be discussed in due course. As a consequence of latest

developments in tunnel barrier technology, now also current densities approaching those in Schottky

barriers may be obtained.

1.2 Outline of the thesis

The thesis embodies four main topics: A general discussion of giant magnetoresistance, the founda-

tions and prospects of the metal base and spin valve transistor,  the air- and vacuum bonding tech-

nology and experimental results of bonded metal-base and spin-valve transistors.

After this introduction, chapter two provides a review of giant magnetoresistance focusing on topics

relevant for spin valve transistor design. In chapter three foundations and prospects of the spin valve

transistor are discussed. Chapter four reports on the use of direct bonding for spin-valve transistor

preparation and chapter five focuses on the new vacuum bonding technology. In chapter 6 the re-

sults of the electrical measurments on GMR films, air bonded and vacuum bonded metal base and

spin-valve transistors are shown. In chapter seven finally, conclusions and recommendations are

given.
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2
The spin valve effect:

relevant topics
2.1 Portrait of the spin-valve effect in antiferromagnetically coupled mul-
tilayers

2.1.1 The discovery
Although anomalous magnetoresistive effects in layered structures were reported already in 1987

[1.17,18], it was Albert Fert and his co-workers at the Université de Paris-Sud and Thomson CSF

who discovered in 1988 that the application of magnetic fields to atomically engineered materials

known as magnetic superlattices greatly reduced their electrical resistance [4.1].

Fig. 2-1 (a) Resistivity (normalized to zero field) versus magnetic field for three Fe/Cr superlattices

at T=4.2 K. [4.1]. The thickness of the ferromagnetic iron layer is held fixed at 30 Å, while the

nonmagnetic chromium layer thickness varies from 9 to 18 Å. (b) CIP 4 point measurement set-up.
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They found a magnetoresistance in ultrathin multilayered MBE single crystal grown (30Å Fe/9Å

Cr)60 films, which was much larger (decrease of resistance about 50% with an applied magnetic

field of 20kOe (1.6MA/m) at 4.2K, see Fig. 2-1) than the classical Hall magnetoresistance or the

anisotropic magnetoresistance, and they directly labelled it Giant Magnetoresistance (GMR). The

more appropriate name Spin-Valve Effect (SVE) has been adopted to incorporate the principle of

the effect [1.5]: the magnetic layers form field controlled valves for spin-up and spin-down conduc-

tion electrons. The same, albeit diminished (6%), effect was reported at the same time by Peter

Grünberg and his group at Jülich for a Fe/Cr/Fe sandwich structure [25.2].

The magnetoresistance (MR) is defined as:

MR(%) 100 100
R R

R
af fm

fm

H H

H

c sat

sat

= ×
−

= ×
−ρ ρ

ρ
(2.1)

Where Uaf is the resistivity for antiferromagnetic or antiparallel (ferromagnetic or parallel) orienta-

tion of magnetization in the layers, and RHc,sat represents the film resistance at coercive (saturation)

field. This permits the MR(%) to become larger than 100% Usually the resistance in measured using

a four point technique, with the Current In Plane (CIP-GMR, Fig. 2-1b).

In the  (Fe/Cr)n system in which the GMR was discovered, an antiferromagnetic coupling between

the iron layers across the chromium layer, held successive iron layers in antiparallel orientations.

With the application of a sufficient strong in-plane magnetic field the exchange interaction could be

overtaken by bringing the magnetization of all layers into parallel configuration. The resistance of

electrons crossing the multilayer array was less for the parallel configuration than for the antiparallel

configuration, and this difference accounted for the GMR effect. There was an assumption for some

time that the spacer material Cr, with its unusual antiferromagnetic properties was necessary for the

interlayer antiferrromagnetic exchange to exist. It was soon discovered that: (1) a number of mag-

netic/non-magnetic multilayer combinations showed the GMR effect, (2) that the interlayer antifer-

romagnetic coupling occurred for a number of non-magnetic metal spacers and (3) that the sign of

the interlayer exchange typically oscillated between antiferromagnetic and ferromagnetic with

spacer metal thickness.

2.1.2 Heuristic model of GMR

The existence of GMR can be qualitatively understood on the basis of a two channel picture of the

conduction process in a magnetic metal, in particular in the transition metals Fe, Co and Ni, for

which the GMR effect has been observed. In this model the conduction electrons are divided in two

classes, those whose spin is parallel to the local magnetization, and those whose spin is antiparallel.

The resistance to the flow of an electronic current in a metal is determined by the scattering proc-

esses to which the electrons are subject. If the scattering processes are strong and effective, the

mean free path (mfp) of an electron between scattering processes is small and the resistance is large.

Conversely, weak scattering processes lead to a long mfp and a low resistance. The existence of the
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GMR effect depends on the scattering processes being more effective for one spin orientation of the

conduction electron than for the other, and on the absence of effective spin-flipping processes

which mix the two 'channels'.

Why differential spin scattering should lead to the giant magnetoresistance effect will be addressed

first, and afterwards a rudimentary explanation of this differential scattering will be given.

Fig. 2-2 Graph of conduction in multilayer magnetic film array, showing how differential spin

scattering produces a different resistance for antiparallel (a) and parallel (b) film magnetizations.

Suppose that the scattering of electrons in a magnetic metal whose spin is anti-parallel to the local

magnetic moment is very effective, leading to a very short mean free path for 'down' electrons in a

region of 'up' magnetization. Presume further that the scattering of electrons whose spin is parallel

to the magnetic moment is very weak, leading to a long mean free path and a low effective resis-

tance for an 'up' electron in a region of 'up' magnetization. Consider now electronic conduction in a

multilayer array such as shown in Fig. 2-2

In Fig. 2-2a the magnetic moments of successive ferromagnetic layers (Co) are antiparallel due to

antiferromagnetic coupling across the spacer layer (Cu). In (b) they are parallel due to an external

magnetic field which is strong enough to overcome the antiferromagnetic coupling. In case of Fig.

2-2a, antiparallel moments, no electron can traverse two magnetic layers without becoming unfa-

vored, highly scattered species. An electron conserves its spin orientation as it traverses a solid (at

least within the spin-flip diffusion length, see also section 2.2.1). Therefore if it was the favored 'up'

electron in an 'up' magnetization layer it becomes the unfavored 'down' electron in an 'up' magneti-

zation layer as soon as it traverses the few Ångstroms of the spacer layer. In the case depicted in

Fig. 2-2b, by contrast, an electron having the favored 'up' spin orientation in one magnetic layer has

the same favored orientation in all layers, and can traverse the array relatively freely. For configura-

tion (a) no electron traverses the array freely; for (b) half of the electron species can traverse the

array relatively freely, and a significant difference in resistance is measured between the parallel and

anti-parallel arrays. Note that for a high resistance state as in Fig. 2-2a, an antiparallel orientation of

the adjacent
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magnetic layers is necessary. Why the electrons scatter differently and where this takes place will be

described in section 2.2.1.

2.1.3 Behaviour of magnetoresistance as a function of structure

For preparation of devices it is important to understand  how GMR depends on the structure. In Fig.

2-3 the variation of the magnetoresistance (MR) ratio of (Co15Å/ Cu tCu) multilayers as a function

of the thickness of Cu, tCu is shown. The oscillations of the MR are due to the oscillatory behaviour

of the interlayer exchange, the MR peaks corresponding to the AF (anti ferromagnetically) coupled

half-periods. For Co/Cu the period of the oscillations is approximately 12.5Å.

Fig. 2-3 Variation of the magnetoresistance as a function of the thickness of copper for (Co 15Å/Cu

tCu)30 multilayers. The solid lines are guides for the eye. The dashed line is the envelope of the

magnetoresistance (MR) peaks. The regions where the magnetic layers are coupled ferro- and an-

tiferromagnetically are denoted by F and AF [1.2], [3.26].

The amplitude of the exchange coupling also decreases with copper layer thickness, and a decreased

coupling strength leads to lower saturation fields. Fig. 2-3 shows that the 'second peak' still displays

large MR, but at a saturation field which is much smaller than for the first peak, thus providing an

improved sensitivity. The basic mechanism is based upon interference of exchanged conduction

electrons across the spacer layer [1.12, 1.3]. This extensively investigated topic will not be dis-

cussed in more detail in this thesis.

Besides the oscillating behaviour of the exchange coupling and the MR also a decreasing MR-

amplitude with increasing Cu layer thickness can be observed (Fig. 2-3, dashed line). The physical
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reason for this is clear. The mechanism outlined in Fig. 2-2 depends on a significant number of

spin-down electrons being able to pass two magnetic layers. In case of a spacer layer which is

thicker than the mean free path of the conduction electrons, these electrons are able to move through

the single spacer layer, or through the spacer layer and one magnetic layer, without crossing two

magnetic layers. Changing orientation of the magnetic layers by applying a magnetic field will not

induce a change in resistance for these electrons. Besides this, the AF coupling also decreases with

spacer layer thickness.

The implication for magnetoresistance as a function of the magnetic layer thickness is more compli-

cated. In this case the results depend strongly on whether the MR is due to spin-dependent bulk

scattering or spin-dependent interface scattering.

The magnetoresistance amplitude always shows a maximum when the thickness of the magnetic

layers (tf) is varied from the thickness of a monolayer to a few tens of Å (see Fig. 2-4), However the

position of the maximum strongly depends on the location of the spin dependent scattering centers:

if this scattering takes place at the interfaces, the peak is found at smaller layer thicknesses (e.g.

tf=50 Å for Fe) than for layers in which the spin dependent scattering is mainly of bulk origin (e.g.

NiFe at tf=80Å) [1.5].

Fig. 2-4 Magnetoresistance amplitude at room temperature versus the thickness of the free ferro-

magnetic layer [1.5].

Development of effective GMR multilayers therefore requires an answer to the question whether for

a system bulk or interface spin dependent scattering prevails. Clearly for predominant spin depend-

ent interface scattering, roughening the interfaces of the ferromagnetic/spacer region would increase

MR, and decrease the MR for systems where spin dependent bulk scattering prevails. Theoretical

calculations [1.19] (which show excellent agreement with experimental results) for the Fe/Cr system

indicate that about 65-75% of the MR arises from scattering at the interfaces. In contrast,

Ni80Fe20/Cu multilayers have been analyzed within a picture where bulk scattering is dominant

[1.20], for CIP. However, for CPP the relative contributions differ. More details will be given in

section 2.2.
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Another factor affecting the GMR is the number of bilayers n. As reported by Plaskett and vanden-

Berg. [3.3, 3.20, 3.27], Cu10Å(Co10Å/Cu10Å)n, where n is the number of bilayers, shows a non-

linear increase of MR with increasing n (see Fig. 2-5).

Fig. 2-5 Magnetoresistance at 4.2 K as a function of the number of bilayers n in (Co10Å/Cu10Å)n

[3.20, 3.27].

At low n, the total film thickness becomes smaller than the mean free path of the conduction elec-

trons, and spin independent scattering of these electrons at the film surfaces determines the total

resistance and decreases the MR significantly. For example at n=4 the total film thickness is 90 Å,

smaller than the mean free path of the conduction electrons, which is determined at 470 Å at satura-

tion field, and 170Å at zero field (4.2K). In this case the MR is almost zero. Using specially de-

signed spin valves, the scattering lengths may even be determined, for Co and Cu (see section

2.2.1). For well designed Co/Cu/Co sandwiches the GMR may be as large as 8% at RT  [3.28]. For

perpendicular transport this effect should disappear obviously (see section 2.2.1) because here dif-

fusive surface scattering plays no role. However, for small n, full antiferromagnetic coupling is

more difficult to achieve due to a smaller coupling energy, which decreases both CIP and CPP-

GMR. Methods to improve the reflectivity of the film boundaries have been undertaken using Au

and NiO capping films, yielding (uncoupled) spin valves with MR values exceeding 21% [4.19], see

section 2.1.5.

2.1.4 Other major factors influencing the spin-valve effect

The deposition method for GMR multilayers is usually sputtering. Many systems have also been

deposited by MBE (Fe/Cr, Co/Ag) and evaporation (NiFe/Cu/Co/NiFe), and even electrodeposited

Cu/Cu-Ni-Co multilayers have shown GMR (15%) [5.1]. Extensive research has been done on

buffer layers. In Co/Cu multilayers for example a 50Å Fe buffer layer on the substrate (Si or SiO2)

improves the MR significantly [3.17]. Usually the increase in MR is ascribed to the increased flat-

ness of the overgrown multilayer (Co does not wet on SiO2) or to a more appropriate texture. For

this, the buffer layers may improve the coupling [3.17],[3.19],[3.23], but for spin-valve transistors

such layers are not beneficial due to the increased current loss.
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Annealing of the films may increase the roughness and interdiffusion of the interfaces. For Co/Cu

systems a decrease in MR is observed [3.29] which is attributed to an increased catastrophic (spin

independent) interface scattering. In other systems like Fe/Cr [4.14] a 300 oC anneal improves the

MR considerably, attributed to the same interface roughening, because the spin dependent scattering

in Fe/Cr occurs mainly at the interfaces. Some systems completely rely on adequate annealing se-

quences [4.15].

Other factors such as sputtering pressure, sputter gas (e.g. Kr [3.6], see also section 4.2.4), deposi-

tion temperature and even deposition rate influence film properties such as interface roughness and

abruptness and texture, but they are of different importance in every system. See section 2.2.5. for

an overview of spin-valve systems reported in literature.

2.1.5 Soft spin valves

For a multilayer array to be attractive as an MR head sensor, it must not only have a large ∆R/R but

this large change in resistance should be induced by a modest magnetic field. Criteria in the design

of MR sensors for  magnetic recording heads: MR>2% and a sensitivity (which is defined by

('R/R)/H) greater than 0.5% per Oersted [1.5, 4.15]. A system like (Fe/Cr)n, is of no interest as a

head material because of the large field required to switch the array from parallel to antiparallel

configuration. The exchange interaction between the adjacent magnetic layers is far too strong to be

overcome by small magnetic fields. Since good AF coupling can hardly be achieved without a

proper buffer layer for sandwiches, uncoupled systems are more useful for incorporation into the

spin valve transistor. Moreover for a large absolute collector current change Imax-Imin in the spin

valve transistor, a small number of interfaces is required.

Three approaches have  been  undertaken to achieve softer switching characteristics:

1.  Using the second peak of antiferromagnetically coupled multilayers as described in Fig. 2-3,

where the MR is still large, but  the saturation field low(er). In these systems the coupling in

the second peak may be further lessened by annealing sequences or special buffer layers [4.16].

An example is NiFeCo+(NiFeCo/Cu)30. In this case a soft magnetic layer with low coercivity

(NiFe) is combined with the good spin dependent scattering properties  of Co. Using also the

softer second MR peak with further decreased coupling due to the NiFeCo buffer results in a

high sensitivity system (0.6%/Oe [4.16]). There is a systematic variation of the interlayer cou-

pling strength with the position of the transition metal spacer element in the periodic table. In-

deed the coupling strength is found to increase exponentially with d-band filling across the 3d,

4d and 5d periods. In addition, the coupling strength increases systematically from the 5d to 4d

to 3d elements in any given column in the periodic table [1.2, p. 371]. Based on these consid-

erations and taking into account that noble spacer layers give the largest GMR values, good
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candidates for the large GMR at low fields (low interlayer coupling) are multilayers with Au

spacer layers. Interlayer coupling is usually found to be weaker in polycrystalline multilayers

than in similar single crystalline multilayers. Note that the lowest reported saturation fields at

room temperature in AF coupled magnetic multilayers are found in sputtered NiFe-Au multi-

layers where changes in resistance of 1-2%/Oe can be obtained [4.5]. In addition, the soft NiFe

film also has reduced hysteresis (see Fig. 2-6a) as compared to systems consisting of e.g. Co,

even though some thickness alterations may also decrease the hysteresis in the latter

[3.2],[3.4],[3.5].

2.  Using uncoupled layers of different magnetic layers, e.g. NiFe/Cu/Co. Because of the differ-

ence in switching field, one is able to rotate only the soft magnetic layer (NiFe), whereas the

harder layer remains pinned. The magnetization curve is as depicted in Fig. 2-6b showing that

at very low fields the film with low coercivity (NiFe) rotates, and the high Hc film follows at

high field. These systems area sometimes referred to as soft/hard systems. These systems are

particularly attractive for MRAM systems [2.23], since both layers can be switched using a bias

current, the hard one for writing, the soft one for reading.

3.  Using the so-called spin-valve sandwich. These systems consist of a structure like:

FM/NM/FM/AF, where FM is a ferromagnet, NM a non-magnetic spacer layer and AF layer an

antiferromagnet. Such three layer systems were firstly reported by Dieny [1.5] and called “spin-

valves”. An example would be NiFe/Cu/NiFe/FeMn. In this case there is not a repetition of lay-

ers, and is therefore a sandwich. The FeMn pins the upper NiFe layer, and does not rotate at

low fields (the antiferromagnet has no net magnetic moment). The resulting hysteresis loop and

magnetoresistive behaviour is shown in Fig. 2-6c. In this case the soft layer rotates at low field

and the pinned layer turns at large field, but flips back to its pinned position if the field be-

comes smaller again. Preparation of multilayers using FeMn is not very useful for perpendicu-

lar GMR measurements because of the high resistance of this layer: it blocks electrons from

traversing the system (it may be used with tunnel spin-valve transistor structures).

(a)
(b) (c)

Fig. 2-6 Magnetoresistance systems with high sensitivity: (a) (NiFe-Au-NiFe)15 multilayer [4.5] (b)

hard/soft sandwich NiFe-Cu-Co [4.4, 4.9] and (c) exchange biased sandwich consisting of NiFe-

Cu-NiFe-FeMn [1.5]

Various spin valve configurations and their performance have been discussed in the literature. Such

spin valves offer great promise for incorporation into MR read heads of unprecedented sensitivity,

which can be seen in Fig. 2-15, where the MR of some spin valve structures also are included. Since
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in spin valves antiparallel coupling across the spacer is not required, the exploration of metals and

alloys for the ferromagnet and spacer layers is straightforward. It turned out that Cu spacers produce

the largest magnetoresistance, followed by Ag and Au. Pt and Pd yield much smaller MR while for

Al, V, Cr, Nb, Ru, Ta and W it is practically non-existent [1.21]. Among ferromagnetic metals and

alloys, Co gives the largest MR, followed by NiFe, NiCo, Fe and Ni, see for a comparison the table

in appendix 1. 4f materials such as Gd have not shown any GMR, at the Fermi level the DOS differ-

ence is very small. For hot electrons this may be different, since the spin split 4f levels lie below (↑)

and about 5eV above (↓) the Fermi level [10.14].  Broadening of the (↑) 4f band may cause the

effect to take place at about 1-2 eV.

For application of the spin-valve transistor to magnetic sensors, sandwiches are preferred due to

smaller electron loss in the base. This yields a large collector current. Antiferromagnetically coupled

sandwiches usually require specific buffer layers for optimised growth and antiferromagnetic cou-

pling qualities. An antiferromagnetically coupled NiFe-Au with its soft and hysteresis free behav-

iour may be tried, since NiFe usually grows well on clean Si. An intrinsic advantage of the spin

valve transistor is that due to the perpendicular current, a third peak with its very small saturation

field has hardly smaller absolute magnetoresistance values (no spacer layer shunting) and could be

put to use.

Application of antiferromagnetic exchange bias pinning using highly resistant FeMn or TbCo in the

base is not possible: it blocks the electrons from passing through. NiO or CoO could be used as

tunneling injectors, depending on current density limits (current densities >104A/cm2 are preferred

for a large collector current) and pinning behaviour of a 1-2 nm NiO or CoO layer. Unfortunately,

the exchange field of CoO and NiO drops dramatically below 15 nm [2.15]. A possibility to cir-

cumvent this problem might be to use a FeMn-NiO (1nm) emitter. The addition of thick metallic

FeMn to the thin NiO may improve the exchange field sufficiently to use a ultrathin NiO tunnel

barrier. Alternatively, a NiO (thick) Ni (thin) NiO (thin) Co/Cu/NiFe structure could be used. If the

Ni film is thin enough, the pinning field of the thick NiO may transfer through the Ni to the NiO

(thin) to finally supply a sufficient exchange field to the Co.

Alternatively, the hard/soft system could be employed. A sandwich with Cu or Au may be a good

choice in view of their large hot electron mean free path, e.g. NiFe-Au-Co or NiFe-Cu-Co, or for

improved hardness, NiFe-Cu-CoPt [4.17]

2.2 Perpendicular GMR: Theory and experiments

2.2.1 Theory

Usually, the resistance of the multilayer is measured with the Current In Plane (CIP) (Fig. 2-1,

lower). This is the easiest experimental approach of electrical transport in magnetic multilayers.

However, the CIP configuration has several drawbacks: The spin-valve effect is diminished by
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shunting (many electrons travel within one layer because of channeling). In particular, uncoupled

multilayers or sandwiches with thick spacer layers suffers from this problem. Spin independent

boundary scattering reduces the CIP magnetoresistance largely in thin sandwiches. Also, funda-

mental parameters of the effect, such as the relative contributions of interface and bulk spin depend-

ent scatterings are difficult to obtain using the CIP geometry. Measuring with the Current

Perpendicular to the Planes (CPP) solve most of these problems, mainly because the electrons cross

all magnetic layers, but a practical difficulty is encountered: the perpendicular resistance of the ultra

thin multilayers is too small to be measured by ordinary techniques.

Fig. 2-7 a. CIP-GMR: shunting and channeling (confinement) of electrons in the magnetic and non-

magnetic layers versus b. CPP-GMR: perpendicular electrons cross all magnetic layers, no shunt-

ing at antiparallel alignment.

As shown in Fig. 2-7, a high resistant state (in zero field) can only be obtained if electrons cross at

least two magnetic layers with antiparallel orientation. Because many electrons travel almost par-

allel to the layers in the CIP-GMR, and do not cross many layers, the adjacent layers must have the

antiparallel orientation, i.e. they need an antiferromagnetic coupling. In the case of CPP-GMR the

electrons cross all layers, and a random orientation of the layers produces the same high resistant

state as the AF-coupled state (“self averaging”). A simple (two channel) series resistor model which

adds interfacial and bulk resistances may even suffice to describe the system [5.1],[5.2] because the

current density is uniform across the sample area and because the electrons pass sequentially

through the individual layers and interfaces. Varying the magnetic layer thicknesses in experimental

CPP may thus provide information about the relative importance of bulk- or interface scattering, and

allows precise determination of scattering centers, but special techniques have to be employed to

measure the very small perpendicular resistance (see next section).

There are essential differences between CIP and CPP GMR which make the latter easier to resolve.

In CIP-GMR the electric field is independent of position in the film, but the current density depends

on the perpendicular direction to the film. The characteristic length scale is the longest mean free

path. For CPP transport, the electric field depends on the perpendicular position in the film, but the

current density is independent of position in the film. The spin diffusion length is the new length

scale.

A instructive explanation of giant magnetoresistance has been given in section 2.1.2. In order to

develop a model for spin dependent hot electron transport in a spin valve as in the spin valve tran-

sistor, we have extended the series resistor model developed for CPP-GMR to the spin valve tran-
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sistor transport (chapter 3). To stress the difference with Fermi transport, we demonstrate the elec-

tron energy dependence of the scattering mechanisms in it.

Three important transport processes affect GMR:

1.  spin dependent bulk scattering in the magnetic layers

2.  spin dependent scattering at the interfaces

3.  reflection at the interfaces due to band mismatch between the layers.

The scattering processes leading to bulk scattering have quasi elastic phonon, magnon and elastic

defect scattering. The scattering processes leading to diffusive interface scattering are mainly tem-

perature independent elastic defect and impurity scattering. Inelastic electron-electron interactions

are neglected both for Fermi transport (no available phase space [9.1 p. 347]) and hot electrons (<2

eV mean free path in disordered systems one order of magnitude larger, see section 3.3.2). Also,

phonon and magnon scattering are neglected (low temperature restriction), but may be included

when finite temperatures are considered [5.1, p.335],[5.2]. Since defect and impurity scattering are

of the same nature, both interface and bulk scattering may be included in one picture, taking differ-

ent relaxation times (or scattering potentials and DOS) only. The third process, quantum mechanical

reflection at the layer interfaces, is entirely different and will be discussed afterwards.

CPP transport incorporating the interface and bulk diffusive scattering has been modeled by the

series resistor model which was used very effectively to describe the resistance in CPP experiments

(see experimental section). It was described by Valet and Fert [5.1 p.330] and is deduced from the

Boltzmann equation using a single parabolic conduction band (representing s like electrons) with

the same effective mass m and Fermi velocity vf for every layer. The total resistance is [5.1 p. 333]:
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Here rP and rAP are the CPP resistances per unit area and per superlattice period in the parallel (P)

and antiparallel (AP) magnetic configurations respectively. � and � are used for the majority and

minority spin directions in a magnetic layer. UF
* is the experimentally measured bulk resistivity of

the ferromagnetic film, U*
N is the non-magnetic bulk resistivity and r*

b is the spin averaged interface

resistance. The resistivity of a ferromagnetic layer in the configuration where the electron spin and

the local magnetization are parallel to each other is defined as U�F=2UF/(1+E) and U�F=2UF/(1-E) is
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the resistivity when spin and local magnetisation are antiparallel [3.1 p.380]. For the interfaces:

R�
FN=2RFN/(1+J) and R�FN=2RFN/(1-J). The important spin orientation dependent scattering pa-

rameters are defined as DF=U
�

F /U
�

F=(1+E)/(1-E) and DFN= R�
FN /R�

FN=(1+J)/(1-J). The transport in

the spin valve transistor is based on this series resistor model (chapter 3).

The unique feature of the CPP configuration follows directly from the equation for the relative

change of resistance

( ) *R R R
d

d d
L r NAP P AP F

F N
F b bi− =

+
+β ρ γ2           (2.5)

where R(AP)=Nbi r 
(P,AP) is the total resistance of a multilayer of total thickness L=Nbi(dF+dN) and total

number Nbi of bilayers in the magnetic configurations P, AP. Equation (2.5) has the great advantage

that the right hand side consists of additive contributions from bulk and interface spin dependent

scatterings. The bulk parameters can be easily differentiated from the interface scattering/reflection.

However, the interface scattering and reflection cannot be separated so easily (see next section).

The relationship of the CPP resistance with band structure related relaxation times and mean free

paths is given by the Drude equation for electron transport [9.1]:
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in which n is the electron density (e.g. 8.5*1022 cm-3 for Cu, 17*1022 for Fe, 5.9*1022 cm-3 for Au) ,

m* the electron effective mass (m*�m in metals) and W the relaxation time [5.4, 9.8, 1.22]. The Fermi

velocity in metals is of the order of 1.6*108cm/s for Cu and 2.0*108 cm/s for Fe [9.1]. The scatter-

ing lifetime of electrons at the Fermi energy in disordered systems is, in general, state dependent

and is given by Fermi’s Golden rule [5.1 p.297]:
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         (2.7)

The density of states in which the electrons can be scattered is defined by the term G[EF-H(k)], repre-

senting the DOS at EF. To include the enlargement of conductivity due to forward scatterings, Wtrans

is formulated as Wtrans=Wlife/(1-cos(T)), where T represents the scatter angle from k to k’.

For the bulk ferromagnetic layers, the density of states (DOS) have been calculated [10.13] and are

shown in Fig. 2-8. For now it is assumed that the electrons travel mainly in the 3s band [5.6].



Chapter 2. The spin-valve effect: relevant topics

22

          (a)         (b)      (c)

Fig. 2-8 Scheme of density of states (DOS) in transition metals (a) Ni, (b) Co and (c) Fe [10.13].

Fig. 2.8 shows that, without changing spin orientation the spin up (or majority) electrons can scatter

only within the up s-band, with its rather sparse availability of states, whereas the spin down

(minority) electrons can scatter not only into the s states, but also in the far more abundant spin-

down d states. In this picture therefore, the high resistivity electrons have their spin opposite, and

the low resistivity electrons have their spin parallel to the local magnetization. At higher energies,

the relaxation times and hence the mean free paths and therefore the resistivities are altered due to

the different DOS in Fig. 2-10, see for a further discussion section 3.3.2. This picture is valid for

bulk scatter processes. For impurity scattering at the interfaces, a different DOS scheme has to be

calculated, in which e.g. the concentration of impurity varies across the interface.

In the spin valve transistor, the transport is directly related to the mean free path, which is a major

advantage for fundamental studies, as compared to resistance measurements, where this parameter

has to be calculated from the observed macroscopic resistance. As can be seen from eqs (2.6) and

(2.7), the mean free path is directly related to the DOS at the scatter site, therefore the collector cur-

rent depends on the band structure of the base, and may be used as a spectroscopic tool. A major

difference between the CPP-GMR transport and SVT transport is that the current is not conserved in

the latter: scattered electrons are fed away to the base. This results in the exponential relation be-

tween the collector current and the electron mean free path, in contrast to the linear relation in CPP-

GMR.
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Interface reflections
From table 2-1 it is clear that the interface resistance is larger than the bulk resistance using ferro-

magnetic layer with common thicknesses (1-2 nm). The interface contribution to the CPP-GMR is

therefore expected to be larger than the bulk contribution. But separation between the interface re-

flections and interface disorder scattering is difficult experimentally. According to theoretical esti-

mations, the interface reflections may account for only 10% of the resistance in systems with layer

thicknesses of 10 nm, (see Fig. 1, [5.6]), whereas from table 2-1 the experimental interface resis-

tance contribution is found to be equal to a 10 nm bulk contribution. From this calculation it ap-

pears that the interface disorder contribution has to account for the total interface resistance. On the

other hand, the interface reflection contribution calculated in [5.4] can account for the experimental

interface resistances in table 2-1. Since the current is not conserved in the spin-valve transistor, re-

sistance does not have to be calculated, but determination of the interface transmission coefficient is

appropriate, either without interference effect (as in the calculation of αqm, the collector quantum

mechanical transmission coefficient) or with. This study is recommended for further research.

2.2.2 CPP-GMR Experiments

The first CPP-MR experiments were reported on Co/Ag multilayers [5.1], where the multilayer was

sandwiched between superconducting Nb leads. In this way, CPP experiments could be performed,

albeit only at liquid helium temperatures. The use of microfabrication techniques for CPP measure-

ments from 4.2K to 300K was firstly shown for Fe/Cr multilayers [5.1], where the multilayers were

etched into micro pillars to obtain a relatively large resistance (a few m:). Both types of measure-

ments have confirmed the larger MR effect for the CPP configuration, but they suffer from the gen-

eral complexity of realisation and measurement techniques. Experiments using electrodeposited

nanowires showed CPP-MR up to 20% at RT [5.1]. Recent experiments with etched grooved sub-

strates introduce the so-called CAP (Current with an Angle to the Planes)-configuration, for which

also an increase of the spin-valve effect has been observed as compared to its CIP counterpart [5.1].

Two techniques will be described in more detail because along with the series resistor model they

provided a lot of useful quantitative data.

1. Superconducting leads

Using superconducting Nb leads, the very small multilayer resistance (typically 0.01-0.1µΩ) was

measured at 4.2 K using an ultra sensitive SQUID based system.

Fig. 2-9 Sample shape of the multilayer strips measured

with superconducting leads. CPP-GMR is measured us-

ing the top and bottom crossed Nb strips with the current

flowing from e to f and the voltage is measured between g

and h. CIP-GMR is measured by sending current from A

to B and measuring the voltage between  A and B.
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Compared to the CIP value, the CPP-MR was about 5 times as large (resp. 60% and 12%). Later

Pratt et al. investigated Cu/Co (170%) and Cu/NiFe(67%) multilayers as well,  showing good re-

semblance with the two-channel theory presaged by Camblong, Zhang and Levy [5.1 p.373].

The disadvantages of this measurement is, besides the inevitable large amount of layers, obviously

the temperature restriction: it operates only at cryogenic temperatures, so temperature dependence

cannot be studied. To solve this problem, microstructured multilayers with small area pillars were

fabricated.

2. Microstructured pillars

Gijs et al [5.1 p.391] fabricated pillar-like microstructures of Fe/Cr to increase the total CPP resis-

tance.  Briefly, classical photolithography and reactive ion etching techniques are used to fabricate

pillar structures in e.g. (30ÅFe/tÅCr)100, with tCr, the Cr thickness as a variable. The Fe/Cr multi-

layers are deposited using dc sputtering for the Fe and rf sputtering for the Cr, followed by in situ dc

sputter deposition of a 0.3 µm Au layer. After covering with an insulating polyimid layer and

structuring of Au contacts, a few hundred pillars with a cross section ranging between 6 and 130µ

m2 are obtained on one SiO2 substrate.

Fig. 2-10 Schematic diagram of different processing steps in the pillar structuring and contact fab-

rication of CPP-GMR multilayers [8.6].

Pillar resistances (a few mΩ) are measured using an AC bridge technique in the 4-300 K tempera-

ture range and in fields up to 20 kOe (1600 kA/m). The resistance of the multilayer is of the same

order of magnitude as the contact resistance, which is determined by comparing different multilayer

thicknesses. They found for the CPP 108% and 14% at 9 K and 300 K respectively , four and two

times larger than their CIP values. Disadvantage for application of this method is the large amount
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of layers needed and the small resistance. From the CPP measurements (superconducting leads and

microstructures) the following values for the scatter parameters are found:

Table 2-1. Scattering parameters from CPP measurements and series resistor model. Added value:

UNiFe=12.3P:cm [5.5], UFeMn=87.5P:cm [5.1 p. 386]

From this table it can be easily calculated that the interface resistances are dominant compared to

the bulk resistances (the resistance of one interface is equal to that of a bulk layer 10 nm thick with

a resistivity of 6 P:cm). It is noted from the table that even for epitaxial MBE grown Co/Cu mul-

tilayers, the interface resistance is hardly changed. This is important in calculating maximum trans-

mission in the spin valve transistor (section 3.3.2 and 3.6) and is indicative of a large interface

reflection contribution. The mean free path in the bulk is calculated from the resistivity via the

Drude formula eq. (2.6), e.g. Co with U*
Co=7.5 P:cm gives 7.6 nm. For Cu this value is 84 nm. [5.1

p.343].

2.3 Other spin-valve configurations

2.3.1 Granular GMR

As indicated, it is very difficult to measure perpendicular transport GMR. An intermediate between

in-plane and perpendicular GMR can be created by making small ferromagnetic grains in a metallic

matrix. A sketch of such a system is given in Fig. 2-11:

Fig. 2-11 Sketch of granular GMR (G2MR). The high resistant state can be the uncoupled random

state of magnetic granules. [1.2]

In granular systems the ferromagnetic particles are assumed to be single domain and uncoupled. In

this case the resistance will be largest for randomly oriented particles, which occurs when the total

magnetization of the sample is zero, and lowest at applied saturation field Hs. (compare Fig. 2.11).

The GMR in granular systems in independent of the direction of the applied field, unlike in multi-
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layers where the saturating field is larger for perpendicular fields, than for in-plane fields. The MR

is mostly due to spin dependent grain-matrix interface scattering and to a lesser extent, from spin

dependent scattering within the magnetic grains. The major disadvantage of granular systems is the

saturation field which is usually very large [4.18]. An example of an advantage of such systems as

compared to multilayers measured CIP is the decrease of ferromagnetic bridging: in multilayers the

spacer layers have to be thin to avoid shunting. However, this causes local pinholes in the non-

magnetic spacer layers to be filled with ferromagnetic material, inducing ferromagnetic bridging

between the magnetic layers. This effect is decreased when the ferromagnetic layers consist of

clusters as in [4.15], because the ferromagnetic bridging does not proceed across the whole mag-

netic layer, but is limited to one granule. For the spin-valve transistor this separation of magnetic

layers in clusters to avoid ferromagnetic bridging is not required, since the spacer layer can be made

thick enough (no shunting in CPP-MR). The intrinsic perpendicular spin valve effect in the SVT

makes both granular systems and clusters dispensable.

2.3.2 Inverse GMR

When the resistance of a spin valve system increases under application of a magnetic field, it is said

to be inverse GMR. However, this effect may be related to three principles: The first is the ani-

sotropic magnetoresistance (AMR) which may lead to parasitic effects, and which may, depending

on current-field angle, produce an inverse behaviour. The second is the simple observation that the

magnetisation of the magnetic layers orient more into antiparallel directions, like in Co/Cu multilay-

ers going from zero field to the coercive field. This effect has been observed more clearly in specifi-

cally designed structures as in [1.2 p.370]. The third effect is of more relevance: it is related to the

band structure of certain materials that cause inverse spin asymmetry. The first observation of this

effect in 1994 [6.5] in itself was a proof of the existing hypothesis that spin dependent scattering of

conduction electrons would form the basis of GMR. An effect of -1% at RT was found in a Fe-Cr-

Fe-Cu-Fe sandwich. Two years later this effect was demonstrated clearer by using the simple Fe1-

xVx/Au/Co system [6.3] and very recently CPP experiments were performed on a number of (A/Cu

2.3nm/Co 0.4nm/Cu 2.3nm)20 multilayers, in which A alloys of FeV, FeCr and NiCr [6.1].

The inverse GMR effects can be accounted for qualitatively by opposite scattering spin asymmetries

in Co (positive spin asymmetry) and A (negative spin asymmetry): take for example the antiparallel

magnetisation state in Fig. 2-7b. For two layers with both positive spin asymmetry, high resistance

is observed, ergo normal GMR. If however the lower magnetic layer is replaced by an alloy with

negative spin asymmetry, electrons that passed freely through the first layer can also pass the second

layer, and now the antiparallel situation represents a low resistance state, hence inverse GMR.

Quantitatively the inverse effect can be accounted for by introducing bulk and interface spin asym-

metry coefficients as in CPP-GMR,  β and γ respectively (see section 2.2.1). Using the Valet and

Fert model for CPP-GMR, negative values for β in the alloys and positive values for γ have been

calculated, see [6.1]. As the spin asymmetry in A is positive for interface scattering and negative for

bulk scattering, the inverse GMR is observed only for thicknesses greater than one at which inter-
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face and bulk scattering compensate. This also demonstrates that in the SVT the ferromagnetic lay-

ers must be thick enough to measure clearly bulk DOS related effects (section 3.3.2). The thickness

dependence is shown clearly in Fig. 2-12:

      
Fig. 2-12 CPP-GMR curves of (A/Cu 2.3nm/Co 0.4nm/Cu 2.3nm)20 multilayers, in which A alloys

of FeV, FeCr and NiCr. b. The saturation GMR for several series of multilayers plotted vs. the

thickness of layer A, t(A). The solid lines are guides to the eyes [6.1].

The microscopic origin for inverse GMR is explained using the density of states picture in Fig. 2-

13. Upon alloying for example Fe with V, the majority spin 3d band moves towards higher energies

whereas the minority spin 3d band remains essentially unchanged. The maximum asymmetry and

hence maximum inverse GMR is expected for a valence reduction of about one electron, i.e. for a V

concentration around 30 at.%. In fact, the band model is rather crude, first principles calculations of

the electronic structure of Fe1-xVx using coherent potential approximation (CPA) show little change,

with respect to Fe, in the minority band and in the position of the Fermi level in its valley, whereas

the majority band is strongly broadened and disordered.

Fig. 2-13 Density of states of Fe and a sketch of the

majority spin density of states for Fe1-xVx alloy, with

x�30% [6.3].
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The same principle applies to NiCr and FeCr alloys, producing along with FeV negative GMR, as in

Fig. 2-12. The relevance for the spin valve transistor is that the combination of band engineering

techniques as shown and electron energy manipulation as in the spin valve transistor could lead to

improved insights into the scattering processes and band structures involved. For example, intro-

duction of an inverse GMR FeV-Cu-Co sandwich into the spin valve transistor base should lead to

normal GMR output because at electron energies of about 1 eV the spin asymmetry is positive for

both majority and minority electrons, as can be seen in Fig. 2-13. Even with the more disordered

majority band as calculated from the CPA, this hot electron induced spin asymmetry reversal should

take place, since the minority band is hardly changed and the large peak at 1eV can account for

large positive spin asymmetry coefficients, for both spins.

On the other hand, normal GMR as in Ni-Cr-Ni sandwiches might cause inverse GMR for hot (1eV)

electrons, if the alloying process causes the same broadening of the majority spin band: when the

band structure of Ni in Fig. 2.8 is taken into consideration, broadening of the majority band may

cause the spin asymmetry to be negative for energies over �0.5 eV. The band engineered sand-

wiches can be implemented without a problem in the spin valve transistor. Low temperature meas-

urements (small leakage current contribution) allow even layers with small electron mean free paths

to be measured.

2.3.3 Magnetic tunnel junctions: MTJs

Electrons are able to pass from one conducting electrode (initial electrode) to another (final elec-

trode) via a thin insulator (1-5 nm) with an energy barrier larger than the electron energy. This

quantum transport phenomenon is called electron tunneling. Instead of a Schottky barrier to create

hot electrons in the spin valve base, the spin valve transistor can also be made using incorporation

of a tunneling emitter (see section 3.4.1). A tunnel collector could also be opted for, as in MOMOM

(M=metal, O=oxide) high speed devices [11.22]. A magnetic tunnel junction acting as emitter could

add extra magnetic field dependence to the collector current change, since the transmission of the

tunnel structure as well as the transfer characteristics in the base spin valve add constructively. In

case of an antiferromagnetic tunnel barrier such as NiO or CoO, the tunnel injection could be com-

bined with the pinning abilities, to construct exchange biased spin valves in the base (see section

2.1.5). Usually this is difficult in CPP-GMR due to the large resistivities, or short mean free paths,

in compounds like TbCo, FeMn, NiO and CoO. On the basis of these possibilities, MTJs are dis-

cussed in this section.

Spin valve tunneling was already found in 1971 by Tedrow [7.19] in FIS tunneling structures

(Ferromagnetic-Insulator-Superconductor) and in 1975 by Julliere [7.18] in FIF (Ferromagnetic-

Insulator-Ferromagnetic) tunneling structures. In the latter the tunneling current is dependent on the

relative magnetic orientations of the magnetic layers, and is largest for antiparallel orientation (zero

field) and lower when orientations are parallel (similar to GMR).
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In the normal case magnetic tunnel junctions (MTJs) consist of a ferromagnetic initial electrode, an

oxidic barrier and again a ferromagnetic final electrode, as in Fig. 2-14

With no voltage applied the Fermi levels of the two electrodes must align. Under application of a

bias, a voltage drop V and energy level difference eV across the insulator is found. The current is

found using Fermi’s golden rule: the number of electrons tunneling is given by the product of the

density of filled states at a given energy in one electrode and the density of empty states in the other

electrode at the same energy multiplied by the square of a matrix element describing the probability

of tunneling.  For this model the total current from the initial electrode to the final electrode is pro-

portional to [7.1 p. 209]:

( )I(V) = I I+ -( , ) ( , ) ( )[ ( ) ( )]V E V E M N E eV N E f E eV f E dEi f− ∝ − − −
−∞

∞

∫2  (2.8)

In the model proposed by Julliere [7.18], it is assumed that the spin is conserved in the tunneling

process and that the conductance of each spin direction is proportional to the density of states of

that spin in each electrode. In this model one expects the tunneling current to be larger when mag-

netisations are parallel as compared to antiparallel orientations. The conductances of the junctions

are then:

Ipar�Ni,upDf,up+Ni,downDf.down Iap�Ni,upDf,down+Ni,downDf.up (2.9)

I(ap)par the current in the (anti)parallel case, where Ni the number of available electrons on the inject-

ing electrode and Df the number of available empty sites in the DOS of the collecting electrode. Or,

written differently [7.17]

Gpar = D(U+
AU+

B + U-
AU-

B) Gap = D(U+
AU-

B + U-
AU+

B) (2.10)

where G the tunnel conductance at zero bias, D a constant, and U+
A,B

 and U-
A,B the tunneling density of

states of the majority and minority spin electrons of metal A(B) at the Fermi surface. The relative

change in conductance or resistance is then:
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or written differently 
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where PA,B= (U+
A,B - U-

A,B)/ (U+
A,B + U-

A,B) (2.14)
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This situation may be illustrated graphically:

Fig. 2-14 Illustration of effect in magnetic tunnel junction (MTJ) consisting of two ferromagnetic

electrodes separated by an insulator. In the case of parallel magnetisations, Ni,up*D f,up>0, hence a

current may be flowing. In the antiparallel case, Df,up=0 and Ni,down=0, consequently zero current.

Although in the example in Fig. 2-14 only transport from and to 3d bands is assumed, this may not

always be the case. Depending on barrier thickness and barrier height, also the 4sp bands may con-

tribute, reducing the effective polarization and magnetoresistance value accordingly [7.14]. Never-

theless, good agreement has been found between expected values of P from superconductor

electrode experiments and magnetoresistance results, since the first results of Moodera [7.6]. The

recent values for spin polarization (at EF) from superconductor electrode - insulator- ferromagnet

experiments are [7.1 p.204]:

Fe=40% Ni80Fe20=30% CoFe=47%

Gd=14% Er=5.5% Tm=2.7%

Co=35% Ho=7.5% Dy=7.0%

Ni=23% Tb=6.5%

Comparison with MR='G/G=2P1P2/(1-P1P2) from MTJ experiments come quite close, e.g.

CoFe/Al-Al2O3/Co MR=12% at RT and 24% at 4.2K [7.6], FeMn-Co-Al-Al2O3/NiFe MR=18% at

RT [7.12,21], NiFe-Co-Al-AlOx-Co-NiFe-FeMn-NiFe 27% at 77K and 20% at RT [7.26]
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Preparation of MTJs

The tricks to achieve ultrathin pinhole free tunnel barriers may consist of a combination of 1. Very

smooth substrates (e.g. float glass, which is not very flat, but ultra smooth); 2. Choice of a barrier

metal with self limiting oxide growth in the tunneling range, e.g. Al; 3. Deposition of a barrier metal

at low temperatures, e.g. 77K, to achieve uniform pinhole free layers with a thickness of 1-2nm. 4.

In-situ O2 plasma oxidation to allow control over the oxidation process. 5. Deposition of electrode

metal on top of the insulator using low energy adatoms, to prevent implantation/diffusion [8.1].

These techniques were employed to prepare the first reproducible ferromagnetic tunnel junctions

with large MR values [7.6]. Later, also sputtering techniques and use of silicon substrates led to

successes[7.12] and even the use of oxidation in air provided good junctions [7.26]. Another inter-

esting deposition technique has been described by Harper and Heiblum [8.8], which consists of a

dual beam sputtering-sputter-etching process: A thick (pinhole free, continuous) film is deposited,

after which a combination of sputtering and (reactive e.g. using O2 or N2) sputter-etching is used to

slowly form an ultra thin uniform, continuous (insulator) film. If, after deposition of a layer, the

deposition rate is set equal to the etching rate, the process is time independent and the prolonged

deposition time will result in a uniform layer, free of adsorbed species on the substrate.

The main problem of the present tunnel junctions for applications is the large impedance, about 104

ohm-µm2. This causes time constant problems for applications such as MRAM [7.11]. Impedance

may be lowered by: a. Larger applied bias b. Thinner barriers c. Lower barrier heights d. Resonance

modes.

The disadvantage of larger applied biases is that the magnetoresistance decreases accordingly. Thin-

ner barriers currently suffer from technological problems resulting in reliability problems (caused by

pinholes and current density fluctuations) and larger capacitances. Lower barrier heights are an in-

teresting option. To employ this idea, semiconducting barriers may be used. The magnetic tunnel

effect may also be found using semiconductor barriers, as has been calculated for Si and GaAs

[7.8]. The disadvantage of deposited semiconductors is the morphology when deposited on a metal:

it becomes amorphous. Amorphous Si and Ge barriers are known to cause spin flipping and there-

fore low magnetoresistance values [7.9-10]. Two earlier studies have reported upon crystalline Si

barriers for low temperature Josephson junction experiments: Ultrathin suspended silicon mem-

branes were made using a selective etch stop technique [8.6-7]. The layered semiconductor com-

pound GaSe has been employed for tunneling studies by making use of its peeling properties [8.10]:

an Al film has been deposited on one side of the GaSe crystal. This is subsequently glued to a

holder using silver epoxy. Next the GaSe is peeled off using Scotch tape until an ultrathin layer

remains. On top of this, the second metal electrode is deposited. Near ideal electrical characteristics

were obtained for barriers of 6-10nm thickness at low temperatures. At room temperature thermi-

onic current dominated due to the low barrier height (0.5eV). Because of this low barrier height in

GaSe, tunneling is only expected to dominate at room temperature for thicknesses <3nm. Slightly

higher barriers such as in metal GaAs barriers (�0.9eV) would allow larger tunnel thicknesses.
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These could be made reproducibly using the vacuum metal bonding technique presented in this the-

sis: The bonded GaAs crystal can be etched down to thicknesses allowing tunnel currents at room

temperature (to estimate the tunnel/thermionic current ratio, determine the thermionic Schottky cur-

rent from Fig. 3-22 and the tunnel current calculated from Simmons’ formula in [8.2]). Various etch

stop techniques can be employed, see chapter 5. Such single crystal semiconductor vacuum-bonded

back-etched tunnel structures could provide smaller impedances and capacitances for improved

MTJs. Finally, also new effects (spin-transport) measured in planar Si barriers [16.9], could be

measured most effectively in such vacuum bonded vertical transport structures as well as proximity

effects, when superconducting electrodes are used. Preliminary measurements during this work of

vacuum bonded back-etched SiO2 barriers have shown very high impedances due to the large band

gap of SiO2.

Related principles

A related effect is the spin filter effect, which is observed using antiferromagnetic insulators such as

Gd2O3 in high fields. It is based on spin selective variation of the barrier height caused by exchange

splitting [7.2]. Half metallic materials also show interesting tunnel behaviour: A scanning tunneling

microscope with a CrO2 tip has been employed to investigate the spin polarization of the tunneling

electrons into the terraced surface of Cr(001) [7.1]. Using the measured values of the tunnel barrier,

a value of the polarization of the tunneling electrons was calculated to be P=20. Assuming that the

electrons emitted by the CrO2 are nearly 100% polarised as measured by photoemission, this meas-

urement can be interpreted as measuring the relative density of spin states  of the itinerant electrons

in Cr at EF. An important feature of this development is that the spin polarization can be measured

as a function of energy from the Fermi energy by changing the voltage bias. This may allow detailed

spectroscopy of magnetic materials on an atomic level. Half-metallic ferromagnets which show

normal metallic behaviour for one spin direction, while being insulators for the opposite spin direc-

tion are very promising for sensor applications, and receives major interest again in some labs [7.2,

7.27, 7.28]. For the spin valve transistor it may be interesting as an electron injector (section 3.4).

2.3.4 Overview

In the previous sections several GMR systems have been discussed: classical AF-coupled superlat-

tices, specially prepared superlattices with lower saturation field maintaining MR, soft spin valves

either pinned or soft/hard, perpendicular GMR, granular systems and MTJs. Of all these systems the

most important ones are tabulated in appendix 1 and a scatter graph of this table is provided in Fig.

2-15:
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Fig. 2-15 Scatter graph of the various GMR systems at RT. Of similar systems reported in litera-

ture, only the systems with the largest GMR or smallest saturation field have been plotted. Sand-

wiches are indicated with their 3 layers.

2.3.5 Criteria for applications

The various applications require various resistance-field curves. A read head for magnetic recording

requires hysteresis free switching, preferably around zero field, as in Fig. 2-6a and 2.6c. An MRAM

requires a bistable output, as shown in Fig. 2-6b. For angle detectors only one layer should rotate,

leaving a system with a pinned configuration as in Fig. 2-6c. For read heads the most promising

spin-valve systems appear to be spin valve sandwiches with a soft switching layer. These structures

typically have saturation fields in the 10-20 Oe range, well within the acceptable range for magnetic

recording heads. Furthermore the response is linearly dependent the field: noise sensitivity is re-

duced and the dynamic range is enhanced relative to AMR heads. Nevertheless, the relative resis-

tance change is quite small (< 10%) due to shunting and diffusive surface scattering of electrons.

The read head structures for magnetic recording are basically as in Fig. 2-16:
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          (a) (b)

Fig. 2-16 A shielded read head structure based on the exchanged bias spin-valve structure con-

sisting  of (e.g. NiFe 10 nm / Cu2.5 nm / Co 2.2 nm / FeMn 11nm). The soft NiFe sense layer ro-

tates in the external field, causing a change in resistance of the layer [2.1] (b) Magnetoresistive

head design using a flux guide (Yoke type head) for ultra high  density (100 Gbit/in2) “SV” signifies

the spin valve (transistor) [2.32].

Either between magnetic shields (to improve the bit resolution) or using a flux guide (less problems

with thermal spikes, larger sensitive element dimensions possible). The typical operating tempera-

ture in a high capacity magnetic disk storage drive is likely to be significantly higher than room

temperature, up to 100 oC ([1.2] p.370). Low magnetostriction is required to avoid sensitivity to

stresses induced during processing, stability against electromigration due to the very high applied

current densities during operation (�10 MA/cm2). For the spin valve transistor, the flux guide sys-

tems appears most promising, because it provides better heat sinking possibilities than the shielded

head, between which the magnetoresistive element is sandwiched using electrically and thermally

insulating material, see also section 3.6

2.4 Spin polarized hot electron transport phenomena

Several spin polarized hot electron transport phenomena, have been employed to obtain information

on physical properties (geometrical, electronic and magnetic) of surface systems. We will discuss

some here, because scattering processes in GMR and electron scattering in these surface analysis

techniques are related and because the spin valve transistor operates with electron energies in-

between GMR (Fermi level) and the techniques discussed now (5-200 eV).

As schematically indicated in Fig. 2-17, the relevant scattering methods can be classified according

to their input and output channels [10.11]:
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Fig. 2-17 Schematic indication of scattering methods involving free polarized electrons e- and line-

arly or circularly polarized photons (hZ) [10.11].

Given an incident electron beam of kinetic energy E, momentum k and polarization vector P, there

are four distinct possibilities: elastic diffraction, electron energy loss spectroscopy, photo-emission

and inverse photoemission, which, with reference to Fig. 2-17, are discussed below:

(a) Elastic diffraction
Detection of elastically scattered electrons with E'=E, k’  and P’ (see Fig. 2-17) which represents

spin polarized elastic electron scattering or, more specially for (ferromagnetic) crystals, spin polar-

ized low energy electron diffraction (SPLEED, energies typically 20-200eV). This technique is

meant for the magnetic analysis of surfaces, just like conventional LEED for their structural analy-

sis. SPLEED has been used in 1987 [10.9,10.15] for the first time to study the magnetic coupling of

antiferromagnetic sandwiches Fe/Cr/Fe.

(b) Electron energy loss spectroscopy
Detection of outgoing electrons with E'<E, k’ and P’; this comprises inelastic electron scattering

(energy loss spectroscopy, ingoing beam 100eV, outgoing beam 10eV-100eV), true secondary elec-

tron emission (SEE) and Auger emission. Recently a  'hot electron spin valve effect' has been ob-

served in a Fe/Cr/Fe wedged sandwich (Fig. 2-18a). In a SEMPA configuration (SEM with

polarization analysis) the emission of secondary electrons from the Fe substrate excited by an un-

polarized electron beam, was dependent on the relative orientation of the Fe layers, and the secon-

dary electron intensity variation was ≈2% [10.2-3]. The variation of antiparallel and parallel

orientations of the magnetizations in the substrate and overlayer clearly depended on spacer layer

thickness, as shown in  Fig. 2-18b:
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(a) (b)Fig. 2.18 (a) Wedge

Fe/Cr/Fe structure showing sign of exchange coupling (b) intensity image of reflected secondary

electrons [10.2-3].

Earlier observations of hot electron inelastic mean free paths in single ferromagnetic films were

made by Pappas [10.6], Siegmann [10.16] and Gröbli [10.17]. In these experiments, a ferromagnetic

layer is deposited on top of a non-magnetic substrate. Electrons are excited in the non magnetic

substrate, and transported via the ferromagnetic overlayer into vacuum. The number of arrived elec-

trons is measured spin selectively using a Mott detector. The intensity for the spin up and spin down

electrons is fitted to thickness variations of the magnetic overlayer according to I↑=0.5I0exp(-d/O↑),

in which d is the overlayer thickness and O the inelastic mean free path. The electron energy is of

the order of 10 eV above the Fermi level. In this region, mainly inelastic electron-electron scattering

into unoccupied d-bands takes place. It is very clearly observed that the mean free path O decreases

with number of unoccupied d orbitals, as shown in Fig. 2.19a:

(a) (b)

Fig. 2-19 (a) Inverse mean free path in nm-1 vs. number of unoccupied d-orbitals for the transition

metals indicated. (b) Polarization of the total photocurrent excited in Cu and transmitted through a

cesiated 5 nm Co overlayer at threshold energy of 1.5 eV. [10.16-17].
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More specifically, for Fe, Co and Ni mean free paths of 0.6, 0.8 and 1.1 nm have been found (spin

averaged). These are values for electron energies involving mainly electron-electron scattering

(E�10 eV+EF ). Smaller electron energies were probed by deposition of cesium on a Co layer

[10.17]. In this experiment, photo-emitted electrons from the Cu substrate travelled through the Co

overlayer. The polarization of the electrons which escaped into vacuum was positive, because most

of the minority electrons were attenuated in the Co film. The polarization is indicated in Fig. 2.19b

and the mean free paths deduced from the exponential overlayer thickness dependence were O�=1.5

nm and O�=0.5 nm. These mean free paths were measured for energies of about 1.5eV above the

Fermi level, so it gives reasonable mean free path expectations for transport in the spin valve tran-

sistor. Other results of polarization from such experiments were for Fe:44%, Co:34% and Ni:24%

[7.1 p.236].

Another observation of electron energy loss spectroscopy has been made using transmission of po-

larised electrons through a Co foil (Fig. 2-20)

Fig. 2.20 Experimental results for electron transmission through a thin Co film: asymmetry as

measured in the inelastic part of the transmitted current versus primary energy [10.18].

In this experiment, a longitudinally spin polarized quasi mono-energetic, free electron beam im-

pinges in UHV onto a ferromagnetic target consisting of a few atomic layers of cobalt sandwiched

between gold layers, for an overall thickness of the order of 25 nm. The polarised electrons are gen-

erated using polarised light (optical pumping) in a GaAs crystal. The Co film is remanently mag-

netized perpendicular to the film plane. The current through the foil is energy analyzed and its

dependence on the relative orientation between the spin polarization of the primary beam and the

magnetization direction of the cobalt layer is measured. The experiments are performed over a wide

primary energy range, starting from the vacuum level of the target; the work function of the target

can be lowered down to 2eV using cesium deposition. A spin filter effect has been demonstrated,

favoring transmission of majority electrons. It is very large at low primary energy, when the elec-
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trons travel close to the 3d bands, see Fig. 2.20. The injected current is of the order of 10 nA,

transmitted current is of the order of pA [10.18].

A more compact technique using a similar principle is described by Gröbli [10.19]. In this experi-

ment (Fig. 2-21a) polarised electrons are generated again within a GaAs crystal. The ferromagnetic

foil is now deposited on top of the GaAs, with a Ag layer in-between to prevent reactive interaction

between the GaAs and the Fe.

  

Fig. 2-21 (a) Polarized electrons excited in a GaAs crystal photo-emitted through a thin ferromag-

netic overlayer of iron. The emitted current from the substrate is denoted by I, the polarization by

P. (b) Fractional change 'I(tot)/I0(tot) of the photocurrent upon switching the polarization of the

light from rcp to lcp for applied fields 0, 1.6 and -1.6 T. [10.19]

On top of the Co, a monolayer of Cs is deposited to lower the photothreshold. It is shown in Fig. 2-

21b that the photoyield depends on the relative orientation of the spin magnetic moment of the

photoelectrons with respect to the magnetization of the Fe film. Close to the photothreshold, the

transmission is about 1.7 times larger when the orientation is parallel compared to the case where it

is antiparallel.

(c) Spin resolved photo-emission

For incident electromagnetic radiation (photons hZ), the most interesting polarized electron emis-

sion process is (spin resolved) photoemission: detection of spin polarized electrons with energy E',

momentum k’ and polarization P’ (see Fig. 2-17). In photoemission 5 processes occur, (1): penetra-

tion of radiation through the surface (2) propagation of the radiation inside the solid (3) excitation
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of an electron (4) propagation of this electron towards the surface and (5) penetration through the

surface into vacuum. step (3) may reveal the spin polarized band structure of the system and step (4)

involves spin dependent scattering, both resulting in a spin polarized secondary electron beam.

Photoemission of electrons is done mainly in the UV regime (hZ=20-70eV). It probes the electronic

states in metals in a region about 1.2 nm from the surface and is thus less dependent on the final

surface layer than tunneling. Emission of electrons takes place in UHV using monochromatized

synchrotron radiation. Energy resolved detection takes place using a 100 kV Mott detector. In the

detector selection between spin occurs via spin-orbit coupling in a transparent gold foil. The ex-

perimental results are shown in Fig. 2.22, where the spin resolved DOS below the Fermi level is

plotted. Clearly the spin-up band is full whereas the spin down band shows a large DOS at EF.

Fig. 2.22 Spin resolved photoemission results for

normal emission from N(110) at room temperature

[10.11, p. 521]

Polarizations at the Fermi level were found for Gd:

5.5%, Ni:15.5%, Fe:54%, Co:21%. The basic differ-

ence between photoemission and tunneling measure-

ments seems to be that photoemission samples mainly

the high density of states of localized bands in the 3d

metals, whereas tunneling samples only the highly

itinerant states [7.1]. A major disadvantage of this

technique for band structure generation of materials is

the fact that energy is limited to below the Fermi level,

as can be seen from Fig. 2.23 This problem is not

found in inverse photoemission:

(d) Inverse photoemission

Detection of outgoing photons with hZ≤E-EF. This

relatively new surface spectroscopy technique (1980), which is very akin to photoemission, is angle

and energy resolved bremsstrahlung spectroscopy (inverse photoemission). An incident electron

with well defined energy (Ei), momentum and spin makes a transition to an unoccupied state in the

(Ferromagnetic) metal (Ef), generating a photon of energy Ef-Ei, which is detected when emerging

from the surface. It probes the unoccupied states and provides information complementary to pho-

toemission. In particular, it covers the energy range between Ev and EF which is not accessible by

other electron  spectroscopies: e.g. photoemission data is restricted to electronic states below the

Fermi level for the initial state and above the vacuum level for the final state. Inverse photoemission

probes DOS above the Fermi level, using radiative decay of an injected, spin polarised electron, via
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emission of a photon to a final state (Fig. 2-23a). In contrast to the transport in the SVT (section

3.3.2), the inverse photoemission experiments measure inelastic scattering processes (energy re-

laxation).

Fig. 2.23 (a) Comparison of direct transitions in ordinary photoemission (dashed arrow) and in-

verse photoemission. [10.11, p. 549] (b) Spin integrated (�+�) and spin resolved (�,�) inverse

photoemission data (hZ=9.4eV) of transitions into states just above EF on Ni (110) [10.20]

Spin polarized electron beams are usually generated by photoemission in GaAs. In GaAs the ab-

sorption of a photon may lead to selective excitation of the other spin state in the (spin degenerate)

occupied bands. The light source which emits the electrons is usually a HeNe laser operating at an

photon energy of 1.96 eV. In Fig. 2.23b the results of an inverse photoemission experiment are

shown for a Ni (110) substrate. The emitted photons are detected using an energy selective Geiger-

Müller counter. Since in ferromagnets the photon production depends on the number of available

states for the excited electrons to scatter into (inelastically), the DOS is reflected in the measured

intensity. This is shown in Fig. 2.23b for Ni (110), exhibiting high intensity for minority but almost

no intensity for majority electrons. The problem of this technique is that it is very sensitive to sur-

face states, and bulk states can hardly be distinguished.
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2.5 Summary

Of all giant magnetoresistance systems that have been investigated so far, the main difference is

found in magnetic configurations: antiferromagnetically (AF) coupled multilayers such as Fe/Cr and

Co/Cu are the most intensely investigated systems. Due to the strong coupling the saturation field is

usually large. The hysteresis and saturation field of AF coupled NiFe-Au multilayers is much

smaller, but it is very sensitive to preparation conditions. Of the soft spin valves, the

FeMn/NiFe/Cu/NiFe and NiO/Co/Cu/NiFe systems are most promising for read heads and angle

detectors. The first is already put to use as a read head in commercial hard disks. NiO shows an

important advantage in that it reflects electrons specularly from its interface with Co, improving the

GMR considerably. The hard/soft systems such as Co/Cu/NiFe have correct magnetic behaviour for

magnetic RAMs: reading is possible by switching the soft NiFe layer, writing by setting the hard Co

layer. For implementation in a spin valve transistor, sandwiches are preferred for larger collector

currents. For this reason, soft spin valves are preferred. An FeMn pinning layer cannot be used in

the base because of its short electron mean free path. A pinning NiO tunnel injector may be tried,

but because it has to be very thin, an FeMn emitter electrode may be added to enhance its exchange

field.

GMR measured with the current perpendicular to the planes (CPP-GMR) offers important advan-

tages over the conventional current in plane (CIP) configuration: electrons have to cross all mag-

netic layers so shunting and channeling via single layers is prevented. Also, diffusive surface

scattering is avoided. To conquer the small perpendicular resistance, two approaches have been very

useful: superconducting leads and fabrication of micropillars. From these techniques the theoretical

semi-classical series resistor model has been validated quantitatively. It is found that for normal

spacer layer thicknesses (�2 nm) the interface scattering and reflections form the major contribu-

tion. Bulk contribution is found by using thicker layers. A relation between the bulk density of

states and the scattering probability is introduced via Fermi’s Golden Rule: the mean free path de-

pends on the number of possible states to scatter into. Distinction between interface reflections and

scattering has not been found experimentally. The numerical values from theories can be compared

with the experimental interface contributions and compare reasonably. The interface scattering con-

tribution has not been calculated numerically taking into account the local band structure. Via bal-

listic point contact transport it is tried to measure the reflections, but practically both the thickness

and lateral size has to be smaller than the shortest mean free path. Moreover, the spreading resis-

tance may form an important contribution to an observed effect. Clearer evidence may result from

the idea to insert a spin valve in a double barrier system (such as the spin valve transistor), and cre-

ate resonances by means of base thickness control. Here reflections alter the spin dependent reso-

nance peak, scattering broadens the resonance width. For resonance a clean, flat epitaxial structure

is necessary.

Band structure engineered spin valves such as FeV-Cu-Co sandwiches displaying inverse GMR are

very interesting for the hot electron investigations: the effect may revert at energies within reach of
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the spin valve transistor, that is EF <E<2eV. Magnetic tunnel junctions are interesting both for its

expertise in preparing (non-magnetic) injectors for spin valve transistors with sufficient current den-

sities, as well as its specific use as an magnetic tunnel emitter.

For read head applications of the spin valve transistor it is important to notice that since the heating

contribution is larger than in a normal spin valve, good heat sinking possibilities are required, as in

flux guide head systems.

Several hot electron analysis techniques have been employed to study magnetism: spin polarized

low electron energy diffraction (SPLEED), electron energy loss spectroscopy (EELS), photoemis-

sion and inverse photoemission. The energies involved are all above the vacuum level of the ferro-

magnetic metal. EELS techniques involve analysis of spin polarised transmission through

ferromagnetic films. Photoemission has been very useful for determining spin polarised band

structure below the Fermi surface. Inverse photoemission and tunneling spectroscopy show similar

useful characteristics like the spin valve transistor: Both are capable of determining the polarization

and band structure between the Fermi energy and the vacuum level, however, the spin valve tran-

sistor provides a means to discriminate between interface states and bulk states by varying layer

thicknesses.
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3
THE SPIN VALVE TRANSISTOR:
FOUNDATIONS AND PROSPECTS

As described in the previous chapter, in ordinary current-in-plane (CIP) measurements, channel-

ing, shunting and diffusive surface scattering diminishes and complicates the spin-valve effect. Ex-

periments with currents perpendicular to the planes (CPP) prove very useful for fundamental

studies of electron transport, yet application of the larger effect to sensors is cumbersome due to

the very small resistances involved. As discussed, the difference in resistance between parallel and

antiparallel magnetizations is caused by long and short mean free paths respectively. The mean

free paths thus represent the spin valve effect more intimately than the macroscopic resistance. In

order to measure mean free paths, there are two possibilities: either reject scattered electrons

based on energy loss, or based on loss of direction. The first cannot be employed for Fermi elec-

trons since the energy loss is insignificant. For the latter, an electron angle detection mechanism is

necessary. A structure than incorporates both mechanisms, electron energy and angle selection, is

the metal base transistor. Metal base transistors have been proposed for ultra high frequency op-

erations [11.5] because of their negligible base transport time and low base resistance, however,

low gain prospects have limited their advent. Modification of the base with a functional material

such as a metalllic spin-valve and use of the collector current for sensor purposes has never been

done before, yet is very promising for applications and fundamental electron transport studies, as

demonstrated in this chapter.

3.1 Background

Historically, the first proposal of a hot electron injection device was made by Mead [11.23]. His

device, a MOMOM (metal-oxide-metal-oxide-metal), belongs to the category of ballistic transport

transistors (Fig. 3-1a). It was based on electrons tunneling from a metal emitter through a thin oxide

barrier into a high energy state in a metal base.
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Fig. 3-1 (a) Schematic cross section of the hot electron triode or MOMOM metal base transistor

(b) an idealized energy level diagram of the hot electron triode structure [11.23]

These injected hot electrons were then able to surmount the second oxide barrier in contrast to the

base electrons resting in equilibrium state (Fig. 3-1b). The lower metal contact was thus able to

collect the injected electrons. The number of electrons that can be collected depends exponentially

on their mean free path in the metallic base, because only electrons with their injection energy and

initial perpendicular momentum conserved, can be collected (ballistic electrons) due to the energy

barrier and angle of acceptance of the collector. The MOMOM device was potentially very fast be-

cause of the thin base, which leads to a very short transit time (10-14 s.) and because the metal layers

have high conductivity, yielding small RC time constants. Later versions of this device had the sec-

ond MOM replaced by a metal semiconductor junction, because of low collector efficiency due to

backscattering of electrons in the (too thick) collector oxide [11.18]. This resulted in a transistor

structure called the MOMS (Fig. 3-2a)

     

Fig. 3-2 Later versions of the metal base transistor, (a) the metal-oxide-metal-semiconductor

(MOMS) [11.18] and the (b) semiconductor-metal-semiconductor (SMS) structure.

Scattering in the emitter oxide and resulting energy loss of the injected electrons still limited the

amount of electrons able to pass the collector barrier, and restricted the current gain to small values.

Metals base transistors which employ thermionic rather than tunneling injection of hot carriers into

the base, were proposed by Rose [11.24], Atalla and Kahng [11.25] and Geppert [11.12] in the form

of a semiconductor-metal-semiconductor (SMS) structure (Fig. 3-2b). The current gain was in-

creased as compared to the aforementioned structures, yet was still smaller than 0.5. This is related

to various transport factors which are discussed later in this chapter, and to the problem of growing

a single crystal semiconductor on top of a metal. As the latter has been solved by using metal

bonding in vacuum (chapter 5) the use of the SMS metal base transistor for high frequency purposes



46

is again worth reconsidering and its transport is also for this reason described extensively in section

3.3.

3.2 Spin valve transistor principle

The perpendicular electron transport and exponential mean free path dependence in metal base tran-

sistors allows for fundamental detection of the perpendicular spin valve effect by incorporating a

spin valve into the base. In contrast to tunnel injectors in the described MOMS structure, the

Schottky injector in the SMS structure allows emitter current densities sufficiently high for room

temperature operation of the spin-valve transistor (see section 3.3.2), and was therefore preferred

and put to use. A schematic picture of one of the spin-valve transistor structures realized in this

thesis is shown in Fig. 3-3. The base is formed by a spin valve. A Co44Å/Cu88Å/Co8Å/Pt88Å

sandwich base is sputtered onto a Si(100) collector substrate. The emitter is negatively biased

(forward) using a DC current source, the collector substrate is in reverse (positive voltage bias), in

common base.

Fig. 3-3 Schematic cross section of the spin-valve transistor. A Co44Å/Cu88Å/Co8Å/Pt88Å sand-

wich base is rf-sputtered onto the Si(100) collector substrate.

A Pt capping layer on top of the spin valve is used to make the emitter Schottky barrier larger than

the collector barrier, in order to decrease quantum mechanical reflections at the collector barrier.

This can also be seen in the schematic energy band diagram of the bonded Co/Cu spin-valve tran-

sistor in Fig. 3-4.
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Fig. 3-4 Schematic energy band diagram of the spin-valve transistor under forward bias.

The emitter bias accelerates the electrons over the emitter barrier, after which they constitute the

hot, quasi-ballistic electrons in the base. The probability of passing the collector barrier is limited by

collisions in the base, which affect their energy and trajectory (momentum), by optical phonon

scattering in the semiconductors and by quantum mechanical reflections at the base-collector inter-

face. For a metal base transistor with a single metal base film as in Figs. 3.1 and 3.2, the relationship

between the collector current density Jc and the injected emitter current density Jinj is [11.4]:

J J M e Jc e e qm c

W

leakage= +
−

α α α λ   (3.1)

where W is the base width (=thickness) and λ the mean free path of the injected hot electrons in the

base. αe represents the emitter efficiency, αqm represents quantum mechanical transmission and αc

represents the collector efficiency. Jleakage is the collector leakage current, determined by the reverse-

biased collector Schottky barrier and Je is the injected emitter current. The avalanche multiplication

factor M depends on device design but if impact ionization is absent, equals one. The leakage cur-

rent of the collector may also contribute to the total collector current. The emitter to collector cur-

rent transfer ratio, or current gain is defined as:

J
J M e ec

e
e qm c

W W= = =− −α α α α αλ λ  *
0 (3.2)

where the collector leakage current has been neglected. Here α0 is the common base current gain

and α*  is the common base current gain extrapolated to zero base thickness. The factor e-W/O repre-

sents the probability of transmission of the hot electrons through the base. Jc is the total collector

current. In the spin-valve transistor under consideration, the collector current of the Co/Cu spin-

valve transistor depends exponentially on the spin dependent hot electron mean free paths O�(�) in

the base. Neglecting spin-flip scattering, we may consider the spin � and spin � electrons to carry

the current in parallel (two current model). Furthermore, it has been shown [5.2] that in this limit,

no spin relaxation occurs in the CPP-MR and that consequently the perpendicular transport proper-

ties can be very simply described by considering a network of serial resistances for each channel of

electrons corresponding to the resistance of the successive layers and interfaces, see section 2.2 in

the previous chapter. Following this idea, the collector current of the Co/Cu spin-valve transistor is

expressed as:

  J = J + J = J [ P + P ] + Jc c e e c qm
1

2 i
i

i
i

leakage+ − + −∏ ∏c α α α      (3.3)

where  Pi
i

+ −∏ ( ) denotes the product of transmission probabilities of spin up (+) and down (-)

electrons through each layer and interface. In first approximation we take  αe, αc and αqm similar for

the two species of electrons since these quantities reflect the properties of the semiconductors and

Schottky barriers. At saturation, all Co layers have their magnetization parallel. The sum of the

transmission probability factors for the two spin channels can then be written as:
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[ P + P ] e )i
i

i
i

P
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At the coercive field, this quantity becomes:

[ P + P ] e e e e ei
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i
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where WCo expresses the sum of all Co layer widths (total Co thickness) which is valid for equally

thick layers, ½W is half of the total Co thickness, WCu is the total Cu thickness , OCo�(�) the majority

(minority) MFPs in the Co layers and OCu the MFP in the Cu layer. The factor 2 in (3.5) appears

because the two parallel channels are equal for antiparallel magnetizations. The values of the col-

lector current in the parallel (P) and antiparallel (AP) magnetic configurations are then obtained by

inserting expressions (3.4) and (3.5) into (3.3). The typical properties in the spin valve transistor are

thus:

1.  Perpendicular GMR can be measured down to tri-layers

2.  Exponential amplification of the magnetoresistance occurs because the transfer is  exponen-

tially dependent on the electron mean free path in the base

3.  Electron energy can be varied so electron spectroscopy can be performed by changing emitter

Schottky barrier height (or tunnel bias)

4.  Measurements can be done at cryogenic and room temperature

5.  Since the scattering processes appear as products in the transfer equation., the spin dependent

scattering centers can be located accurately and, in contrast to common CPP-MR, the relative

change in collector current CC(%) is not decreased by spin independent scattering processes

such as in the Cu layers or in the semiconductors (factors D) (section 3.3.2)

6.  As a consequence of the direct MFP dependence of the transmission across the base, the spin-

valve transistor allows quantification of spin dependent electron MFPs O�(�) of the individual

layers and interfaces. This can be done by calculating of O�(�) and DeDcDqm from eqs. (3.1)-(3.3)

for different base layer thicknesses. Direct quantification of mean free paths is not possible in

common CPP-GMR [5.1 p.301].

7.  The output is a high impedance current source

The tunnel emitter variant (MOMS Fig. 3-2a) allows variation of the injected electron energy, which

is useful for transport studies in spin-valves at low temperatures. Moreover, implementation of tun-

nel barriers with oxides thinner than 2 nm may even provide current densities large enough for RT

operation (1000 A/cm2 [11.22, 7.12]). Therefore, also this option is discussed (section 3.4.1).

Ballistic electron emission microscopy (BEEM) has more recently been introduced to investigate

Schottky barrier properties with a lateral resolution of about 1 nm [12.4]. It involves a three terminal

metal base transistor like structure with a tunnel tip. Due to the small injection area, emitter currents

are limited to about 1nA and resulting collector currents are of the order of pA. Introduction of met-
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als other than gold will results in very small collector currents. From these studies important data on

hot electron transport is resolved, see section 3.4.

For study of transport properties in spin-valves, optical excitation of electrons in the metal film is

another option worth investigating due to its simplicity: electron energy can be varied by altering the

photon energy. No emitter structure is necessary. In non-magnetic single metal films such experi-

ments have been performed as discussed in section 3.4.3.

Both theoretical and experimental transport properties in non-magnetic metal base transistors for

high speed amplification purposes has been published by Crowell and Sze during the sixties

[11.1],[11.5],[11.19]. We will not deal with the frequency performance of the metal base transistor,

a detailed discussion can be found in [11.19] and the conclusion in this work is that the operating

frequency may be of the order of 10-100 GHz. Its use for investigating transport properties has been

shown for Au, Ag, Al and Pd base films [11.10, 11.20]. The experimental investigations were per-

formed mainly using the point contact geometry shown in Fig. 3-5:

Fig. 3-5 (a) Experimental set up of the metal base transistor by Sze [28.5, 28.16]. (b) Typical com-

mon base current voltage characteristics [11.10, 11.20].

A cantilever beam mechanism capable of contact-separation adjustment as low as 10Å has been

used to make contact between a semiconductor point emitter and a metal film as thin as 100Å. The

metal film was evaporated on another semiconductor, serving as a collector substrate. For a fixed

emitter current, α0 increases with collector field, as can be seen in Fig. 3-5b, in agreement with the

collection efficiency and reduced quantum mechanical reflections. The increase of Ic with Ucb in Fig.

3-5b is also enhanced by a leaky characteristic of the collector barrier. This is evident considering Ic

for Ie=0: it is not zero, and increases with Vcb.

Neglecting quantum interferences, the total emitter to collector transport in the spin valve transistor

and metal base transistor can be described in five independent steps:
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(1)  injection of the electrons across the emitter Schottky barrier, resulting in a certain angular and

energy distribution of the electrons in the surface region of the metal base, and is represented

by the emitter efficiency αe

(2)  transport of the hot electrons through the metallic base, where elastic and inelastic scattering

leads to broadening of the initial characteristics, represented by the base transport factor e-W/λ or

two channel model  [ P + P ]1
2 i

i
i

i
+ −∏ ∏

(3)  quantum mechanical reflections across the interface from the metal into the semiconductor,

which is represented by the quantum mechanical transmission factor αqm

(4)  transport inside the semiconductor, where backscattering into the metal can occur, represented

by the collection efficiency αc.

(5)  impact ionization (avalanching) in the collector depletion layer can lead to generation of elec-

tron-hole pairs and a multiplication of the initial collector current. This may be represented by

an additional multiplication factor M. The strongly temperature dependent leakage current Jleak-

age is added to the total collector current.

These five transport factors and the collector leakage current are discussed in the next sub-sections.

3.3 Detailed electron transport in the spin valve transistor

3.3.1 Schottky (Thermionic) injection: emitter efficiency αe

The various ways in which electrons can be transported across a metal-semiconductor junction un-

der forward bias are shown schematically for an n-type semiconductor in Fig. 3-6. The mechanisms

are:

(a)  emission of electrons from the semiconductor over the top of the barrier into the metal

(b)  temperature assisted tunneling through the barrier: thermionic field emission

(c)  direct tunneling through the barrier: field emission

(d)  recombination in the space charge region

(e)  recombination in the neutral region (hole injection)

It is possible to make Schottky barrier diodes in which (a) is the most important transport mecha-

nism and such diodes are generally referred to as “nearly ideal”. Processes (b) and (c) may contrib-

ute under high doping and low temperature conditions. Under normal conditions, (c) and (e) hardly

contribute. The relative contributions of the other transport processes depend mainly upon tem-

perature, doping and applied bias.

To analyze the injection of electrons into the base, the electron potential energy as a function of

distance from the metal is schematically drawn in Fig. 3-6.
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Fig. 3-6 Electron potential energy q) as a function of distance in a metal semiconductor Schottky

barrier and electron transport processes under forward bias condition.

In Fig. 3-6 qMe is the barrier height and 'qMe is the emitter barrier lowering due to the electric field

and the image force. xl is the point where an electron at rest in the emitter has enough energy to

surmount a collector barrier of height Mc. 'qMec is the energy difference between the emitter and

collector barriers of the full metal base transistor structure (e.g. Fig. 3-4). As shown in Fig. 3-6 the

barrier maximum is not at x=0 but at xm. This deviation is due to the image force correction [13.1-

5]. According to the thermionic emission-diffusion theory the forward transport of electrons ac-

cording to process (a) can be described as:

J J es

q V IR
nkT
a s

= −
−

[ ]
( )

1    (3.6)

where J is the forward current density, IRs is the voltage drop due to series resistance and

J A T es

q
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       (3.7)

is the saturation current density and A**  is the effective Richardson constant (A** �112 A/cm2/K2

for Si with Nd�1016 cm-3 [13.4 p.263]). The ideality factor n is defined as
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which is reflected by the slope of the forward current response. The contribution of transport proc-

esses (b), (c), (d) and (e) to the total injection current causes the n-factor to become larger than 1.

If ideal injection (thermionic emission process (a)) is considered, an emitter efficiency can be de-

fined as the ratio of the current which would flow over the collector barrier to the net current flow

over the emitter barrier if no scattering events were to occur in the metal and collector semiconduc-

tor [11.1]. The region of the emitter semiconductor which is most important in affecting the emitter

efficiency is that within a distance xl of the metal. xl is the point at which an electron in the emitter
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semiconductor has a potential energy equal to that at the collector barrier maximum. Collisions oc-

curring between the potential maximum xm and the point xl may affect the angle of incidence of an

electron on the collector barrier. Such scattering events somewhat decrease collection, but even

back-scattered electrons which have too little energy to clear the emitter barrier will, on their return,

still have enough momentum normal to the collector barrier to be collected [11.1, 11.9]. Accord-

ingly only scattering events occurring within a distance xl of the metal need be considered. Three

probabilities are needed to establish the emitter efficiency: the probability that an electron will trav-

erse the distance xl without scattering, Tu, that it will forward scatter within the solid angle of ac-

ceptance at the collector barrier, Sc and that it will backscatter within the solid angle of acceptance

at the emitter barrier Se. The probability that an electron will emitted is then 1-<Se> and that it will

return within the angle of acceptance of the collector after backscattering in the emitter is <Sc>-

<Se>. The probability of collection is thus <Tu> + 2<Sc> - <Se>. Accordingly the emitter efficiency

is calculated in [11.1, 11.9] resulting in emitter efficiency De increasing with emitter field (smaller

injection angle), emitter optical phonon energy Eop and optical phonon mean free path Loe

(scattering from xl to the metal), barrier height difference 'M (determining distance xl) and the rela-

tive dielectric constant Hr (determining xl via the image force correction) as plotted in Fig. 3-7 for

Ge, Si and GaAs.

Fig. 3-7 Emitter efficiencies versus initial electron energy Eec (in units of Eop) measured from the

potential maximum for metal-Ge, Si and  barriers, for 100K and 300K [11.1, 11.9].

The optical phonon mean free paths Le are 6.2, 6.5 and 3.5 nm, the optical phonon energies are 36,

62 and 36 meV for Ge, Si and GaAs respectively [11.1]. The low value of De for GaAs is caused by

the small optical phonon mean free path in GaAs. In Fig. 3-7 the theoretical values of the emitter

efficiency are shown as a function of Eec in units of Eop for selected temperatures and electric fields.

Note that the emitter efficiency generally exceeds 90% if Eec>Eop. This is a consequence of the small
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distance xl and corresponding small angle of injection Te into the metal: within a narrow cone of half

angle � tan-1(v/vF) where vF is the Fermi velocity in the metal (Te may be of the order of 50 with re-

spect to the emitter normal).

Tunneling and recombination current

The previous analysis of the injection efficiency De was based on the ideal thermionic emission in-

jection process (a). Under certain circumstances, the tunnel current (b) may contribute. In the case

of a very heavily doped (degenerate) semiconductor at low temperature, the current in the forward

direction arises from the tunneling of electrons with energies close to the Fermi energy in the semi-

conductor. This is known as “Field emission”. If the temperature is raised, electrons are excited to

higher energies and the tunneling probability increases very rapidly because the electrons see a thin-

ner and lower barrier. On the other hand, the number of excited electrons decreases very rapidly

with increasing energy and there will be a  maximum contribution to the current from electrons

which have an energy Em above the bottom of the conduction band. This is known as thermionic

field emission. If the temperature is raised still further, a point is eventually reached in which virtu-

ally all of the electrons have enough energy to go over the top of the barrier: the effect of tunneling

is negligible and we have pure thermionic emission. For barrier without interface states, the electron

energy of the injected electrons and the relative contribution of thermionic field emission can be

calculated. In the following figure the variation of n and Em/Vd is shown. It is clear that the expected

n factor is temperature dependent (increases with decreasing temperature). Em is the position of

maximum energy distribution of emitted electrons and Eb=qVd (where Vd is the diffusion potential)

is the band bending [13.1 p.109-115]. (the difference in potential over the depletion region). If

Em=Vd, the electrons have an energy equal to the barrier height and the injection is purely thermi-

onic.

Fig. 3-8  Ideality factor (n)

and position of maximum en-

ergy distribution of emitted

electrons (Em) as a function of

kT/qE00 [13.1 p.109-115].
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From Fig. 3-8 it is obvious that for moderately doped semiconductors (1-10:cm, �1015 cm-3), the

thermionic field emission does not contribute, the ideality factor n in (eq. (3.6)) approaches one, and

the injected electron energy has a peak around the barrier height Ib.

recombination current

The relative contribution of the recombination current process (d) is given by eq. 3.9 [13.3 p. 45] as

the ratio of recombination current over thermionic current:

I

I

qn

A T
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eR i kT0

0
2

02
= ** τ

Φ

(3.9)

in which ni is the intrinsic doping level in the silicon (�1010 cm-3 at 300K and 108 at 250K) W is the

width of the depletion region (�1Pm, decreases with applied bias), W0 is the minority lifetime in the

depletion region (�2.5 ms in Si [13.4 p.851]) and A**  is the effective Richardson constant, which is

approximately 112 A/cm2/K2. This results in a ratio of only �10-4 at room temperature and 5*10-4 at

250K for Au (I=0.8eV) . For low temperatures, low doped semiconductors and small applied bias,

the recombination current may cause a deviation of the expected I-V curve, represented by a tem-

perature dependent n factor [13.1 p.139]. The recombination current is an often overlooked parasitic

transport process [13.1 p.121], and may cause ideality factors n at low temperatures of 1-2 in low

lifetime material). For good quality Si material it in not expected to affect electron transport.

3.3.2 Hot electron transport in metals: the base transport factor

Electrons are injected into the metal with an energy about 1 eV above the Fermi level of the metal.

This has consequences for the basic scattering processes: phonon, impurity, defect and electron-

electron scattering. For free electrons an electron-phonon mean free path proportional to the square

of the electron kinetic energy has been predicted by Wilson [11.5 p.604]. In most metals also the

defect and impurity scattering take place, especially in disordered films such as spin-valves. The

energy dependence of these scatterings is found to obtain a similar energy dependence as the pho-

non scattering [11.5 p.604], because they are both of shielded Coulomb origin. Thus when carriers

in a single parabolic band are involved, one can combine these results to relate the hot electron

mean free path for lattice related scattering mechanisms lc, to the electron mean free path for electri-

cal conductivity lV. Then

λ λσc
F

E

E
=









2

(3.10)

where the electron energy E is measured from the bottom of the conduction band. This relationship

allows comparison of hot electron data with conductivity data. As an example, for Au the Fermi

level is 5.5 eV, and excitation of an electron to 6.5 eV causes the ballistic hot electron mean free

path LB to increase with a factor of 1.4. In contrast to defect and impurity scattering, electron-
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phonon scattering is strongly temperature dependent process because of the temperature dependence

of the amplitude of the lattice vibrations.

The approximate energy dependence of the electron-electron mean free path Oe-e can be predicted

from density of states considerations. If hot electron scattering with electrons below the Fermi en-

ergy is considered, both the number of electrons below the Fermi level that can be excited increases

with electron energy as well as the number of final states both electrons can scatter into. Since the

mean free path equals the product of the relaxation time and carrier velocity, then [11.1]

λe e
F

E

E E− ∝
−( )2 (3.11)

Oe-e is expected to be essentially independent of temperature [11.10]. Various mean free paths de-

duced from the difference in energy dependence of the scattering principles in metal base transistor

measurements are tabulated in table 1 with 1/LB=1/λp+1/λi+1/λe-e=1/λV+1/λe-e.

Table 1. Hot electron mean free paths [11.1]

Metal LB@0.7eV λV (nm) λp at EF λi λe-e

Ag 26.5 36 57 98 110

Au 22 27 40.6 81 120

Pd 9 10.5 11 23 65

with LB the ballistic mean free path, λi the impurity and defect related scattering. From table 1 it is

clear that the inelastic electron-electron scattering hardly contributes to the base transport factor in

the metal base transistor, causing the energy dependence of the ballistic mean free LB to be very

small. This energy independence (over 0.9-1.2 eV) is also found experimentally using ballistic elec-

tron emission microscopy [12.5], see also section 3.4.2. In view of the small temperature depend-

ence of the hot electron mean free paths for gold in Fig. 3-9b and in Fig. 3-28b as compared to bulk

values (42 at RT and 167 nm at 77K, [9.1]), mainly defect and impurity scattering takes place in

these polycrystalline films.

Since the angle of acceptance at the collector barrier is so small (Tc�100, see section 3.4.2, [12.4,

12.6]), a single scattering event precludes collection, be it elastic or inelastic. From this, the lack of

current conservation and the experimental results as for example plotted in Fig. 3-9, the exponential

e-W/O in eq. (3-1) is proposed. Hence, collector current is carried by ballistic electrons. Since the

inelastic (electron-electron) mean free path is much larger than the elastic (impurity/defect/phonon)

mean free path, even in metals with the largest hot electron elastic mean free path (Au), base trans-

port can be considered to be an elastic scattering related event.



Chapter 3. The spin valve transistor: foundations and prospects

56

Fig. 3-9 (a) current transfer ratio α0 vs. film thickness for GaP-metal_Ge structures with Ag, Au

and Pd metal films. (b) temperature dependence of the mean free paths  Au (23 nm at RT and 38 nm

at 105K) [11.10]

For a small energy range (0.9-1.2eV) no energy dependence is observed due to the large inelastic

length at low energies (see Fig. 3-28b). For larger energies, electron-electron mean free paths may

become smaller than the other mean free paths, and a strong decrease with energy is observed, see

Fig. 3-10.

Fig. 3-10. Attenuation length in gold films as a function of electron energy above the Fermi level.

[11.1 p.349] for Au.
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In conclusion, hot electron transport in metal base transistor structures with E<2eV is mainly elastic

scattering related. The exponential dependence stems from the narrow acceptance angle of the col-

lector barrier: a single scattering event effectively precludes collection. Therefore, the collector cur-

rent is carried by electrons that travel ballistically from the emitter to the collector, which is

confirmed by the “searchlight” effect in BEEM experiments (see section 3.4.2 and [12.5]).

Hot electron spin valve effect

Based on the findings above, combined with the two channel model for CPP-GMR described in

section 2.2.1, equation (3.1) resulted in the exponential relationships (3.3), (3.4) and (3.5), describ-

ing magnetic field dependent current transport in the spin valve transistor of Fig. 3-3. The relation

between the change in collector current and the mean free path ratio O�/O�, expected from the trans-

port equations (3.1)-(3.3) is illustrated in Fig. 3-11a:
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Fig. 3-11a Transmission characteristics of the spin-dependent transport. The relative change in

collector current CC(%) and  the relative change in perpendicular spin-valve effect in the base

CPP-MR(%) are plotted versus the MFP ratio O�/O� for various W/O� (b) transmission characteris-

tics of the spin-dependent transport as a function of O�/O�, for various W/O�.

Here, the relative change in Collector Current CC(%)=(JP-JAP)/JAP is (from eqs (3.1)-(3.3)):
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where CPP-MR is (RAP-RP)/RP. For the calculation of CPP-MR in eq. (3.13), for simplicity, the in-

terfacial and bulk scattering has been averaged and spin-independent scattering has been neglected

in (3.13) only. In the picture of the resistance network for CPP-MR, configuration RP is proportional

to (1/O�+1/O�) in parallel with (1/O�+1/O�) leading to RP�2/(O�+O�) while RAP is proportional to

(1/O�+1/O�) in parallel with (1/O�+1/O�) so that RAP�(O�+O�)/(2O�O�). Note that in eq. (3.12) without

neglecting the spin independent scattering, the relative CC ratio is not influenced by spin independ-

ent scattering, in contrast to ordinary CPP-GMR. This is due to the exponential mean free path de-

pendence. Fig. 3-11a shows that the structure may both amplify or attenuate the intrinsic

perpendicular hot-electron MR effect, depending strongly on W/O� of the used multilayer. This is

due to the varying influence of O on the transmission. But since usually W/O�>2, amplification is

expected. A more useful picture as in Fig. 3-11b may be drawn by expressing the relative collector

current change as a function of W/O�:

CC
W

(%) cosh( ( ))= − −
↑

↑

↓2
1 1

λ
λ
λ

      (3.14)

Since W/O� represents maximum output, it is the appropriate value for signal to noise calculations.

The large values in Fig. 3-11b are not unrealistic, we have indeed found large values (400%) of

collector current variation, even using poor spin valves, see chapter 6. The ratio Jleakage/Jcc and, for

applications, the desired output level of the spin valve transistor, set an upper limit to W/O�. Since

the collector current decreases with W/O� and the relative collector current change increases with

W/O�, a figure of merit may be calculated by setting the relation between the noise level, the output

current level and the output current change to an optimum. In Fig. 3-11b it is seen that even with a

very small attenuation factor (W/O�=1 or e-1≅0.4), the collector current change is still very large,

certainly in comparison with the corresponding CIP value. This means that with a suitable base

multilayer or sandwich (with large electron mean free path or small thickness) a large collector cur-

rent can be combined with a large change. The maximum absolute collector current change (Imax -

Imin) (A) instead of (Imax - Imin)/Imin (%) is given in section 3.6.
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The CPP-GMR was found to be caused by three major contributions: bulk disorder

(impurity/defect) scattering, interface disorder scattering and band mismatch reflection (see chapter

2). For hot electron transport, the first two processes, the density of states (DOS) have to be calcu-

lated, both at the interface sites and in the bulk of the layers. The interface site DOS may be based

on a band structure of Co impurities in Cu, in which the Co content increases from the Cu film to-

wards the Co film. An interface width and mean free path may be found, causing the interface re-

sistance (f :m2) [5.1 p.300]. In this case a relaxation time approximation may be used, as in the

bulk. However, for the whole structure, local DOS has to be taken into account, which, as far as we

know has not been done so far. Interface reflections due to band mismatch has been calculated ex-

tensively be Schep et al. [5.1], [5.4]. Diffusive interface scattering has not been calculated from

band structure relations (first principles) [1.22 p.7-30].

The main difference of resistive transport measurements with the spin valve transistor is that in the

transistor electrons are injected with a strongly peaked wave vector (in the direction perpendicular

to the planes), at an increased energy. Calculation of the spin valve effect under these conditions

still requires knowledge of the DOS, however at the energy of transport. The density of state pic-

tures of Co, Ni and Fe (Fig. 2-8) may be used in first approach as an indication of scattering proc-

esses for various energies. For example Fe and Co show a large difference in DOS at EF+1 eV,

which would result in an increased difference in Wtrans↑ and Wtrans↓ , and consequently in O� and O�.

This difference has been calculated numerically by Tsymbal [17.5-6] within the Kubo formula. It is

formulated by expressing the scattering potential spin independent but the relaxation time spin de-

pendent due to the spin dependence of the electronic band structure. The results are shown in Fig. 3-

12 There is an asymmetry in the DOS for the majority and minority spin which is comparable to Fig.

2-8.  In Fig. 3-12b the conductivity V is plotted as a function of energy (CIP). The conductivity is

expected to be proportional to the velocity and inversely proportional to the DOS. Therefore, V is

low if the energy lies within the d band due to the low velocity and the high DOS. Above the top of

the d band V increases rapidly. This increase is related to the essential contribution of the sp band

which is characterized by a high velocity of the electrons. As the top of the d band for the majority

spin lies at lower energies than that for the minority spins (and, consequently for the AP alignment),

the increase in conductivity is accompanied by increasing GMR.
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Fig. 3-12 Calculated results for hot electron transport in a Co4Cu4 multilayer (a) Density of states

(b) CIP conductivity and (c) magnetoresistance ratio as a function of the electron energy

[17.5],[17.6].

The outcome of this calculation does not explain explicitly the large change in collector current of

the spin valve transistor, since this must include the narrow acceptance angle at the collector site (or

in other words, the exponential mean free path dependence of the collector current). Nevertheless,

the calculation can be used to put energy dependent mean free paths that can be deduced from V

into the exponential mean free path dependence of the transfer characteristic in the spin valve tran-

sistor.

Recent results on a tunnel emitter spin valve transistor structure confirmed our findings of the very

large collector current change (see Fig. 3-13a). Following our proposal [17.1], an Al/Al2O3�1.5nm/

Al 3nm / Fe1.5nm /Au10nm / Fe1nm / Au1nm-Si tnnel emitter spin valve transistor structure was

prepared [17.10], in which the upper Fe layers had uniaxial anisotropy induced by application of a

magnetic field during deposition
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.

(a) (b)

Fig. 3-13 (a) Hysteresis curve of collector current Ic under application of a magnetic field at 77K.

The emitter voltage is 1.5 V and (b) Dependence of the ratio of saturated to minimum collector cur-

rent Ic
sat/Ic

min on the emitter voltage measured at 77K [17.10].

The absence of a sharp peak in Fig. 3-13b due to the sharp peak in the DOS for minority spin (see

e.g. DOS for Fe in Fig. 2-8) is attributed to the importance of reflections at the Au-Fe interfaces,

which may be weakly energy dependent. This would mean that the impurity scattering at the inter-

faces does not significantly affect transport, since otherwise the DOS would appear due to the mul-

tiplication of the various transport factors (reflections, diffuse interface scattering and diffuse bulk

scattering). Indeed, from the table 2-1 in chapter two it was found that the interface scattering plays

a major role for thin layers. The separation between the reflections and diffusive interface scattering

is more difficult. To give a rough example, since

σ
λ

ρ
  

vF

= =
ne

m

2 1
*

         (3.15)

it follows with nCu=8.5*1022 cm-3, m*�me=0.9*10-30 and vF,Cu=1.6*108cm/s, and an interface resis-

tivity R�
Co-Cu=2*0.5 f :m2 /(1+0.75)=0.6 f :m2. (table 1 chapter 2), and with an assumed 2

ML�0.5 nm interface thickness, follows O�0.6nm. The e-W/O is in this case still of influence

(compare Fig. 3-11, W/O�). The reflections which may cause the main collector current loss, should

therefore be multiplied with the DOS dependent interface diffusive scattering. For the thin Fe layers,

the bulk scattering may be neglected. It would have been interesting to do the experiment with

thicker (5nm) Fe layers, to see a strong bulk contribution, probably resulting in the peak in Ic-Ve

curve. As in the inverse CPP-GMR experiments (section 2.3.2), no inverse GMR is found for too

thin layers, since the inverse effect originates mainly from the DOS of the bulk. Implementing an

inverse spin valve base into the spin valve transistor may cause the CIP measured effect to be in-

verse and the hot electron effect to be normal. Also, vice versa, inverse GMR may be obtained only

for hot electrons by band engineering with other impurities (see section 2.3.2). Implementation of

materials with impurities to induce virtual bound states may cause interesting effects. As resistivity

is highest when the Fermi level coincides with the impurity with its DOS maximum at the Fermi

level (e.g. Cr impurities in Al), for the hot electron transport smallest transmission is found when
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the DOS maximum is at the excited electron energy (atom with 3d band less filled than Cr, e.g. Ti)

[9.8 p.138].

3.3.3 αqm: Quantum mechanical transmission factor at the collector barrier

In contrast to classical transport, quantum mechanics allows particles to penetrate an energy barrier

larger than its own energy. Also, a particle with energy larger than a potential barrier, may be partly

reflected. Because the average electron kinetic energy in the metal is much larger than in the semi-

conductor due to the addition of the Fermi energy of the metal which 5.5 eV for gold [11.8]. This

energy is lost in when the electron enters the conduction band of the collector semiconductor. A

simple step potential model of the collector Schottky barrier gives some insight in the relative im-

portance of parameters. The relatively large electron energy loss justifies the use of a step potential

to model the Schottky barrier. For smaller energy losses when using metals with small Fermi ener-

gies such as Cs (1.5eV) would require more correct potential shapes, as presented in Fig. 3-14.

Fig. 3-14 Metal semiconductor barrier models [11.8]

Restricting to the step potential for insight, this yields a quantum mechanical reflection probability

as [12.2]
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with m2 the effective electron mass in the semiconductor and m1 in the metal. E is the electron en-

ergy in excess of the barrier and E0 is the step height calculated from the bottom of the conduction

band in the metal (e.g. 6.6 eV in Au-Si, barrier height + Fermi energy) from which the transmission

probability αqm(E)=1-R(E) can be calculated. It is obvious from this equation that for R(E) ap-

proaching zero, E must be large and E0 small. The first can be obtained by designing a structure

with a large energy barrier height difference between emitter and collector 'Mec (The enhancement
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in transmission can be reached by using two different semiconductors or two different metals as

done in our work, see chapter 6). The second possibility, small Eo can be conceived by using a metal

with a small Fermi energy such as Cs (EF=1.5eV).

Results of the more accurate numerical calculations based on the Thomas Fermi barrier shape are

redrawn in Fig. 3-15. The quantum mechanical transmission coefficient αqm is plotted as a function

of electron energy relative to the barrier potential energy maximum for a selection of electric field

for Au-Si, Au-GaAs and Au-vacuum barriers [11.1, 11.8].

Fig. 3-15 Quantum mechanical transmission coefficients for normal incidence as a function of

electron energy measured from the potential maximum for Au-Si, Au-GaAs and Au-vacuum systems

[11.1]. Electron effective masses are indicated with m*.

The αqm for the Au-semiconductor barriers is considerably less than for the Au-vacuum barrier be-

cause the dielectric shielding of the image force in the semiconductors makes the barrier much more

abrupt than the metal-vacuum barrier.

From these graphs it is clear that a small excess energy or barrier height difference 'Mec > 0.1eV

allows αqm to approach 1. A disadvantage of a large 'Mec is the enhanced optical-phonon scatter

probability (see section 3.3.4), so the overall transmission must be optimized taking both effects

into consideration. A possible solution is incorporation of highly doped shallow layers, as in the

proposal of a GaAs-Al-n++/n GaAs metal base transistor [11.7]. Apart from an epitaxial ultrathin

n+ layer, or thin metallic layers, barrier height lowering (or increase) may also be achieved using

shallow implants with dopants [13.14]-[1316]. The quantum mechanical transmission of an electron

with an excess energy over the barrier height at a very thin tunnel barrier has been calculated by
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Heiblum [11.22] and may vary from 50% (0.3eV excess energy, 1.5nm) to >90% (0.3 eV excess

energy, 1 nm thickness).

3.3.4 Semiconductor transport: collector efficiency αc

As shown in section 3.4.2, eq. (3.20), the angle of acceptance in the collector is quite small

(Tc�100). This defines the emitter efficiency and exponential mean free path dependence in the base

(ballistic transport). When electrons are transmitted into the collector within the angle of accep-

tance, there is a further limitation to collection: electron-phonon scatterings before the collector

barrier maximum may throw back the electron into the metal. As in the emitter, within the collector,

electrons can scatter by emission of optical phonons. As shown in Fig. 3-16 the position of the

Schottky barrier maximum is not at the metallurgical M-S interface but is shifted by a few nm into

the semiconductor due to the image potential.

Fig. 3-16 Collector Schottky barrier under reverse bias showing the maximum of the barrier at xm

resulting from image force lowering and reverse transport mechanisms (a) thermionic emission (b)

thermionic field emission and (c) field emission.

Electrons with energies just over the threshold for transmission that excite phonons in the region

before the Schottky barrier maximum are expected to have a high probability of reentering the

metal. Beyond the Schottky barrier maximum, the internal electric field in the depletion region ac-

celerates the electrons toward the interior of n-type semiconductors. Therefore the effect of phonon

scattering on the magnitude of Ib in the region beyond the Schottky barrier maximum depends on

the doping density of the semiconductor, since this defines the length of the depletion region and

thus the acceleration rate. For 2-4 :cm Si samples, the distance to the Schottky barrier maximum

xm and the depletion width are calculated to be about 5 nm and 1 Pm, respectively [12.5].
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The term collector efficiency is the probability of collection of an electron which either has not been

scattered in the emitter semiconductor or the metal, or if scattered in these regions, has been scat-

tered within the cone of acceptance at the collector barrier (i.e. with a component of momentum

normal to the collector barrier large enough to allow collection). The probability that an electron

will reach the barrier maximum xm plus a mean free path length is a good approximation to the col-

lection efficiency for two reasons: First the effects of backscattering deeper inside the semiconduc-

tor should be compensated by the trapping action which ensues when the electrons lose energy in

making further collisions between xm and secondly because the angle of acceptance back over the

barrier maximum becomes small [11.9].  This probability depends on xm, which is given by xm=

(q/16SHcFc), where Fc is the collector field, and on the optical phonon mean free path Loc in the col-

lector. Including collection of electrons backscattered beyond xm but within the angle of acceptance,

values for the collector efficiency Dc are calculated numerically and plotted in Fig. 3-17. [11.9],

[11.1].

Fig. 3-17 Collector efficiency after electron-phonon scattering versus initial electron energy, Eec

measured (in units of Eop) from the potential maximum of metal-semiconductor barriers in Ge, Si

and GaAs [11.1].

A rough comparison of the values plotted in Fig. 3-17 may be made with the probability that an

electron reaches the potential energy maximum xm without a collision, given by exp(-xm/Lop). In Fig.

3-18 the experimental variation of gain in the metal base transistor structure can be observed as a

function of collector barrier material. The small transport values observed for the II-VI semicon-

ductors CdS and CdSe (see table 3.1) are now attributed to a very short optical phonon mean free

path. In fact, it is expected that the non-polar covalent semiconductors from group IV have the larg-

est mean free paths. The enlargement of gain is also observed for larger emitter collector barrier

height difference 'I due to an increased αqm.
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Fig. 3-18 Results of the collector efficiency Dc for various semiconductor-Au-semiconductor

structures [11.1, 11.5, 11.20].

Use of tunnel barriers as a collector as in the MOMOM devices is limited due to the short mean free

path in oxides such as Al2O3 (0.7nm) and SiO2 (1nm, see section 3.4). Since the arriving electrons

enter the insulator in the conduction band, the thickness of the collector must be smaller than the

mean free path to get appreciable collection efficiency, which, for the mentioned mean free paths, is

difficult to achieve. For this, crystalline insulator materials such as CaF2 (section 3.5) are necessary.

Combination of emitter efficiency, base loss, quantum mechanical reflections and collector
efficiency

Fig. 3-19 gives an example of the combination of αe, αqm, αc and the base transport factor e-W/λ for

the emitter-10 nm gold-Ge point contact structure of Fig. 3-5, in which also experimental results for

various emitter materials are shown (Ge, Si, GaAs, and GaP) [11.5].

Fig. 3-19 Contributions of emitter efficiency, base loss,

quantum mechanical reflections and collector effi-

ciency. The circles represent experimental gain ex-

trapolated to zero base thickness for emitter-Au-Ge

structures, the squares incorporate experimental loss in

a 10 nm gold base [11.5 p. 601].

Curve (1) is for quantum mechanical transmission

which increases with incoming electron energy. The

second curve is the combined result due to quantum

mechanical transmission and collector efficiency

(αqmαc) . Curve (3) further incorporates the effect due to

the electron phonon scattering in the emitter (αqmαc αe).
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The final result (4) for the common base current gain is given in the bottom curve, which includes

the base transport loss through a 10 nm gold film. Also shown in Fig. 3-19 are some experimental

results which are in reasonable agreement with the theoretical prediction. This picture shows that

the current gain is only about 0.3. Because of this low value of α the SMS transistor shows current

loss. It is clear that for normal metals such as Au, Ag etc. gain may not be expected. Nevertheless,

use of base materials with smaller Fermi energies allows larger quantum mechanical transmission

coefficients. Also large built-in collector fields implemented using highly doped shallow layers may

allow for larger collector efficiencies and enhanced over all transmission [11.7]. Also it might be

interesting to look at crystalline insulator collectors (e.g. CaF2) with longer mean free paths im-

proving collection efficiency, since the quantum mechanical reflections may be quite small for ul-

trathin barriers (see section 3.1.3). The use of thin crystalline semiconductors tunnel barriers may

combine the advantages of small QM reflection coefficient (low barrier, small electron mass) and a

large collection efficiency (long mean free path).

3.3.5 Impact ionization: avalanche multiplication

Once the kinetic energy of the electrons in the collector semiconductor exceeds Eg, electron-hole

pair generation, or impact ionization, becomes possible, see Fig. 3-20. This process is usually em-

ployed in Avalanche Photodiodes (APDs) to increase the detector current. This process can also

take place in metal base transistor structures, and has recently been observed as a parasitic process

in BEEM experiments [12.7] section 3.4.2.

Fig. 3-20 Electron-hole pair generation in the reverse biased collector barrier.

In reverse biased Schottky diodes (see section 3.3.6), breakdown may occur due to tunneling or

avalanche breakdown, as shown in Fig. 3-20. When the electric field in a semiconductor is in-

creased above a certain value, the carriers gain enough energy so that they can excite electron-hole

pairs by impact ionization. The electron-hole pair generation rate G for impact ionization is given by

[13.4, p.45]
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G=Dnnvn+Dpnvp     (3.17)

Where Dn is the electron ionization rate defined as the number of electron-hole pairs generated by an

electron per unit distance traveled. Similarly Dp is the analogously defined ionization rate for holes.

Dn,p is strongly field dependent as can be observed in the physical expression for the ionization rate

[13.4]:
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     (3.18)

where Ei is the high field, effective ionization threshold energy, F the electric field, and FkT, Fp and

Fi are the threshold fields for carriers to overcome the decelerating effects of thermal (phonon), op-

tical phonon and ionization scattering, respectively. For Si, the value Ei is found to be 3.6 eV for

electrons and 5.0eV for holes.

The multiplication factor of the initial current can be written in integral form [13.4 p.99], and is

mainly a function of depletion width w and ionization rate Dn,p (which is mainly determined by the

electric field F). Breakdown takes place by setting M to infinite, which yields the breakdown volt-

age for certain depletion width w. To get an idea of required reverse bias, it is plotted in Fig. 3-21

for a one sided abrupt p-n junction in Ge, Si, GaAs and GaP.

Fig. 3-21 Avalanche breakdown voltage versus impurity concentration for one sided abrupt junc-

tions in Ge, Si, GaAs and GaP. The dashed lines indicates the maximum doping beyond which the

tunneling mechanism will dominate the voltage breakdown characteristics [13.4] .



3.3 Detailed electron transport in the spin valve transistor

69

In a MBT, the injected hot electrons cause electron-hole pair generation due to the added kinetic

energy delivered by the collector field. In case the excess energy of the injected electrons above the

conduction band of the collector semiconductor is larger than about 3/2Eg, with Eg the bandgap of

the material, electron-hole pair generation may initiate without an additional accelerating field, as

was found experimentally for electrons injected at higher energy (>5.2eV) in BEEM experiments

[12.7] see also section 3.4: the quantum yield for impact ionization, J defined by J=(number of

created electron-hole pairs)/(number of injected electrons) approached one for a kinetic energy

Ekin=qVT - M = 5.2 eV, in which VT is the tunnel voltage and M the collector barrier height. How-

ever, for multiplication of the current, additional field energy is necessary to cause ionization by the

excited carriers as well, reducing again to the conditions as in Fig. 3-21. As in APDs, avalanche

multiplication may be put to use to increase the collector current in the spin-valve transistor, for

improved gain-bandwidth products and signal to noise ratios, see section 3.6.

3.3.6 Schottky reverse saturation current: collector leakage current J bc

The reverse current of the collector barrier can be considered to be a parasitic current which limits

detection of the hot electron current in the collector under certain conditions. The principal leakage

current is determined by electrons which have a thermal energy larger than the barrier height

(transport process (a) in Fig. 3-16). Obviously this current is very sensitive to temperature and was

deduced from the thermionic emission theory as

J A T es

q
kT

b

=
−

** 2
φ

       (3.7)

where A**  is the effective Richardson constant (A** �112 A/cm2/K2 for Si with Nd�1016 cm-3

[13.4 p.263]). A plot of the calculated saturation current versus barrier height for Si is shown in Fig.

3-22
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Fig. 3-22 saturation current density Js versus barrier height, at T=77, 200 and 295K. A** has been

taken 112 (A cm-2K-2) for Si.
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We see that for low collector barriers, the leakage current can be considerable at room temperature.

If we want to measure at very low electron energies the operating temperature may simply be de-

creased to 77K, which not only decreases the collector leakage current, but also increases the base

mean free path and the intrinsic magnetoresistance.

Since the base transport factor in spin valves is only about 10-3 to 10-2 it is important to reduce the

leakage current for room temperature operation. This can be done using high barriers (then an even

higher emitter barrier is required) low temperatures or small junction areas. For very small areas and

also for low temperatures, the measured leakage current is larger than what would be expected from

eq. (3.7). Furthermore, the measured reverse (leakage) current JR of a Schottky barrier is larger than

the saturation current and does not saturate with reverse voltage. Several reasons cause the devia-

tion:

1. Schottky barrier lowering

2. Thermionic field emission

3. Surface effects

4. Avalanche breakdown

Fig. 3-23 shows a comparison between experimental result of a Pt-Si diode and a theoretical calcu-

lation including the image force lowering

            

Fig. 3-23 Comparison of experimental results for a PtSi diode with guard ring, with a theoretical

calculation in which the image force lowering is taken into account [13.4].
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If for any reason the barrier height Mb is dependent on the electric field strength in the barrier, the

reverse characteristics will not show saturation. There are several possible mechanisms, all of which

predict that Mb should be a decreasing function of Emax, the maximum field strength in the barrier.

Since Emax increases with reverse bias Vr it follows that Mb decreases with increasing Vr and the cur-

rent does not saturate but increases proportionally to exp(q'Mb/kT), where 'Mb is the lowering of

the barrier due to the field. The Schottky barrier lowering can be due to the image force (see Fig. 3-

16) or due to an interfacial oxide (see Fig. 3-24). The image force lowering is present even in ideal

Schottky diodes, and JR expressed in equation (3.7) must be multiplied by a factor

exp( / / )q qE kTs4πε  to account for the voltage dependence. An interfacial insulator (oxide/air)

of thickness �20Å causes a voltage drop from metal to semiconductor and consequently a (reverse

bias dependent) barrier lowering resulting in a bias dependent reverse current. Also other contami-

nants may cause this effect (adsorbed vapor etc. [13.1]). Both mechanisms prevent saturation of

reverse current and a modified band diagram as well as a result of the deterioration of reverse cur-

rent is depicted in Fig. 3-24.

      

(a)          (b)

Fig. 3-24 (a) Band diagram for Schottky barriers with an insulating interfacial layer. Full curve

zero bias, broken curve forward bias and (b) current-voltage characteristics of two Au-Si diodes

with insulating layers of 10Å and 35Å. [13.1, 13.5]

Thermionic field emission is tunneling of electrons through the barrier at nonzero temperatures, see

Fig. 3-16 transport b). This effect can be significant either at large dopings (Nd>1017 in Si) or in

devices with sharp edges and/or small areas like point contacts. In fact in most cases the dominant

reverse current is the edge-leakage current, which is caused by the large electric field in the sharp

edges of the periphery of the metal plate: the crowding of the electric field lines causes an increase

in the field strength which decreases the barrier width and also exaggerates the image-force lower-

ing. To eliminate this effect many device structures which prevent concentration of the electric field
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near the edges have been prepared [13.4, 13.12], of which the p-type guard ring in n-diodes is the

most effective (Fig. 3-23).

The surface effects are due primarily to ionic charges on or outside the semiconductor surface that

induce image charges in the semiconductor and thereby cause the formation of so-called surface

channels giving rise to leakage currents. The avalanche breakdown, in conclusion, occurs at large

reverse bias. This is observed as a sharp increase in reverse current for the PtSi diode at 30 V (Fig.

3-23b). The voltage at which this takes place depends mainly on the donor concentration of the

semiconductor (Fig. 3-21). In conclusion, the reverse current may be larger than the hot electron

current in the metal base transistor, and has to be added to the total collector current accordingly. In

contrast to the hot electron current, the reverse current is strongly temperature and barrier height

dependent, and may be suppressed to negligible values by decreasing the temperature or increasing

the collector barrier height. Parasitic leakage current contributions may be suppressed by employing

a guard ring (preventing thermionic edge currents) and surface passivation (e.g. oxidation) to pre-

vent surface leakage currents.

3.4 Other injection possibilities

3.4.1 Tunnel emitter

Tunnel emission between electrodes separated by a thin insulating film was first studied by Som-

merfeld and Bethe [8.1]-[8.4]. A practically useful review for electron transport is given by Sim-

mons [8.2]. For thick tunnel insulators (5-10 nm) electrons enter the conduction band at high biases

(Fowler-Nordheim tunneling). In this case the emitter efficiencies of Schottky emitter structures are

much greater than those of tunnel emitters since the electron optical phonon mean free paths in sili-

con are an order of magnitude larger than for Al2O3 (6.2 nm in Si and 0.5 nm in Al2O3 [11.1

p.353]). For SiO2 a mean free path between 0.7 and 1.5 nm has been found from experimental data

combined with Monte Carlo simulations [8.5 p.1309]. Since recently tunnel barriers can be pro-

duced with thicknesses of 1-2 nm, Fowler-Nordheim tunneling does not take place for applied volt-

ages smaller than the barrier height and transport is via tunneling only.

Fig. 3-25 Tunnel injection.
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The tunnel emitter is interesting because it allows energy variation by emitter-base bias variation.

Electrons tunneling from the first electrode base occupy states within a shell of the Fermi sphere

between E=EF and E=EF - eV. The DOS dependence in tunneling was already described in eq. (2.8).

The tunnel current is described by Simmons [8.2]:
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where β is a correction factor, approaching unity for voltages below the barrier potential, ϕ is the

average barrier height, 's the effective thickness and V the applied voltgae. This equation is valid

for 0K and can be used to calculate absolute tunnel current values. The equation can be approxi-

mated for low, (V<�10mV) intermediate (10mV<V<ϕ /e) and high (V> ϕ /e , Fowler Nordheim

tunneling) [8.2]. The current distribution of electrons which tunnel from one metal into the other

through an insulator is quasi mono-energetic with a peak distribution near EF. This is a direct result

of the limiting electron density above the Fermi level (at low enough temperatures) and the reduc-

tion in tunneling probability of the lower energy electrons. Nevertheless, the full width at half

maximum energy spread may still be as large as 0.3eV in commonly used Al2O3 barriers (M�2 eV,

d�2 nm), even at low temperatures [11.22]. This energy spread limits the spectroscopic resolution at

higher biases.

As discussed in section 3.3.2, an Al/Al2O3�1.5nm/Al 3nm /Fe1.5nm/Au10nm/ Fe1nm /Au1nm-Si

tunnel emitter spin valve transistor structure was prepared using oxidation of the Al in a pure O2 gas

flow for one hour [17.10]. The gain Ic/Ie of the structure was less than10-4, indicating a large refrac-

tion at the interfaces. The measurement temperature was limited to 77K due to the small injection

current (only 0.1-1 mA, or 0.4-4 A/cm2).

For sensor applications of the spin valve transistor, the emitter current density has to be large for

high signal to noise ratios and room temperature operation. Since recent work on magnetic tunnel

junctions (chapter 2) showed current densities as large as 1000 A/cm2 in tunnel junctions with very

thin oxides [7.12], this technology also becomes feasible for room temperature operation of the spin

valve transistor. To compete with Schottky injectors, current densities as high as 105A/cm2 are re-

quired (such high values have been obtained in CoSi2-CaF2-CoSi2 crystalline resonant tunnel barri-

ers, see section 3.5). For SVTs also MTJs may be used as the injector. This leads to an enhanced

effect. The MTJs can be used as emitter, collector or both. In this case, a single ferromagnetic base

film suffices to detect the collector current: a larger collector current due to decreased scattering is

found as compared to a spin valve base, moreover, the external ferromagnetic electrode may be ex-

change biased using e.g. FeMn.
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Fig. 3-26 (a) MTJs as injector, (b) Hysteresis curve of collector current Ic for an Al/Al2O3�1.5nm/Al

3nm /Fe1.5nm/Au10nm/ Fe1nm /Au1nm-Si magnetic valve injector spin valve transistor. The emit-

ter voltages are indicated [17.10].

For applications this structure is interesting since it has a small base loss. Following our proposition

[17.1] it was reported in [17.10] using an Al/Al2O3�1.5nm/Al 3nm /Fe1.5nm/Au10nm/ Fe1nm

/Au1nm-Si structure (notice the difference with the structure mentioned in section 3.3.2). The re-

sults are plotted in Fig. 3.26b. It was reported that the small change in Fig. 3-26b may be indicative

of iron oxide formed at the emitter-base interface [17.10]. However, since the polarization of the

injecting electrode is � 40%, even with 100% spin selectivity in the single ferromagnetic base film

the maximum relative collector current change is maximum equal to P (40%). (namely (IP- IAP)/ (IP +

IAP) = ((n�exp(-W/O�) + n�exp(-W/O�)) - (n�exp(-W/O�) + n�exp(-W/O�)))/((n�exp(-W/O�) - n�exp(-

W/O�)) + (n�exp(-W/O�) + n�exp(-W/O�)))�(n�-n�)/(n�+n�)=P1 So according to this calculation the

collector current in Fig. 3-26 is not expected to be much larger than found, and spin depolarization

due to iron oxide may not be a necessary explanation. To improve the ratio, materials with larger P

need to be taken.

Although an MOM injector appears the easiest way to prepare an injector with bias dependent elec-

tron energy, bonding may also be put to use with an oxide on top of the emitter semiconductor, re-

sulting e.g. in Si-SiO2-base-Si structure. Advantage of the latter is that thin SiO2 layers can be

formed very reproducibly (e.g. for ultrathin gate oxidation for MOSFETS).

3.4.2 BEEM

Hot electron investigations in metal base transistor like structures have more recently focused on so

called Ballistic Electron Emission Microscopy (BEEM). BEEM is a scanning tunneling microscopy

(STM) based technique where the STM tip is used as a very narrow, energy tunable forward focused

source for electron injection into a metal overlayer. By collecting current which passes through the

metal into the semiconductor as a function of tip position and tip bias, information about the local

Schottky barrier height and the hot electron transport properties can be obtained on a nanometer

scale as shown in the first BEEM experiments of Au/Si(100) by Bell and Kaiser [12.4], [12.6]. In
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Fig. 3-27a the experimental set-up is shown, with the semiconductor substrate, metallic base, STM

tip and regulated piezo element for constant injection current control at different tip biases. Excel-

lent agreement was obtained between the spectroscopy data and calculated curves which were de-

rived assuming ballistic transport through the metal base due to the small critical acceptance angle

in the collector and transverse momentum conservation at the interface, as described earlier in this

chapter. Injection of electrons was treated using Simmons’ planar tunneling theory, as described

previously (eq. 3.19).  The tunneling probability can also be written (approximately) in terms of

total energy E and angle T with respect to the interface normal as JT � exp(-E2 sin2 T) [12.12], hence

for electrons with a particular energy the density falls of with angle on a scale of 100-200. The ac-

ceptance angle is written as [12.4]:
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where mt is the transverse effective electron mass, m is the free electron mass, V is the tip bias, Vb is

the collector Schottky barrier height and EF the Fermi energy. From this, the collector current is

written as
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in which R is the base attenuation factor, It the tunnel current following from eq. (3.14). The nomi-

nator represents the electrons which arrive within the acceptance angle Tc with a specific energy, the

denominator represents the total number of injected electrons with all energies E and angles Ti. The

quotient is similar as in the definition of emitter efficiency used in the derivation of the emitter effi-

ciency: the ratio of the current which would flow over the collector barrier to the net current flow

over the emitter barrier if no scattering events were to occur in the metal and collector semiconduc-

tor (section 3.3.1). As can be observed in Fig. 3-27b, the Ic-Vtip increases approximately with (Vtip -

Vb)
2. This is due to both the larger acceptance angle for hotter electrons and decreased injection

angle at larger bias. In this transport theory quantum mechanical reflections are neglected, but they

do not modify the spectral shape significantly [12.12]. Also optical phonon collisions as discussed

in section 3.3.4 have been neglected. The calculated curve in Fig. 3-27 has been fitted to the ex-

perimental values using R and Vb as fitting parameters in eq. (3.20),(3.21) In R and Vb the devia-

tions due to neglecting of optical phonon scattering and QM reflection are incorporated. The mean

free path in the base, determining R is considered energy independent, which for energies below �2

eV is experimentally verified (see Fig. 3-28b). As compared to the planar tunneling using oxides,

scattering in the barrier is prevented in the case of BEEM, allowing a larger total transmission and

smaller energy spread.
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(a) (b)

Fig. 3-27 Ballistic electron emission microscopy with (a) schematical picture and (b) experimental

results [12.4, 12.12]

Since the injection current can not be large due to the small injection area (Ie is usually of the order

of nA), the observed collector currents are very small, even for thin gold films (order of 10 pA) let

alone for a spin valve (0.1pA). Nevertheless, useful spectroscopic information on magnetic multi-

layers is anticipated [17.9], [17.12].

The transmittance for gold films in the thickness range 7-33 nm is shown in Fig. 3-28a, both at 77K

and 300K. From the slope and the intercept of the curves, the attenuation length of the electrons in

the gold overlayer, λa and the zero thickness transmittance I0 are determined. λa and I0 are larger at

low temperatures due to reduced phonon scattering in base and semiconductor, respectively. Also

shown is the absence of energy dependence of the mean free path in gold in the electron energy

range EF + 0.9 to 1.2 eV, see Fig. 3-28b

Fig. 3-28 (a) Semilog plot of BEEM transmittance Ic/It (%) , at a tip bias of 1.2 V measured on sev-

eral Au/Si(100) samples at 77K and 300K (b) attenuation length as a function of tip bias [12.5].
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A more elaborate and more recent model based on statistical Monte Carlo calculations incorporate

many effects, such as multiple scattering events for the BEEM tip-Au-Si case [12.3] except quan-

tum mechanical interferences: initial momentum distribution of injected electrons which are sharply

peaked in the forward direction, elastic isotropic scattering events, inelastic scattering events which

reduce the collection probability of the particular electron to zero, diffuse elastic scattering at the

metal surface by which backscattering into the base takes place. If the path of the electron intersects

the metal/collector interface its transverse momentum and its total energy are compared with possi-

ble final states in the Si collector. The band structure for acceptance has been taken into account

using the six conduction band minima in Si as ellipsoids. Quantum mechanical reflections and opti-

cal phonon scattering in the collector has been discounted for by reflecting 20% of the electrons

with acceptable momentum back into the metal at the collector. The electron was also reflected back

into the metal if there was no final state in the Si which matched the energy and transverse momen-

tum of the electron. When the electron was reflected back into the semiconductor, it was again as-

sumed to be a diffuse reflection and all possible directions back into the metal were considered

equally likely. In Fig. 3-29 the average of 10 Monte Carlo runs of the BEEM current for Au/Si(111)

is compared with the measured BEEM currents as a function of STM tip bias.

Fig. 3-29 Experimental BEEM spectrum for 5nm Au/Si(111) plotted with theoretical spectra for

three models: the Bell-Kaiser theory (triangles) neglects scattering, the solid circles show the re-

sulting spectrum if scattering eliminates transverse momentum conservation, the crosses represent

the Monte Carlo calculations [12.3].

For the Monte Carlo calculations clearly a larger collected current is found as compared to the Bell-

Kaiser model, although for the first quantum mechanical reflections and optical phonon scatterings

in the collector are taken into consideration. The larger collector current is due to the collection of

electrons scattered elastically within the angle of acceptance.  For implementation of spin valves in

the base, the base loss of about a factor 100-1000 results in collector current of the order of a few

pA. Such currents are very difficult to measure, due to interference with leakage current, even at

low temperatures (contribution of edge and surface current, see section 3.3.6). Advantages of the
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BEEM set-up could be fast evaluation of spin valves, since no full solid state device has to be made,

and local sensitivity. The latter may provide information on e.g. local deviations of antiferromag-

netic coupling in spin valves and lateral scattering probability variation.

3.4.3 Photoemission

The primary experimental method which was used to measure the scattering lengths of hot electrons

in metals during the time metal base transistors and infrared Schottky diodes were subject of major

interest (1960s), was internal photoemission (Fig. 3-30). This technique measures the photoresponse

of an M-S interface over a series of metal film thicknesses to determine the attenuation length LB of

the photoexcited electrons. However extracting the path length for scattering is complicated by the

fact that the penetration depth of the photons in the metal as well as the energy distribution of the

photoexcited electrons is dependent on photon energy. In contrast to the tunnel and thermionic

emission, the hot electrons originate with an isotropic momentum distribution.

(a) (b)

Fig. 3-30 (a) Optical excitation of electrons for photoelectron spectroscopy. (b) spin valve transis-

tor structure using optical excitation of spin polarized electrons for spin resolved spectroscopy

In Fig. 3-10 a plot is shown in which the decrease in attenuation length with electron (and photon)

energy is found. This was a result of increased electron-electron interactions at higher electron ener-

gies (see section 3.3.2). This internal photoemission technique may also be interesting for fast

evaluation of spin-valves, since no device processing is necessary. As discussed in section 2.4,

photoemission of GaAs produces spin polarized electrons. A similar source of injection (polarized

photoemission from GaAs) could be used in an SMS spin valve transistor structure, with a single

ferromagnetic base. Vacuum bonding would be required to obtain the GaAs-FM-semiconductor

collector structure. Clearly, such a solid state structure would allow smaller energies to be probed

than in the other experiments in section 2.4, since the injected electrons need not be emitted into

vacuum. The light has to penetrate from the backside of the GaAs, which, depending on the wave-

length of the light, has to be thin. The polarization of the excited electrons is of the order of 44%

[10.11].
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3.5 Metal base transistors reported in literature

Several approaches to fabricate metal base transistors have been undertaken, from the point contact

device of Sze to epitaxial structures. We will shortly discuss the various ways.

1. A metal base transistor with PECVD (250 �C) grown amorphous SiC and Si emitter and collector

has been described by Jwo in 1990 [11.13] (see Fig.3-31).

              
(a) (b)

Fig. 3-31 (a) The schematic cross section of the a-SiC:H/Pt/a-Si:H metal base transistor [11.13]

and common base curves with 0.2 mA emitter current steps (b)

The common base transfer ratio D0 reached a value of 9.5% with a Pt base of 100Å. The mean free

path in Pt was calculated 97Å. Another amorphous Si device is by Deneuville [11.11].

2. Metal base transistors using a superconducting base have been described in [11.14, 15, 21] and a

sketch of the last device is given in Fig. 3-32.

  

(a)     (b)

Fig. 3-32 Schematic view of the prepared Super MBT (a) and the common base characteristics (b)

the device operates at 4.2 K. [11.21].
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The common base transfer ration is as large as 80%. The (overgrown) InSb collector has been sput-

tered at Ts=250ºC. Also the use of high Tc superconductors is under development, and calculations

have shown that the quantum mechanical reflection can be as low as 2% [11.14].

3. Interest in silicon metal base transistors has been revived because of significant progress in

growing thin, single metal films on silicon by MBE. Recent advances have been associated with the

development of epitaxial techniques for the growth of monolithic single-crystal Si-CoSi2-Si struc-

tures [11.26-36]. Silicides are metallurgically stable on silicon and the specific reaction of the metal

with the silicon generally results in interfaces that are free of impurities and CoSi2 has the cubic

structure of silicon and a similar lattice spacing. A sketch of a device fabricated in this way is given

in Fig. 3-33.

       
(a)       (b)

Fig. 3-33  Schematic cross section of a CoSi2 epitaxial metal base transistor (a), including thick-

ness and temperature dependence of the common base gain and its common base characteristics

(b). [11.34-35].

Two level mesa devices are prepared using SF6 reactive ion etching resulting in an area of 2*10-3

cm2. The gain of these silicide metal base transistors is restricted to about 10%. The disadvantage of

the structure is the small barrier height difference of emitter and collector, because both are made of

silicon. This reduces gain mainly by quantum mechanical reflections. The temperature dependence

shown in Fig. 3-33 is not according to the transport theory formulated in this chapter. The 10 fold
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decrease of zero base thickness gain D0 is ascribed to a high trap density in the overgrown emitter

silicon, caused by a high density of grain boundaries [11.34]. A large trap density of 1015cm-3 is

found using deep level transient spectroscopy. The large influence of deep levels on the emitter base

junction is also consistent with the rather high ideality factors (�1.5) observed in the forward char-

acteristics of the emitter diodes. An exact mechanism for the temperature dependent transport is not

given. Probably at room temperature the thermionic current is large, whereas at lower temperatures

the thermionic field emission current becomes significant, lowering the effective electron energy in

the base, and decreasing thereby the angle of acceptance of the collector and quantum mechanical

transmission coefficient. Also the recombination current may have increased due to the trap induced

decrease of the minority lifetime W0 (eq. (3.9)). This may be represented as a decreased emitter effi-

ciency. It is assumed that the overgrown Si is partially compensated resulting in a higher emitter

than collector barrier (0.69 and 0.63eV). This is why the reverse operation of the metal base tran-

sistor results in �0 gain (Fig. 3-33b).

4. A more recent successful result in metal base transistor technology was reported in 1993 [11.6].

A metal base structure with a 600Å thick Bi(Ba,Rb)O3 base and oxide semiconductors showed a

current gain of �1 at 100 K

Fig. 3-34 Schematic cross section of the MBE grown metal base transistor with a StTiO3 emitter,

Bi(Ba,Rb)O3 (BRBO) base and In (transition oxide) collector (a) and its common base characteris-

tics at 100 K (b) [28.1].

The device is grown by MBE at 370 �C and dimensions were �0.5mm2. The barrier heights of

emitter and collector were 1.7 an 1 eV respectively, determined from I-V characteristics. The high

gain was considered to be due to collection of not only ballistic electrons, but also of electrons

backscattered from the base-emitter barrier.

5. Another high gain design was reported in 1996 [11.37] based on electron injection via a metal-

insulator resonant double tunnel barrier, and quantum interference in a CoSi2 base. The single crys-
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talline metal insulator multilayered heterostructure was grown on n+ Si (111) by ion beam epitaxy

and the schematic cross section is shown in Fig. 3-35:

Fig. 3-35 (a) Schematic cross section and band diagram of the metal-insulator quantum interfer-

ence metal base transistor [11.37] and (b) common base characteristics at 77K for various values

of VEB.

A mesa structure with emitter size of 81Pm2 was formed using wet etching techniques. As shown in

Fig. 3-35a, electrons with monochromatic energy are injected from the emitter through the quan-

tized level in the 1.9 nm thick metallic quantum well into the conduction band of the collector bar-

rier region. Strong quantum interference is exhibited between the two metal insulator interfaces of

the collector, at 77K. This is due to the very large conduction band discontinuity at the CoSi2/CaF2

interface (�15eV). By changing the collector base voltage VCB, the collector current IC is expected to

exhibit multiple negative differential resistance regions (NDRs), as confirmed by the measurement

results in Fig. 3-35b.

The current gain α calculated from Fig. 3-35b at the resonance peak VCB=0.63 v and VEB=-2.1V is

about 0.96 at 77K. For the spin valve transistor it is important to notice that the current density in

resonant tunnel structures may be as large as 100mA/81Pm2=1.2*105A/cm2. Such values make the

tunnel barriers sufficiently efficient to compete with Schottky injection and detection. Similar en-

hancements of conductivity by constructive interference has been reported in 1997 in double barrier

[7.27-7.29] and single barrier [7.30] magnetic tunnel junctions. Resonance effects in spin valve

transistors may not only enhance current densities for emitter and collector (impedance lowering of

the emitter, collection improvement at the collector), but also may show spin dependent resonance

in the base, depending on the relative orientation of the magnetizations.
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3.6 Application potential and Signal/Noise ratio

The relative change in collector current  (Imax-Imin)/Imin can be well over 1000%, depending on the

scattering asymmetry O�/O� and W/O� as plotted in Fig. 3-11 and 3-37a in different ways. In signal

detection, such large changes of current -or resistance- may not be necessary.

Fig. 3-36 Probability distribution function for two level digital signal. E0 is probability of falsely

identifying a zero and E1 is probability of falsely identifying a one. V0 and V1 are the respective rms

noise levels associated with the signal levels. D is the decision level for digital detection. (a) repre-

sents equal noise for both signals, (b) is for low noise for the low level signal.

For example, assume a Gaussian distribution of the shot noise in the collector current of the SVT

with a standard deviation V (see Fig. 3-36). In case the noise levels, or variance in the signal are

equal for low output (bit is zero) and high output (bit is one), the decision level D may be set in-

between for equal error probability. The error probability is indicated in Fig. 3-36a by hatched areas

E0 and E1. In case of a very large (Imax-Imin)/Imin, the collector current at zero field may approach zero,

and since the shot noise is associated with this current (see further), also approaches zero. Fig. 3-

36b illustrates this situation. If the variance V0 approaches zero, the decision level does not change

very much, so the error probability E1 is almost invariant to changes in V0. This means that there is

no great advantage for the signal in going from e.g. 100 PA to 1PA (99%) or from 100PA to 0 PA

(z %). If the shot noise is approximated with a Gaussian distribution, the error probability P(E) can

be approximated with [16.10]:
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taking in this example D=1PA, s1=100PA and V1=10PA, then Q=9.9 and P(E)=2.1*10-23, for

D=0PA, Q=10 and P(E) is 8E-24, not a large difference. (If, on the other hand, the detector has two

level detection, e.g. exactly above and below s0, again very large (Imax-Imin)/Imin (%) becomes useful,

when noise sources other than directly related to the signal are neglected). Under practical circum-

stances, amplifier noise and background noise in the sensor, limits s0 and Imax-Imin is the relevant

figure of merit. In a metal base transistor noise is assumed to of three origins: particle related shot

noise from the forward biased emitter Schottky barrier, ordinary thermal, or Johnson, noise in the

base resistance and shot noise at the collector barrier [11.19]. These fluctuations produce white

noise at the terminals of the transistor. The 1/f noise formed at the ohmic contacts may show up

when the contacts are of bad quality [16.11 p.25], and is neglected here. In case of the spin valve

transistor, the collector current is sensed. Since thermal noise of electrons at the Fermi level do not

affect hot electron transport, and since the base thermal noise voltage does not influence the hot

electron collector current nor the emitter injection current (current source), the thermal noise can be

neglected. The collector noise current is then the sum of the shot noise of the emitter and the shot

noise of the collector. Since the noise sources have to be added as squares (power), this results in

('ic)
2 =('ic,e)

2 +('ic,c)
2 , where ('ic,e)

2 is the shot noise at the collector barrier site produced by the

emitter, and ('ic,c)
2 the shot noise at the collector barrier site produced by the collector. Since the

emitter current reduces with the base transport factor, e-W/λ and since shot noise equals ic=«(2qIcdf)

as in reverse biased Schottky barriers [16.12], the total collector current noise ('ic)
2 = (e-W/λ

«2qIedf)2 + («2qIcdf)2 = (e-W/λ)2 2qIedf + 2qIcdf = e-2W/λ 2qIcdf +2qIcdf =2qIcdf (1+e-2W/λ). Since e-

2W/λ<<1, ('ic,e)
2 can be neglected (note that if Ie is a good current source, Ie is a constant and ('ic,e)

2

does not contribute at all) and the noise current 'ic in the collector is collector shot noise

'ic=«(2qIcdf). Hence, the signal to noise ratio S/N increases with collector current. Therefore, the

absolute change in collector current is a more useful parameter for sensor applications. As dis-

cussed, generally an optimum will be reached for a large Imax-Imin, not (Imax-Imin)/Imin . Since the output

current decreases with W/O and the relative change increases with W/O and O�/O�, an optimum for

the S/N ratio is found by plotting Imax-Imin versus W/O using the material property O�/O� as a pa-

rameter using the following relation:
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The optimum can be observed in Fig. 3-37b. Since at large W/O the collector current approaches

zero, and at small W/O the variation in e-W/O is very small even for large O�/O� (almost no scattering),

a peak in 'I is found in-between. The collector current change Imax-Imin has been normalized with

respect to ½I0, leaving a maximum at infinite O�/O� of 1.
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Fig. 3-37 Transmission characteristics of the spin-dependent transport. The relative change in

collector current MC(%) is plotted versus the base transport factor W/O� for different

α=O�/O�values (upper). Normalized change in collector current versus W/O� ratio, using α=O�/O�
as a parameter (lower graph).

To give a simple comparison of the SVT with a GMR film measured CIP on a S/N basis, the fol-

lowing assumptions are made (high density magnetic recording or MRAMs): Device area 1x1 Pm,

bandwidth 'f=100Mhz, , α=O�/O�=10, W/O�=1 =>Ic,max-Ic,min=0.4I0 (from Fig. 3-37, upper graph),

then, with Ie=1mA αeαqmαc=0.1 follows I0=50PA, hence Ic,max-Ic,min=20 PA. The shot noise in the

collector current is ic=«(2qIcdf), resulting in a S/N=20log(I/ic)=58dB. Addition of a typical low

noise broadband (100MHz) current amplifier (SA5223) to this signal adds 1pA/«Hz noise, resulting

in a noise level of «(ic
2+ia

2) or 57 dB. (For a clear picture on wide band amplification of small

(photodiode) current sources, see [16.10]. For a comparison between current and voltage amplifica-

tion see [16.13]). Clearly, a large collector current is desired. This can be obtained by maximizing

the emitter current and optimizing Ic,max-Ic,min via W/O and D. Also, a structure using a magnetic tun-

nel junction emitter may be used, allowing for a single ferromagnetic base film (Fig. 3-26). This

results in a much larger base transmission, and consequently a much larger collector current. It is
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noted that in case the S/N ratio of the SVT is limited by the input noise current of the amplifier, a

major improvement may be achieved by avalanche multiplication of the collector current. In this

case, application of a large Vcb bias (5-50V depending on the collector doping) results in generation

of electron-hole pairs in the collector depletion layer. As in Schottky avalanche photodiodes

(APDs), multiplication of the collector current may practically be as large as 100 [15.3, 16.10]. The

noise of the detector is also multiplied with this factor, therefore the S/N ratio stays the same, but

since the signal is much larger, the S/N ratio of the amplifier will be enhanced, and the overall S/N

ratio will be determined by the detector, improving the gain-bandwidth considerably. It is noted that

for low frequency amplification (up to 1 MHz), the current noise of transimpedance amplifiers is so

small (order of 0.13fA/«Hz for JFET amplifiers, see e.g. www.national.com/ds/LM/), that ava-

lanching is not necessary, and the sensor-amplifier system is always sensor limited.

To compare the value 57dB of the spin valve transistor-amplifier combination with a typical hard

disk magnetoresistance film, a 20 :GMR film with 1mV effective output voltage [2.13] is taken. It

has a Johnson noise of un = 4kTR f∆ � 6 PA and a S/N ratio of 44 dB. A state of the art hard

disk read head amplifier adds 0.55 nV/Hz½
 (www.ssi1.com type TLS24308) or 5.5 PA noise, re-

sulting in 42 dB overall. For low frequencies the voltage noise does not decrease as with current

noise, and remains relatively high (order of 0.1 nV). Despite the low calculated signal to noise ratio

of the spin valve transistor its power dissipated is much larger than for a magnetoresistance film.

The maximum current through the GMR film is determined by electromigration [16.14],[16.15], the

maximum current in the SVT by heating. Analysis of this factor is required for a realistic compari-

son. To obtain a straightforward comparison, Barkhausen noise, and interaction with the medium

has been neglected. This decreases the S/N ratio equally. It is interesting to notice that small cur-

rents can easier be amplified than small voltages, due to low input noise currents of transistors and

operational amplifiers. According to Fig. 3-37b where the optimum thickness for maximum Imax-Imin

is about the mean free path of the hot electrons, the magnetic layers can be made quite thin

(moreover, the large contribution of interface reflections and scattering makes the optimum for even

thinner layer, this was not accounted for in Fig. 3-37b). Since the flux density through the magnetic

layer increases with 1/t where t is the thickness of the magnetic layer, according to [1.22]:

H
tfilm

applied

r

=
ηφ

µ
     (3.25)

where K=Ifilm/Iapplied is the efficiency of the head. Although the flux through the film decreases with

thickness, this decrease is less than proportional (its precise dependence is determined by the head

configuration), consequently, Hfilm still increases with 1/t.

Reverse design

Since power dissipation in the SVT is larger, implementation in a shielded head (Fig. 2-16) is diffi-

cult. In a shielded head the MR film does not have a good heat conduction to the substrate due to
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the insulating material between the film and the shields, see section 2.3.5. Yoke heads appear there-

fore more interesting, since the SVT can be thermally connected to the substrate. In order to limit

the heat dissipation further, since the emitter current is larger than the collector current, a reverse

design would be advantageous (Fig. 3-38) since in this case the dissipation takes place not on top of

the substrate, but more within the substrate. Moreover, this design also provides an important ad-

vantage in that the etched top semiconductor (collector) does not require an ohmic contact, since the

collector contact is in forward. This facilitates processing considerablyespecially using other emitter

materials and enhances flexibility in emitter choice.

Fig. 3-38 Reverse spin valve transistor design for improved  heat sinking and facilitated process-

ing.

The guard ring in Fig. 3-28 provides important benefits with respect to elimination of edge currents

due to thermionic field emission [13.4 p.299], [13.18], and may improve the emitter efficiency con-

siderably (see also section 6.2.1).

3.7 Summary

The model of electron transmission by Crowell and Sze [11.1] is based upon a product of transmis-

sion probabilities across each interface. Principally, the small angle of acceptance of the collector

barrier has been taken into account in the emitter efficiency and rejection of electron scattered in the

base. The results of this calculation has not been represented clearly in a closed form expression,

nor in the numerical results: the emitter efficiency is independent of collector material parameters,

which is not expected when for example the angle of acceptance increases for collector material

with a large effective mass. Moreover, the base transport modeling is limited to acceptance of bal-

listic electrons, this in contrast to modeling of the emitter in which also forward scattered electrons

are taken into account. Incorporation of the small collector acceptance angle as a basis of electron

transmission has been done equivalently by Bell and Kaiser [12.4,6], but has been represented by an

effective  transmission quotient instead of an emitter efficiency. But again only ballistic electrons

are considered to be collected, hence, the base transport factor is written as a separate factor.

Moreover, scattering in the collector region as well as quantum mechanical reflections have been

neglected. The most recent model for electron transmission for BEEM by Schowalter and Lee is

based on statistical Monte Carlo calculations and incorporates all effects for the BEEM tip-Au-Si

case [12.3]: initial momentum distribution of injected electrons, recollection of elastically scattered
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electrons, inelastic scattering events, collector (Si) band structure, quantum mechanical reflections

and optical phonon scattering in the collector. Especially in the case of the spin-valve transistor in

which the elastic/inelastic scattering length is very large due to the large number of impurities and

defects, the incorporation of acceptance of elastically scattered electrons is necessary.

For the preparation of metal base transistors with high gain, effective use can be made of the possi-

bility to collect scattered electrons. In this way the metal base can be made quite thick and does not

necessarily need a long elastic electron mean free path. (the base transport factor will deviate from

e-W/λ). However, the electron-electron scattering length needs to be very large, hence small electron

energies and barriers are required. Collection of scattered electrons can be enhanced by increasing

the collector cone of acceptance. According to eq. (3.20) this requires a large transverse electron

effective mass and large electron energy compared to the conduction band minimum of the collec-

tor. Furthermore, a small Fermi energy in the base is required. The latter also decreases quantum

mechanical reflections. Electrons reflected by the collector (by optical phonon scattering and QM

reflections) may still contribute to the collector current. Although such a transistor is not purely

ballistic, it is still a fast hot electron device. Metal base transistors have not been optimized with

respect to these parameters and the reader is challenged to find materials with the proper result:

amplification (Eg. Bi base and Si(111) collector). The technology for making the chosen SMS metal

base transistors material combination now exists as described in chapter 5.

In the spin-valve transistor perpendicular GMR can be measured down to tri-layers. Exponential

amplification of the magnetoresistance occurs because the transfer is  exponentially dependent on

the electron mean free path in the base. Electron energy can be varied so electron spectroscopy can

be performed by changing emitter Schottky barrier height (or tunnel bias). Measurements can be

done at cryogenic and room temperature. Since the scattering processes appear as products in the

transfer equation., the spin dependent scattering centers can be located accurately and, in contrast to

common CPP-MR, the relative change in collector current CC(%) is not decreased by spin inde-

pendent scattering processes such as in the Cu layers or in the semiconductors (factors D) (section

3.3.2). As a consequence of the direct MFP dependence of the transmission across the base, the

spin-valve transistor allows quantification of spin dependent electron MFPs O�(�) of the individual

layers and interfaces. This can be done by calculating of O�(�) and DeDcDqm from eqs. (3.1)-(3.3) for

different base layer thicknesses. Direct quantification of mean free paths is not possible in common

CPP-GMR [5.1 p.301]. The output is a high impedance current source. For largest relative collector

current change in the spin valve transistor and straight forward modeling, ballistic transport is re-

quired. However, diffusive transport may allow for a larger absolute collector current change (larger

collector current). Therefore, fundamental studies require ballistic transport and narrow acceptance

cones as in Si(100), sensor applications may require larger acceptance cones as in Si(111) to allow a

certain degree of diffusive transport. Because of the very recent progress in growing ultrathin oxides

(1nm) the use of tunnel barriers for metal base transistors may be reconsidered. Although the maxi-

mum current densities found are not yet as large as in Schottky barriers, tunnel barriers are already

interesting for fundamental studies in the spin valve transistor, since the electron energy can be
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varied with injection bias, allowing direct spectroscopy. Resonant tunnel injectors using crystalline

materials may offer very large current densities, as has been demonstrated in metal base transistor

structure operating at 77K. In BEEM techniques the collector current is very small due to the small

maximum injection current. Hence, this technique is limited to ordered spin valves (large base

transmission), low temperatures or high collector barriers (small collector leakage currents).

Hot electron transmission through a spin valve base has to contain three parameters: reflections at

interfaces due to band mismatches, diffusive interface scattering and diffusive bulk scattering. The

density of states (DOS) dependence of these processes are different: for reflections the variation by

DOS variation is not so large due to large Fermi energy + hot electron energy as compared to the

bottom of the conduction bands. Diffusive interface scattering might be modeled using a DOS of

magnetic impurities in a non-magnetic host, yielding virtual bound states. Finally, diffusive bulk

scattering shows the most straight forward DOS dependence. The relative effect of these three proc-

esses on transport through the base is important to disentangle the collector current variation with

respect to electron energy. Interface reflections are difficult to separate from interface diffusive

scattering, bulk contributions can be easily separated by varying the magnetic layer thicknesses. In

general, the collector current variation with band structure is a product of the three variations, as a

result of the exponential transfer. The respective influence is determined by their attenuation: e.g. a

large W/O causes a large relative change in collector current. A useful start in observation of DOS

related collector currents would be to make use of thick magnetic layers. Also band engineered spin

valves which show large DOS differences between EF and the hot electron energy. The most obvi-

ous example is spin valves which show inverse GMR at EF but may show normal GMR at higher

energies (e.g. FeV-Cu-Co). A Schottky emitter or a tunneling emitter can be used. The first shows a

narrow electron injection spread (kT), whereas the latter the energy can be changed by varying the

applied bias, at the cost of increased energy spread (of the order of 0.3 eV for a 2eV barrier, at 2V

bias). For applications, the absolute collector current change Imax-Imin can be optimized by manipu-

lating the thickness of the spin valve base. The signal to noise ratio of the spin valve transistor

seems promising in spite of the relatively small collector current. This is both related to the absence

of thermal noise in the collector current and the small input noise currents of (transimpedance) am-

plifiers. Heating limits the maximum signal to noise ratio the spin valve transistor and has to be

calculated by finite element methods, in conjunction with certain sensor/head designs.

More futuristic ideas involve the utilization of quantum interference effects as in spin valve tran-

sistors using resonant tunnel barriers for improved current densities, and spin dependent resonance

in the base.
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4
Device preparation part I:

bonding in air
In the previous chapter we have seen that the semiconductor-metal-semiconductor (SMS) structure

shows important advantages over tunnel injection structures for the preparation of the room tem-

perature operating spin valve transistors. For the spin-valve transistor we want to limit the proc-

essing to low temperatures to prevent undesired annealing of the GMR multilayer (GMR limit about

2500C [3.11, 3.16, 3.29]). Excellent quality semiconductor material is important for good Schottky

barriers and proper ballistic transmission of hot electrons. In general, deposition of semiconduc-

tors on metals leads to severe interdiffusion of species even at room temperature [15.13,15.14] and

show bad semiconducting characteristics, such as mobility and number of defects, resulting in poor

electrical characteristics (see appendix 4 for an overview of properties of semiconductors deposited

at low temperatures). Except on silicides, attempts of epitaxy on metals have proven unsuccessful

thus far [15.15]. Hence, deposition of semiconductors on the base metal was not considered to be

appropriate to acquire reliable devices. The application of semiconducting single-crystal point-

contact emitters [11.10] is unpractical from the point of view of manufacturability, reliability and

demand for interface planarity. We contacted a flat semiconductor crystal onto the metal base, cre-

ating an avenue for the fabrication of the metal base (and spin valve) transistor by direct bonding.

4.1 Air bonding: foundations

4.1.1 Motivation

In direct bonding two flat, optically smooth and clean materials can form a permanent electrical and

mechanical connection by means of spontaneous adhesion. A direct bond between two materials
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may be formed by a combination of van der Waals forces, interactions between adsorbed species,

static electrical charges and chemical bonding, provided their surfaces are clean, exceptionally flat

and smooth [14.1]-[14.8]. Many combinations of materials may bond spontaneously at room tem-

perature: insulators, semiconductors, (semi) metals and (high Tc) superconductors. Interfacial dis-

tances smaller than 1 nm suggest the possibility to fabricate good Schottky barriers, since such

separations hardly affect Schottky characteristics. Furthermore the interface is flat and the bond is

strong, vacuum tight and insensitive to the composition and morphology of the solid state.

This choice leads to several specific advantages:

� Most device quality semiconductors can be employed, giving a large flexibility in design and

excellent semiconductor properties.

� Low temperature processing

� Oxidation of the base layer will not take place after bonding

� Operation at low temperature as well as high temperature is possible

� No point contact-like spreading currents

� Good quality Schottky barriers

In the remaining of this chapter direct bonding in air and the respective preparation steps to obtain

spin valve transistors, will be discussed.

4.1.2 Direct bonding in air

The spin valve or metal base transistor requires bonding of semiconductors with (an) intermediate

metal layer(s). Either a bare semiconductor (without native oxide for proper Schottky barrier opera-

tion) can be bonded onto the base metal, or both bonding parts may carry a metal layer, so the bond

is either between metal and the semiconductor or between the two metal surfaces. The first metal

base and spin valve transistors have been prepared by contacting a piece of cleaned silicon on top of

the base metal, in air.

For our device the main question lies in the interface properties of the bonded area, particularly the

separation between both parts and the density of surface states.

Since the in-air metal-metal and metal-semiconductor bonding properties and procedures are quite

similar to direct bonding and unlike field assisted bonding, or anodic bonding, only the former will

be discussed. Anodic bonding, which is based on electrostatic forces pulling the parts together, is

not possible for metal-metal or metal-semiconductor bonding, for it requires at least one of the parts

to be electrically insulating, or covered with an insulating layer.

If two clean and exceptionally flat (roughness <1nm) and smooth (warpage<10Pm) surfaces are

brought into contact at room temperature, a weak bond between the surfaces develops (see for re-
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views [14.1]-[14.7]). The bonded materials can be metals, semiconductors or insulators. Once initi-

ated the bonding will spread through the entire area in the form of contact waves. With an infrared

sensitive camera the spreading of the bonded area can be seen as interference patterns. The bonding

procedure for two silicon wafers for example, normally includes an initial cleaning step which may

consist of the RCA cleaning procedure, other H2O2 based cleaning schemes, RCA followed by HF

dipping, and activation of the surface by polishing or other means [14.8]. Afterwards the wafers are

brought into contact, and usually post annealing is applied to increase the bond strength.

The attraction force at room temperature is due to adhesion forces between thin adsorbed layers on

the surfaces, mainly hydrocarbons and water. Lasky (see: [14.4]) proposed that the attraction force

at room temperature is caused by hydrogen bonds between hydroxyl groups and water molecules

adsorbed on the two wafer surfaces, as demonstrated in Fig. 4-1

Fig. 4-1 Proposed model for the silicon wafer bonding procedure at different temperatures. Upper

part: bonding via hydrogen bonds (dashed lines) between water clusters. Mid part: bonding via

hydrogen bonds between silanol groups, with water cluster present at the interface. Right hand

side: Bonding via siloxane bonds. After each reaction step the distance between the wafer is de-

creased by a factor of two (see [14.4])

Van der Waals forces (fluctuating dipole forces) between atoms and molecules in the adsorbed lay-

ers may add to the attraction at room temperature. In both cases the forces are electrostatic and rela-

tively weak [14.8].

When the room temperature bonded wafers are annealed at temperatures ranging from 100 to 200 �

C, the increased surface mobility of adsorbed species causes an increased number of bonds to

bridge the gap between the wafers. Annealing at higher temperatures results in bonds as illustrated

in Fig. 4-1. Elastic deformation of the wafers also contributes to an increase in density of the bonds,

and is depicted schematically in Fig. 4-2 [14.28]
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The deformation of the wafers is purely elastic and occurs already at room temperature bonding.

These pictures of roughness and air gaps being smaller than 10Å after room temperature bonding

suggest that the interface is transparent for electrons in the case of a Schottky barrier. Annealing

reduces the distance even more, but is not allowed for preparation of the spin valve transistor.

It is important to determine the parameters which influence bonding of flat materials. Using these it

is possible to develop a model with predictive power: under what conditions will bonding proceed?

Fig. 4-2 Schematic representation of the deformation by the bonding process. (a) before bonding,

(b) after low temperature bonding, c. after annealing. The gap distances should correspond to the

distances in Fig. 4-1 [14.28].

4.1.3 Elasto-mechanical bonding model

Such a model has been developed (See [14.1], [14.3], [14.23]) and is based upon the energy balance

between reduction of surface free energy and stress created by roughness compensation during

matching of the surfaces: bonding proceeds spontaneously if the chemical energy gained is larger

than the elastic energy lost. The elastic energy loss is directly related to the roughness of the sub-
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strates. Roughness should be classified in two length scales (see Figs. 4-2 and 4-3): waviness (bow,

warp, and flatness also fit in the latter category) and microroughness. Waviness is compensated for

by bending, microroughness by elastic deformation of the substrates.

Fig. 4-3 Schematic of waviness and microroughness of two substrates, determining bondability

[14.1, 14.3].

If the relation between the thickness d of the wafers and the radius is given by R>2d (thin wafer

case, bending) the relevant criterion for bondability is [14.3]:

h R
Ed

< 2
312

γ
.

 (4.1)

Obviously influenced by the thickness of the substrates d and roughness (h/R), surface free energy γ
and Young’s modulus E. For R<2d (thick wafer case, lattice deformation) the criterion is:

h
R

E
<

6 7. γ
 (4.2)

clearly not influenced by the thickness of the substrates. As an example, in Fig. 4-4 the allowed

roughness or waviness is calculated from eqs. (4.1) and (4.2), for surface energy γ = 0.1 and 4 J/m2.

Equation (4.1) and the dashed lines are valid for the case that half of the roughness wavelength

Rcrit>2d=1mm (bending), and equation (4.2) and the full lines are valid for the case that half of the

roughness wavelength Rcrit<1mm (local lattice deformation). From these equations and this plot

predictions can be done regarding bondability of substrate combinations under specified (roughness,

thickness, etc.) conditions.
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Fig. 4-4 Roughness height allowed for spontaneous bonding under the following conditions: thick-

ness of the substrates=500 µm, Young’s modulus of Si:1.7*1010N/m2 and γ=0.1 or 4 J/m2.  The

dashed lines correspond to equation (4.1), the full lines to (4.2).

4.1.4 Cleaning

Usually substrates and Prime semiconductor wafers as received from the supplier, are not suffi-

ciently clean to allow spontaneous direct bonding. This is due to e.g. inevitable organic deposits

caused by 'evaporation' of organic material from the thermoplastic containers. A thorough descrip-

tion of the cleaning process is given in [14.2]. The treatment consists of two different steps: a soft

polishing and/or fresh polishing step and a cleaning step. The cleaning step is usually done using

HNO3 or an H2SO4-H2O2 (“RCA”) mixture [14.2]. Since the oxide has to be removed from the sili-

con surface for a good Schottky barrier (see e.g. Fig. 4-5), a hydrophobic clean silicon surface has to

be bonded to the metal, instead of a hydrophilic SiO2 surface. It is important that the hydrophobic

wafers remain as short as possible in a hydrophobic state, since hydrophobic surfaces strongly at-

tract dust particles. Dust and particles of size >1Pm cause large voids or bubbles in bonded wafers:

non-bonded regions of several mm [14.1]. These can be seen by means of an infrared camera, x-ray

topography and ultrasonic imaging. The voids may also originate from local surface contamination,

insufficient flatness or trapped air bubbles. Contamination on hydrophobic surfaces is also formed

easily when it is rinsed with water, because the free surface of the water moves on the wafer’s sur-

face, leaving residues. This in contrast to hydrophilic surfaces in which the (dirty) water free surface

is repelled. For this reason it is better to rinse hydrophobic surfaces with alcohol [14.32].

Usually the RT bond of two silicon wafers is stronger for hydrophilic wafers than for HF-dipped

hydrophobic wafers, presumably because of the small amount of adsorbed water molecules in the

latter case, and larger amount of hydrocarbons. The hydrocarbons produce adhesion energies 2-3

times smaller as compared to the case of layers of water molecules. Hydrophobic wafers do not

show spontaneous bonding when laid on top of each other, but if they are slightly pressed, they will
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stick. After a high temperature anneal, these bonds are impossible to break though, and stronger

than the hydrophylic bond.

4.1.5 Mechanical strength

Attempts to measure the mechanical strength follow two different paths. The bonded interface is

either loaded perpendicular until it breaks, or the surface energy of the bonded interface is measured

by insertion of a thin blade between the wafers. Spring force tests have been performed by Tong et

al. [14.33] as shown in Fig. 4-5. Fracture strength and measured bonding area is plotted versus

bonding temperature.

     
Fig. 4-5 Fracture strength versus anneal temperature for oxidized Si/Si bonded wafers [14.31] and

experimental set-up.

In Fig. 4-5 two reaction steps of Fig. 4-1 can be discerned, occurring at the temperatures where the

bonding strength increases. The results for room temperature bonded Si-quartz and Si-Si are ap-

proximately 5 kg/cm2. For the air bonded spin valve transistors in this thesis pulling strength meas-

urements have been performed by gluing a wire to the emitter surface and pulling it off its substrate

by a steelyard. These RT Si (hydrophobic)-Pt bonds yielded a fracture strength of about 13 kg/cm2.

Bonding properties in air of other materials than Si and SiO2 were investigated mainly by Haisma

[14.2], and are summarized in table 3.2:
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Table 3.2 Overview of bondable and unbondable combinations of materials [14.2]

Other in-air metal bonding experiments have been reported by several authors: Bhagat [14.17] re-

ported the use of aluminum for solid phase epitaxial bonding of silicon to silicon at 500-900�C.

Ljungberg [14.6 p.249] made buried cobalt-silicide layers by contacting two silicon wafers, one

with a CoSi layer and applying a post-anneal at 700�. Ismail did the same using PtSi [14.18]. Fur-

ther reports of metal bonding experiments performed ex-situ, using high temperature anneals are

given in [14.19],[14.20]. Experiments of epitaxial lift off (ELO) in which thin semiconductor films

are transferred to new host substrates my means of van der Waals bonding are reviewed in [14.21].

Bengtsson [14.34] investigated the current transport through bonded and annealed Si/Si interfaces,

including a p+/n combination, which is interesting because it should behave like a Schottky barrier.

The following forward characteristics were measured for HNO3 and HF pretreated junctions (Fig.

4-6):



Chapter 4: Device preparation part I: bonding in air

98

Junction voltage V (V)

0.0 0.2 0.4 0.6 0.8 1.0

Ju
nc

tio
n 

cu
rr

en
t I

 (
A

)

1e-9

1e-8

1e-7

1e-6

1e-5

1e-4

1e-3

1e-2

1e-1

HF

HNO3

Fig. 4-6 Current-voltage characteristics in forward direction of two bonded p+-n junctions pre-

treated in HF and HNO3, respectively, before wafer bonding. Surface area: 1 cm2 [14.34].

Ideality factors (see chapter 4) of 1.5<n<7, were found, which is quite large. The lowest values were

found for HF pretreated samples. A larger number of charged interface states were found using

HNO3 (oxidized) pretreated wafers as compared to HF-pretreated samples.

4.2 Direct bonding in air: spin valve transistor preparation

4.2.1 Air bonded spin valve transistor preparation

In this section the first preparation process used to realize the metal base- and spin valve transistor

is described. The transistors are not made on wafer scale, but on transistor scale, i.e. instead of

bonding two wafers with an intermediate metal base and subsequent etching of the emitters and

base regions, the emitters are preformed by breaking or sawing and bonded directly onto a base

region defined by a metal mask. Advantage of this technique is that lithography and etching is not

necessary, allowing fast evaluation of properties. Moreover, processing takes place at room tem-

perature. A disadvantage is the minimum emitter size that can be handled (>�1mm2). Smaller tran-

sistor sizes are required for room temperature operation as discussed in chapter 3.

4.2.2 Schematic process flow

Prime quality phosphorous doped n-Si (100) wafer, resistivity 5-10 Ωcm wafers are used for emitter

and collector substrates. Cross sections of the wafer during the processing steps (related to the right

path in the flow chart) are shown in Fig. 4-7:
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Fig. 4-7 cross sections of the wafer during the processing steps for preparation of air bonded spin

valve transistors.

4.2.3 The preparation steps

Ohmic contacts

To obtain an ohmic contact for the future emitters and collectors, the backside of the wafer was

implanted with phosphorous, at 75 kV and dose 5*1015 cm-2, resulting in a implant depth of �0.3 

µm and a corresponding concentration of about 1020 cm-3, sufficient for a good ohmic contact with

Pt [see e.g. 13.4 p.305]. The implantation was preferred over a SILOX process, because the pol-

ished side of the wafer can not be simply protected with photoresist during this high temperature

process. Alternatively, spin on glass dopant could be used.

The next step is oxidation. This step is essential in the process, because it will protect the polished

surface against a silicon grit etch, which will be shown later. The wafer was oxidized at 950 °C
during 40 minutes, in a dry O2 ambient at atmospheric pressure. The oxidation served as an an-

nealing step for the implantation as well, which typically demands similar temperature and time.
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The SiO2 thickness was ≈400Å, as determined by ellipsometry. Thicker thermal oxides are avoided,

because of increasing surface roughness, which is detrimental for subsequent bonding. For ohmic

contact formation, the backside oxide was removed using buffered HF (BHF). For the metallization

of the backside, Pt was chosen, because of several reasons. In the first place it should be resistant

against subsequential cleaning and etching agents, it should not influence the Schottky barrier on

the polished side by no means, so diffusive or metals with low Schottky barrier heights were re-

jected. After Ir, Pt produces the largest barrier with silicon. The final reason was that Pt is IC com-

patible, and is allowed to be sawn in an IC-saw device. Finally the adhesion is sufficient during the

cleaning steps. The platinum was dc-magnetron sputtered, the thickness was usually around 400 nm

to get a good step coverage at the (rough) backside, and a sufficient low resistant contact. (the resis-

tivity of Pt is quite high, 10.5 µΩcm at RT).

Wet cleaning and Si fragment etching

The prepared wafers are ready to be made into collectors or emitters. The front side is still protected

by a resist layer. After sawing, silicon fragments surround the elements, and these will be etched off

during a cleaning step. The emitters will be stored until the collectors are ready for bonding. The

collectors can be cleaned now.

For the cleaning procedure, a special vacuum tool was constructed and is part of the complete

cleaning scenery, which is shown in Fig. 4-11a. The tubes and water-jet pump are made completely

out of Teflon to resist the cleaning agents HNO3 and HF. The leakage of the vacuum pipette is low,

because the Teflon tube has been hot pressed and cooled down against a glass plate, resulting in a

flat tip, and hardly any fluid is sucked up. The head can be rotated in any direction to allow water

showering, blow drying, picking and placing and finally alignment before bonding.

When the collector is sucked to the pipette with its (Pt) backside, the photoresist layer on the pol-

ished side can be removed using fuming HNO3 (7 min.). After this step, the HNO3 must be re-

moved thoroughly by showering with the water gun before and after immersion in a beaker with

demi-water, see photo 1b. Remainders of HNO3 prevent the next step to work properly.

During the removal of the resist, the silicon fragments which came into the HNO3 solution, stick to

the oxide surface. These fragments, with a typical size up to a few microns, can only be removed by

a silicon etch process. For this purpose tetra-methyl ammonium hydroxide (TMAH) is used. This is

IC compatible because no metallic ions are present. It's a relatively new non-toxic anisotropic

etchant, and it hardly etches SiO2. A good impression of the etching properties of TMAH is pro-

vided by [15.6] and [15.7]. A 5% solution has a (100)Si etch rate of  ≈1.5µm/min, a Si(111) etch

rate of ≈40nm/min. and an SiO2 etch rate of ≈2.5Å/min at 90°C. To be able to etch, the native oxide

present on the silicon fragments has to be removed. This is done with a 40 sec. 2% HF dip. If the
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HNO3 of the previous step has not been removed completely, the oxide etching will not take place,

because the acid oxidizes the silicon immediately again. In fact, a mixture of HNO3 -HF is a fast

isotropic silicon etchant: the oxide formed by the acid, is dissolved by the HF etc. During the etch of

the native oxide on the Si fragments and broken edges, the 400Å thermal oxide on the polished sur-

face should remain intact, which is no problem with 2% HF.

The collector is immersed in the 90°C TMAH solution for 8 minutes, and is rinsed thoroughly with

the demi water gun afterwards. The result of the particle etch is shown in Fig. 4-8:

Fig. 4-8 (a) sawn and ion etched emitters show silicon fragments lying on the resist layer. (b) after

the silicon etch cleaning step: no fragments left. Anisotropic etch corners are observed at the

(unprotected) edges.

As observed in Fig 4-8b the particles are removed and the surface appears smooth. However, for

this specific sample the result of partial HF-HNO3 attack is visible: a small circularly etched region

is visible. Thorough H2O cleaning after the HNO3 step is therefore necessary. 3 min flowing DEMI

water was adequate.

Oxide removal
HF 50% is used to remove the thermal oxide. Highly concentrated HF is preferred over diluted HF,

since the latter attacks the Si surface more. Buffered  HF is not used, since it may leave ammonium

salt residue on the surface [14.23]. Afterwards the emitter has to be rinsed shortly, because remain-

ing HF has detrimental influence on the Schottky barrier height. As soon as possible the clean col-

lector should now be brought into vacuum, to prevent attraction of dust particles and oxidation of

the silicon surface. Though the H-atoms effectively terminate the dangling bonds of the Si surface,

some oxidation may still be apparent after an HF dip [13.13].

The etched and cleaned substrate can be inspected with a microscope, if necessary. Special tweezers

have been made to pick up the substrates without contaminating the surface and can be positioned

under the microscope directly (see Fig. 4-11b.).
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4.2.4 Deposition of the base layers

In case of the collector, the substrate can now be picked up by and placed on the sputter tool, also

specially developed for this work. (see Fig. 4-12a.) The sputter tool has been laser cut from stainless

steel, and a slot enables the substrates to be picked from the vacuum pipette in vertical direction,

without the use of (contaminating) tweezers. Three substrates can be picked for one deposition run

and the slots directly forces the substrates to be correctly positioned under the metal mask which is

laid on top of it. This metal mask fits the three metal rods precisely, and is thus only able to move in

the vertical direction, preventing displacement of the substrates during transport. The metal mask

defines base regions of 2.7*2.7 mm, slightly larger than the emitters that will be bonded on top of

them.

Sputtering of the metal base has been accomplished in a Z400 rf sputtering apparatus, where multi-

layers can be grown by rotation of the substrate from one target to another. The whole sputter tool

can be placed on the rotating substrate holder (Fig. 4-12b) The thicknesses of the deposited (Co/Cu)

layers can be determined by adjusting the openings in a metal shutter. To sputter yet another layer

(Pt) on top of (Co/Cu) superlattice, this new target can be positioned in situ above the substrate by

rotating the whole target holder. The TEM pictures show flatter layers for the Kr samples, support-

ing the better antiferromagnetic coupling (Fig. 4-9) resulting in higher GMR values (chapter 6).

Fig. 4-9 Cross sectional TEM images of the Ar (a) and Kr (b) sputtered Co/Cu multilayers with Fe

buffer (see also [3.8]).
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The grains observed in the multilayers had dimensions of �20 nm. At the peak intensity of the XRD

patterns for the first order and second order low angle maximum, the intensities of the Kr-sputtered

multilayers are larger than those of the Ar- sputtered multilayers, indicating again smoother layers

for the first. See for further details [3.6, 3.8].
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Fig. 4-10 XRD patterns for samples sputtered with Kr and Ar which showed MR ratios of 23.5%

and 16.5% respectively. b.g.: background (see also [3.6])

4.2.5 Bonding

After sputtering of the base, the emitters have to be prepared. They are all cleaned using the proce-

dure described above, and directly after removal of the sputter tool from the Z400, the oxide layer is

removed from the first emitter and N2 blow dried and the sputter tool is positioned on a lab-jack,

with a base region precisely underneath the hanging emitter (Fig. 4-13a). The emitter surface can be

positioned horizontally thanks to the revolving Teflon tip. By increasing the height of the lab-jack,

the emitter touches the base softly. Bonding directly sets in, and the vacuum tool can be taken away.

After following the same procedure for the other two substrates, the metal mask (upper part of the

sputter tool) can be lifted off, and the transistors and Schottky barriers are ready for electrical char-

acterization. The bonding strength found is of the order of 13 kg/cm2.

In conclusion, a direct bonding technique in air has been developed for preparation of spin valve

transistors with 1.6x1.6 mm dimensions. Results of Schottky barrier and transistor electrical meas-

urement characteristics are discussed in chapter 6.
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Fig. 4-11(a) Cleaning scenery comprising the vacuum pipette, several cleaning agents,  a demi-

water gun and a dry N2 gun. (b) Special perspex tweezers allow investigation of substrates by opti-

cal microscope without contamination of the substrates.

Fig. 4-12 (a) Sputter tool developed for picking the collector, sputtering the metal base in a defined

region and bonding directly after deposition. The deposited region remains clean and untouched by

the metal mask. (b) on the rotating table in the sputtering device

 
Fig. 4-13 (a) bonding is achieved by hanging the cleaned emitter above the previously sputtered

collector substrate and lifting the collector substrate until contact is made (b) SEM picture of air

bonded 1.6 x 1.6 mm Co/Cu spin valve transistor.
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4.3 Summary

For the preparation of spin valve transistor semiconductor deposition was not considered an option

because of the impossibility to grow device quality semiconductor material on top of a (spin valve)

metal. In view of reliability and manufacturability problems, a point contact emitter was not pre-

ferred either. Since at the time the reported tunnel barriers reported in literature showed maximum

current densities far too low to allow room temperature operation of the spin valve transistor, this

was not opted for either. Instead, the possibility to use direct bonding was employed. In this tech-

nique, two ultraflat and clean surfaces show spontaneous bonding because of attracting vander-

Waals forces and hydrogen bridges between adsorbed species. These bonding energies allow

conformation of the two surfaces via bending (waviness compensation) and elastic deformation

(roughens compensation), sufficient for an electrically intimate contact. The technique allows an

unlimited choice of single crystal semiconductors and room temperature processing. Silicon sub-

strates have been selected for good electrical behavior. Implantation has been used for ohmic con-

tact formation and a specific cleaning procedure has been designed to prepare the transistors,

including wet etching of sawing fragments which stick to the (protected) surfaces as well as a

proper Schottky barrier surface preparation. Co/Cu has been chosen since it was the model GMR

system of choice at the time and since Co has a reasonable mean free path as compared to Fe and

Ni,  and their alloys. Moreover, also Cu has a large mean free path as compared to e.g. Cr. This fa-

cilitates collector current detection.  
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5
Device preparation part II:

vacuum bonding
The results of the air bonded metal base transistors and spin-valve transistors were very promising:

hot electron transport and functioning of SVT has been demonstrated (Chapter 6). However, the

reproducibility and yield was still too low. The bond was formed primarily by vanderWaals forces

and hydrogen bonds between adsorbed water molecules and was too weak (approximately 13

kg/cm2) to allow further lithographical processing. For the spin-valve transistor small sizes are

required for room temperature operation, as shown in the previous chapter. Moreover, the interfa-

cial traps induced by insufficient termination of the silicon surface caused deterioration of hot

electron injection across the formed Schottky barrier. A phenomenon called cold welding known as

a major problem in tribology forms a great opportunity for the preparation of the spin valve tran-

sistor and applications in many other fields. We suggested already in 1994 to exploit the possible

advantages of bonding during sputtering [17.4], it was not until 1997 [14.15] that we demon-

strated its feasibility.

5.1 Vacuum bonding: Fundamentals

From the domain of tribology (study of friction, lubrication and wear) the phenomenon cold weld-

ing is known to take place between materials under poorly lubricated conditions. Adhesive wear is

one of the most severe types of wear encountered in bearings, gears, seals and electrical contacts.

Especially under clean circumstances such as in space applications where protecting oxide layers are

not formed, cold welding may take place. Experiments in vacuum to study adhesive forces and en-

ergies have been conducted predominantly by tribologists, by pressing sharp metal tips onto each
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other, inducing plastic deformation and metallic bonds. By pulling such constructions apart, adhe-

sive energies of various metal have been determined [14.9]. Adhesion is a consequence of primary

and secondary binding forces between the materials, of which various may take place, depending

upon the material (Fig. 5-1):
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Fig. 5-1 Bonding energy for the different types of bonds [14.33].

The adhesion energy *ab can be defined as follows:

*ab= γa + γb - γab

in which γa and γb the surface free energy of materials a and b, and γab the interface energy. Bondi

[14.29] formulated general wetting rules for metals: Metals that are mutually soluble at room tem-

perature wet each other well and therefore have a small interface energy and large adhesion energy,

in contrast to metals that do not wet well. Semi-quantitative rules were formulated:

 γab=α(γa + γb ), with 0<=α<=1

Hence

*ab=(1-α)(γa + γb)

For clean contact between similar materials (a=b)

*ab=*aa=cohesive energy=2γa
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For metals which are soluble in the solid state applies: αx0.1, so

*ab � 0.9 (γa + γb)

For metals which are insoluble applies: 0.4 x α x 0.6, so

0.4 (γa + γb) x *ab x 0.6 (γa + γb)

For non-metals in general α � 0.7 so

*ab x 0.3 (γa + γb)

From these set of “Bondi rules” we can deduce that major interface energies can be achieved for

two similar metals (which of course, always wet well) with large surface free energies.

Probably based on such concepts, a patent had been filed by Siemens in 1982 in which flat sub-

strates were supposed to stick during metal evaporation [14.10]. Only very recently successful vac-

uum bonding experiments have been reported, as in bonding of MBE grown 45 nm thick Cu films

on NaCl(100) after deposition in 10-11 mbar, at 1800C [14.11]. As an extension of plastic deforma-

tion bonding of sharp metallic pins performed in vacuum by tribologists to determine adhesion and

surface free energies [14.9 p. 252], room temperature bonding in UHV after argon sputter cleaning

has been demonstrated: Suga [14.12] developed the so called surface activated bonding (SAB).

With this bonding procedure not only similar metals (Al, In, Sn, Pb, Cu, Ag, Au), but also certain

dissimilar materials (Al to Si, diamond and ceramics) have been bonded successfully to each other.

For the used configuration, one specimen (the Al part) had a hemispherical shape with a radius of

25 (mm) and a diameter of 10 (mm) and the other specimen was flat (a plane-to-plane bonding had

not been realized yet). The system was evacuated up to 5 x 10-9 Pa. The surfaces of the specimens

were sputter-cleaned and activated by fast-atom-beam (FAB) irradiation. Then the surfaces were

brought into contact for several seconds under the UHV condition. The contact pressure was be-

tween 10-50 (N/ mm2) over the contact area of 20 (mm2), deforming the contact area plastically. A

value for the (tensile) bond strength of Al-Al and Al-ceramic specimens was measured to be more

than 100 (N/mm2), The failure of the joints did not occur at the bonded interface but always in the

Al side adjacent to the interface. High resolution TEM images of an Al-Al joint prepared under

UHV condition showed that the two Al crystals were bonded directly without any contaminating

intermediate layer (Fig. 5-2).

Bonding of silicon wafers in UHV at room temperature has very recently been achieved by Shi and

Takagi [14.13], [14.14]. Silicon wafers cleaned using Ar beam irradiation in UHV showed sponta-

neous bonding with bonding strength comparable to wafers annealed at high temperatures (8000C).

A disadvantage of the FAB technique is that sensitive surfaces such as semiconductors (GaAs, Si)

may be destroyed, resulting in defects and poor electrical behaviour at the interfaces (Schottky bar-

rier)
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Fig. 5-2 HRTEM picture of two crystalline Al rods pressed together at room temperature in UHV

after sputter cleaning. An atomically sharp interface is observed [14.12]

5.2 Vacuum bonding: Experimental mechanics and structure

5.2.1 Experimental set-up
A schematic of the bonding procedure is given in Fig. 5-3:

a.          b.

Fig. 5-3 In-situ metal-metal bonding for preparing lithographically patterned room temperature

spin-valve transistors or high gain metal base transistors. (a): deposition of magnetic multilayer,

e.g. Co/Cu onto left substrate. (b): deposition of adhesive metal layer and upper Schottky barrier.

In contrast to the previously mentioned experiments in which plastic deformation was necessary to

bond the metals, equations (5.1) and (5.2) and Fig. 4-4 indicate that the system will automatically

“collapse” using a microroughness assumption <� 2nm RMS: no bonding pressure would be needed
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to bond the two substrates. We designed a robot to fulfill the bonding in vacuum without additional

pressure or heating. Substrates (a) and (b) are attached to the rotatable arms of a bond tool using

clips (Fig. 5-4). The bond tool is made mainly from aluminum and stainless steel. Before loading

the system into the sputtering chamber, a spring is loaded. Via magnetic coupling beam (c) is lifted

and the spring is released. Substrates (a) and (b) then move towards each other during sputtering of

the metal layer. Shutter (d) can be used to deposited different films on both substrates. A flywheel

and gears which are connected to the rotatable arms dampen the action and in about 0.5 seconds

after launch the substrates come into contact. One of the two substrate holders is attached to the arm

in a flexible way to permit parallel alignment during contacting.

Fi
g. 5-4 Spring driven substrate rotator, substrates (a) and (b), beam (c) and mask (d). Before (1.),

during (2.) and after (3.) deposition.

The cleaning of the substrates prior to bonding is not so much different from that used for the air

bonding procedure described in section 4.2. However, a 1 µm Tetra-ethyl Ortho Silicate (TEOS)

SiO2 layer is used as substrate protection during the fragment etch. Due to this thick protecting

layer, the TMAH etching can be replaced by an aggressive HF/HNO3 etch, which is faster and does

not need to be heated. Firstly bonding experiments and interpretation of the structural and mechani-

cal results will be given. Following this, the preparation of the spin valve transistors is explained.
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5.2.2 Structural results of the vacuum bonding experiments

Titanium results

The first successful room temperature vacuum bonding experiments during metal deposition were

demonstrated using Ti and Au [14.15]. For the mechanical experiments Prime quality n(100) Si

wafers were used. The preparation of the silicon is according to the following scheme (class 100

cleanroom condition): HNO3 cleaning (hot and fuming), TEOS SiO2 1 µm wafer protection, sawing

of the substrates into 12x21 mm and 12x18 mm parts, HNO3 cleaning, DEMI rinse, HF/HNO3
fragment etch, DEMI rinse, HF 50% strip of TEOS oxide, DEMI rinse and dry N2 blow d  ry (see

for more details appendix 3). A Teflon vacuum pipette is again used to manipulate the samples

without contaminating the surface. The cleaned substrates are mounted on the robot as described

before. In Fig. 5-5 a cross section TEM picture of two silicon substrates bonded with a 30 nm Ti

layer (2x15nm) sputtered using a background pressure p=5*10-8 mbar, an argon pressure pAr=7*10-

3 mbar and Power P=30W. Ti was used here because of its large adhesion to the Si substrates.

No interface can be observed and the crystal grains cross the total film thickness, indicating that

recrystallisation has taken place during and after bonding. The HRTEM picture in Fig. 5-5 has given

evidence of this recrystallisation: the crystals observed using local probing in the TEM showed that

complete grains extended from one substrate to the other. The micro-diffraction by TEM, as in Fig.

5-5b. showed hcp (100) texture with the <100> direction perpendicular to the film plane, and this

orientation of grains is completely different from that of the single film (which is  hcp (002) pre-

ferred grain orientation with the <001> direction strongly perpendicular to the film plane). This also

indicates that recrystallisation must have occurred during the bonding process resulting in a change

of the c-axis direction from perpendicular to parallel of the film plane. Energy minimization of γab,

the interface energy at the bonding site is the driving force for this. Additional energy is available

from thermal energy and from the sputtering energy: the adatoms arrive with an excess energy of

about 1-20 eV [1.1]. Based on this premise, crystal growth during bonding proceeds in a similar

way as thin film growth itself. In that sense, the model described in section 4.1.3 needs modifica-

tion, since the surface roughness of the metal surface is not only compensated for by elastic defor-

mation of the silicon substrates, but also by surface undulation matching by interface energy driven

and thermal- and sputter energy supported atom diffusion.
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Fig. 5-5 HRTEM cross section of Si-Ti30nm-Si and the micro electron diffraction pattern

(inset).(HRTEM picture made by P. Galtier, Thomson CSF, Paris).
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Platinum results

When Ti bonding is compared with Pt several points are noticed (see TEM picture in Fig. 5-6
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Fig. 5-6 TEM pictures of 15 nm Pt film sputtered at 7 µbar (a.-left) bonded during and (b.-right)

bonded 30 minutes after sputtering.
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Fig. 5-6 TEM pictures of 15 nm Pt film sputtered at 7 µbar (a.-left) bonded during and (b.-right)

bonded 30 minutes after sputtering.

In contrast to Ti, an interfacial silicide (PtSix) region is formed at the Pt-Si interface, due to the

sputtering process. Furthermore SiO2 layers are observed at the Pt-Si interfaces, both confirmed

using micro-probe composition analysis in the TEM. The first aspect may be explained by consid-

ering the heat of formation of TiSi (1.4 eV) which is much larger than that of PtSi (0.6eV) [13.4, p.

279], Moreover, the atomic mass of Pt is much larger than that of Ti, resulting in a larger penetra-
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tion depth. The lack of SiO2 at the Ti-Si interface results from the fact that Ti is an oxygen gettering

material and oxide reducing agent: it can dissolve the Si native oxide readily [14.34], [14.35]. Pt on

the other hand is inert with respect to oxygen. Part of the oxide may have been formed after the HF

dip and another part may have originated from the Ar sputter gas, included in the Pt film and dif-

fused along the grain boundaries to the silicon, driven by the dissociative abilities of Pt [14.16].

The formation of Pt grains in Fig. 5-6a. is completely different from the behavior for Ti. A large self

diffusion coefficient of Ti determined from the Arrhenius equation is 6.0x10-32 cm2/sec, using the

frequency factor A=8.6x10-6 cm2/sec and activation energy Q=35.9 kcal/mol. This value is about 18

orders of magnitude larger than that of solid Pt (7.80x10-50 cm2/sec, A=0.22 cm2/sec and activation

energy Q=66.5 kcal/mol [14.16]. It is assumed that the disappearance of the interface and re-

crystallization in the bonded Ti-Ti films can be ascribed to the large self diffusion coefficient of Ti.

The fluctuation depth of the zig-zag shape at the Pt-Pt interface is estimated at 4-5nm, larger than

the roughness found from the AFM and XRD measurements, as seen previously. The fluctuation

depth at the interface for Pt bonded 30 minutes after deposition is much smaller, as revealed by Fig.

5-6b. It is now believed that grain boundary diffusion attempted to maximize the volume of each

grain, however, this is limited by the energy of the adatoms (which is obviously time dependent)

and the small self diffusion coefficient. Formation of the grain boundary at the interface might fol-

low the same behavior as the grain boundary formation perpendicular to the surface: not square

columns are formed, but more or less circular ones.

Gold results

Si substrates have also been bonded using gold films. In the case of sputtering of the gold film,

bonding proceeded without problems, a large amount of interdiffusion in the Si and Ge was ob-

served, though (Fig. 5-7a). In case of evaporation (background pressure 10-6mbar), bonding pro-

ceeded only in a few cases. Either increased roughness or the lack of adatom energy may have

caused this difference. Since the bonding takes place during evaporation, the background pressure

is not considered to be decisive.
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       (a) (b)

Fig. 5-7 (a). TEM picture of Si-Au14nm-Ge structure showing indiffusion of gold into Ge. The Au

was DC sputtered. b. Si-Au19nm-Si structure in which the Au film was evaporated.
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       (a) (b)

Fig. 5-7 (a). TEM picture of Si-Au14nm-Ge structure showing indiffusion of gold into Ge. The Au

was DC sputtered. b. Si-Au19nm-Si structure in which the Au film was evaporated.

The bonded structure with evaporated gold showed white spots which might indicate unfilled gaps

(Fig. 5-7b). Lack of adatom mobility in evaporation may also have caused this. A comparison of
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gold film roughness by AFM or STM should indicate whether increased surface roughness in the

evaporated films might have caused the problems (problem of island growth). It is noted that the

interface made by evaporation are sharper than the ones made by sputtering (Fig. 5-7) indicating the

advantage of MBE over sputter deposition techniques.

In general in metal bonding, the absence of a free surface may even improve wetting of the substrate

surfaces, leading to less island forming and facilitated epitaxy. Island forming takes place if the

surface enthalpy of the film droplets γf plus the enthalpy of the interface of the droplets with the

substrate γfs is larger than the surface enthalpy of the substrate γs (island growth or Volmer-Weber

mode if γf + γfs > γs), see Fig. 5-8

a.              b.

c.

Fig. 5-8 (a):Island growth with substrate s having surface enthalpy γs, film f with surface enthalpy

γf and interface enthalpy γfs.(b): wetted substrate and (c): enthalpies in the vacuum thin film bond-

ing case.

For metal on non-metallic substrates usually γs << γf resulting in island growth (e.g. Au on Si). If γs

>γf + γfs wetting of the substrate may take place, resulting in layer by layer growth [1.22], [8.2]

(Frank-vanderMerwe mode). However, if there are two substrates on either side of the film, then

islands are formed if γfs > γs, since in this case γf �0 because of the very small thickness of the film.

In most cases γfs < γs, causing improved wetting of surfaces. This may be compared with a water

film on a hydrophobic surface (droplets) and between two hydrophobic surfaces (wetting due to

capillary action). Using the metal vacuum bonding possibly in combination with annealing se-

quences may form films with unprecedented character, as evidenced with the phase change of Ti

observed previously.

In conclusion, a decrease of the metal film surface free energy γf is a driving force for the bonding

to initiate spontaneously. Stress will be built up in the substrates when bonding proceeds, according

to the elasto-mechanical model in section 4.1.3. The surface free energy in combination with ther-

mal- and sputter induced energy of the adatoms may cause migration of the adatoms, depending on

the diffusion coefficient and adatom mobilities of the metal. In this way crevices in the interfaces
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can be filled up. After complete bonding, the interface free energy γab in combination with the ther-

mal and adatom energy may cause recrystallisation to take place, depending on the self diffusion

coefficient of the metal. Based on thermodynamics similar to thin film growth, continuous films

may even be formed using metals that grow in Volmer-Weber mode (island growth). Numerical

thermodynamic calculations incorporating these energetic may predict the bonding process under

various conditions. In the next section bonding experiments will be interpreted using the elasto-

mechanical model of section 4.1.3.

5.2.3 Mechanical results of the vacuum bonding experiments

To study the bond strength the Si substrates were glued to a steel pulling bench (see Fig. 5-9).

Fig. 5-9 Pull bench after a pulling test with a titanium bonded film.
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The bond strength was larger than the adhesive strength of the epoxy glue and larger than the frac-

ture strength of the silicon. To overcome the first problem, the epoxy/Ti bond ratio was increased by

etching regions away from one of the substrates’ surfaces, leaving 100x100µm pillars, 200µm apart.

This procedure was also used for anodically bonded structures [14.29] and recently also in Ar vac-

uum bonding [14.14]. The height of our mesas was approximately 10 µm. 10 nm Pt films (smaller

reactivity than Ti) were sputtered on 10 nm Ti seedlayers (large adhesion to Si) at 7µbar. The results

of these experiments was that in most cases the bonded pillars broke the underlying substrate, indi-

cating the large bonding strength of the Pt-Pt bond.

a.  b.

Fig. 5-10 Micrograph of the broken areas in the silicon substrate after pulling tests with

100x100µm pillars (a). SEM picture of the broken areas after pulling tests with 24 µm wide mesh

lines in which the bond is formed over the whole substrate (b).

The bonding front was not able to spread continuously in the case of the pillars, leaving areas with

unbonded pillars. To resolve this problem, a mesh structure with 24 µm wide lines crossing each

other was used to reduce the bond area. In this case the bond spreaded over the entire substrate,

leaving the following figures for the bonding strength for 0, 1, 2, and 8 minutes waiting time under

7 µbar Ar and 3E-8 mbar background pressure: 68, 73, 137, 103 N/mm2. In all cases the substrates

were broken as in the SEM picture of Fig. 5-10b. One substrate has been bonded in air, about 4.5

min. after sputtering of the metal. The bonding force was 6 N/mm2 and in this case the Pt-Pt bond

was broken. This value is higher than the Au-Si values measured for the air bonded spin valve tran-

sistors (see chapter 4) which was 1.3 N/mm2. The variance of the fracture strength in the other

bonds is probably related to misalignment in the pulling bench: a small force out of the center of the

substrates leads to “unzipping” of the mesh, yielding small fracture strength. The combination

pulling force and distance could be used to determine the cracking energy. This has not been done

so far. Another factor in determining the variance and low fracture strength is the crack concentra-

tion at the mesh line edges: the line etching was done using an anisotropic etch. An isotropic etch

will increase the rupture strength to higher and probably more stable values. Instead of this, another

type of experiment was tried: inclusion of artificial crack wedges.

Artificial rim structure
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In some cases the bonding energy is measured using the insertion of a wedge at the edge of the bond

as done by Maszara et al. (see [14.1]):

a.      b.     

Fig. 5-11 (a) Wedge insertion method of Maszara to determine bonding energy [14.1] and rim in-

clusion method used in our experiments (b).

In case of our small substrates with their very large bonding strength a blade cannot be inserted after

bonding, so artificial rims have been applied before bonding. This is drawn schematically in Fig. 5-

11b. The surface free energy can be approximated by using the equation of Maszara (bending):

γ =
3

8

3 2Ed h

L
 (5.3)

The length of the unbonded regions L has been measured using transmission of IR light through the

substrates and the metal layers. To allow for sufficient transmission, the thickness of the metal lay-

ers was limited to 10 nm each. A schematic of the used measurement set-up is shown in Fig. 5-12:
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Fig. 5-12 Measurement set-up using a halogen light source and an IR camera to detect the trans-

mitted light. Unbonded regions are detected as dark regions and unbonded length L can be meas-

ured accordingly.

The roughness of the metallic films was altered using different Ar gas pressure during sputtering.

The roughness increases drastically as can be seen on AFM pictures taken at 7 bar and 20 µbar

sputter pressure

 

Fig. 5-13 (a) Surface images observed by AFM for single Pt films deposited at 20 and 7 µbar Ar

pressure and their respective XRD patterns and roughness (b).
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This increase in roughness is supported by X-ray analysis: as the Ar pressure is increased, the dif-

fracted intensity coming from the fcc(111) plane is drastically reduced and diffraction from the fcc

(200) plane is clearly observed at 20 µbar. This result indicates a remarkable degradation of pre-

ferred grain orientation of the (111) plane. The number of oscillations observed at low angle dif-

fraction decreases as a function of Ar pressure, which is a manifestation of increased surface

roughness. The average roughness Ra has been estimated using the GIXA (glancing incidence X-ray

analysis) program of Philips, Almelo, which is based on Maxwell’s equations describing the inter-

action of electromagnetic waves and matter using the Névot-Croce method [14.16]: Ra=0.4 nm at

7µbar and 0.8 nm at 20 µbar.

From equation (5.3) and the values of L from Fig. 5-11b and 5-12, values for the surface free energy

can be calculated, the results of which are indicated in Fig. 5-14 The largest value is actually quite

close to the value for Pt (3.2 J/m2 see for tables [14.9 p.249-251] and [14.21 p.60]). Probably this

method will not work if the adhesion to the substrate is weak: the film will be pulled off from one

of the substrates by the metal-metal adhesion, and the weaker link will determine an upper limit of

the adhesion energy.
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Fig. 5-14 The unbonded gap length L after the bonding of Pt-Pt as a function of Ar pressure during

sputtering. A rim was used for the experiment as shown in the inset. The right hand side indicates

the surface energy calculated according to equation (5.3). The line is a guide to the eye [15.16].

It is interesting to notice that natural dust inclusion causes only small unbonded areas. In Fig. 5-15 a

micrograph of a region with a dust particle is shown. Here the (lateral) size of the particle is about
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10 µm and the unbonded region has a diameter of about 70 µm. The Pt was deposited on top of

SiO2, causing a small adherence to the substrates. The substrates could therefore be pulled apart,

leaving double platinum (1) films on  the substrates where bonding took place, no Pt films (2)

where the Pt was ripped off and single platinum films (3) where bonding did not take place due to

the dust particle.

Fig. 5-15 Dust particle causes a circular unbonded area with single Pt films (3) on either side of

the Si-SiO2 substrate. In bonded regions, a double Pt film (1) and (2) remains on one of the sub-

strates, depending upon local adhesion of the Pt to the SiO2.

Probably the dust particle has been squashed under the adhesive pressure to a small thickness, oth-

erwise the unbonded area is expected to be larger.

5.3 Vacuum bonding: Spin valve transistor preparation

5.3.1. Schematic process flow

Preparation of the vacuum bonded spin valve transistors differs mainly from air bonded devices due

to etching procedures. The cleaning sequence prior to bonding was modified: 1 micron tetra ethyl

ortho silicate (TEOS) SiO2 is used as a protecting layer and the Si fragments are etched away using

HF/HNO3 room temperature isotropic etch, as can be seen in the preparation scheme in Fig. 5-16

and in the detailed preparation protocol in Appendix 3.
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Fig. 5-16 Schematic process flow for the preparation of vacuum bonded spin valve transistors

5.3.2 Deposition of the base layers

For deposition of the base layers a DC-RF magnetron sputtering machine is used. The robot is in-

serted into loadlock F and transported using beam G to the main chamber A after approximately 1

hour pumping. Multilayers can be deposited using a computer controlled rotating table and deposi-

tion shutters.
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Fig. 5-17 High vacuum DC/RF magnetron sputter system.

The properties of the system are: background pressure typically 10-9 mbar, three magnetron sputter

guns, variable substrate-target distance, heated substrate table, RF and DC power supplies. Twelve

different samples can be sputtered in one run using the specially designed substrate rotator, of

which a schematic picture is shown in Fig. 5-18:

Fig. 5-18 Substrate rotator for multiple in-situ sample preparation.

Spring 1 is wound up using manipulator 2. Samples 6 are mounted on rotating table 4. Deposition

occurs via 5. Substrate selection is via magnetically coupled beam 3. In this way optimized GMR

multilayers and sandwiches can be found quickly. The results of the GMR films are mentioned in

section 6.3.2

5.3.3 Emitter wafer thinning
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After bonding, the emitter substrate has to be thinned down to dimensions which allow definition of

transistors to micron dimensions. For this reason, the emitter has to be thinned down to about 1 to 5

micron. A major requirement is that the emitter substrate needs a highly doped region for ohmic

contact formation (the emitter barrier contact is reverse biased, in contrast to the collector contact).

In so called BESOI (Bond and Etch back Silicon On Insulator) several techniques are known to

come to a small device layer:  1. Grinding and polishing  2. Etch stop layers

Grinding and polishing is a possibility for the required device layer thickness, and would be the

most obvious way for standard wafer size. Thickness variations of about 0.5 microns are achievable.

In grinding one has to be careful with subsurface damage and the final etching has to be performed

chemo-mechanically. For our small samples, however, we were not able to use the chemo-

mechanical polishing machine.

We have tried a simple etch down with time stop and achieved device layer thicknesses of about 10

microns with a thickness variation of about 5 microns. An n- epi/n++substrate wafer was used to

provide ohmic contact region even after etching. 5 micron epitaxial layers were grown by CVD on 1

m:cm Si wafers at the laboratories of Philips Nijmegen. Critical for the etching technique was the

use of very high concentration KOH solutions, which tend to etch uniformly [15.8]. In this way we

were able to prepare the first devices with 350 micron lateral dimensions. Disadvantages of this

technique was the remaining thickness variation, surface roughness and the extended etch time

(about 7 hours) at elevated temperatures (700C), with the necessity of repeated thickness checks.

Moreover, the metallic K ions had to be removed carefully not to interact with the Schottky barriers.

An alternative technique used was based on an IC compatible room temperature etching

98HF/2HNO3 mixture with an etch rate of about 10 µm/min [15.9]. The uniformity was reasonable

because at this high HF concentration the etch process is reaction rate limited (oxidation rate by

HNO3) and not diffusion rate limited (as in low HF concentrations where HF dissolves the formed

SiO2). 350 micron devices could be prepared in this way, with emitter thickness variations of 20

microns, so the thickness was limited to 25 microns. Another advantage of this technique as com-

pared to the KOH solution is that black wax could be used as a protecting layer for the collector

substrate.

A technique once reported in literature was based upon the selectivity of 1HF/3HNO3/8CH3COOH

[15.10]: it etches n++Si with a resistivity smaller than 10 m:cm with a speed of 3 µm/minute, sub-

strates with a resistivity larger than 0.1 :cm are not etched. Continuous addition of H2O2 is used to

convert nitrous acid into nitric acid, maintaining etch selectivity. This appeared to be a good option:

fast etch with an accurate etch stop possibility at room temperature. The 5 micron epitaxial layers on

1 m:cm Si substrates were used again. Etching experiments using the n/n++ etch stop were per-

formed successfully. However, on metal bonded substrates, the presence of the metallic base caused

local etching instabilities, probably caused by reduction of the H2O2 by catalysis of the metal (Pt)

layer. The etch selectivity would disappear and the 1:cm device layer was locally attacked, even in

the dark. Therefore this method was rejected.
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Etch stops using HF anodic etching usually provide fast etching of p type and n++ type, so in this

case an etch stop on n++ is not possible. Moreover, it is difficult to grow defect free device n-layers

wafers on a buried n++ layer, sufficiently high doped for ohmic contact formation. This problem

also plays a role in etch stops using highly B doped p++ Si and KOH, TMAH or EPW. Another

disadvantage of this technique is that it is difficult to grow defect free layers on top of this layer

[14.7 p.165], [14.1]. Addition of larger Ge to the B atoms provides stress free etch stop layers with-

out misfit dislocations. Electrochemical etch stops using P/N junctions require KOH etching at ele-

vated temperatures with the additional buried n++ layer problem.

A very uniform technique is provided by Hughes Optical systems based on technology for the Hub-

ble space telescope: local plasma etching [14.1] provided 10 nm thickness variation. The Smart-cut

process based on splitting of silicon wafers along hydrogen filled bubbles introduced by hydrogen

implantation is another promising technology for thinning [14.1] but not directly available for our

devices.

We chose a reliable technique in which the device layer was not subjected to implantation damage

possibilities, assuring good Schottky barriers. BESOI wafers were  ordered at BCO technologies,

UK, with custom specifications: Si 525 µm/SiO2 1 µm/Si n++ 0.5 µm/Si n 1:cm 5µm. The n++

regions were creating by As diffusion and the bond was annealed at 10000C (fusion bonding). Etch

back was done using standard grinding and chemomechanical polishing, with a device layer rough-

ness specification of 0.5c. This smoothness was necessary because of future bonding. On top of this

wafer we deposited a protecting TEOS (Tetra Ethyl Ortho Silicate) layer at 6500C. Thermal oxida-

tion was avoided to prevent roughening of the substrate. PECVD oxide only suffices after a 6500

anneal (otherwise pinholes).

For the collector wafer remaining n++/n epiwafers were used, but backside implanted n/n++ wafers

as used in the air bonded procedure might have been even better due to an absence of an increased

roughness caused by the epi layer. Also on this collector wafer a TEOS layer is deposited. The wa-

fers are sawn using a special IC diamond saw, with a high accuracy (�10Pm) and a 140µm sawing

blade. Using the vacuum pipette with two heads as described in Fig. 4-9a both emitter and collector

substrates are cleaned at the same time: fuming HNO3 for removal of the sawing tape residue on the

backside, DEMI rinse, HF/HNO3 2/100 for Si particle etch (4 minutes at 2 microns per minute)

[15.9], intense DEMI rinse 3 minutes, HF 50% 1 minute dip to remove the TEOS oxide. A 25 sec-

ond DEMI rinse decreases the HF residue on the surface, for better Schottky barrier characteristics.

Following this, the substrates are mounted on the robot and inserted into the sputtering chamber.

The etch back of the emitter SOI wafer was performed using a fast HF/HNO3 1/5 mixture. Apiezon

black wax was used to protect the backside. It was applied using a mixture of black wax dissolved

in chloroform and a fine painter’s brush. Since the etch rate of the HF/HNO3 is about 17.5 Pm/min,

a 30 min. etch suffices.  The buried oxide layer becomes apparent after about 25 min. at the fastest

regions. To avoid excessive oxide attack, these regions may be protected using wax. After this
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etching procedure, the wax is dissolved in chloroform and the buried oxide layer is removed using

HF 50%. Pt emitter contacts are formed using lift off. The emitters are etched using either HF/HNO3

2/100 (Pt base) or TMAH (Co/Cu base). The emitter Pt contact is used as an etching mask.

5.3.4 Completed spin valve transistor structures

Following emitter thinning, the base region is defined using photolithography: photoresist prebaked

at 900C was used to protect the base either during wet etching (10:H2O2/1:HF) during 20 seconds

(for Co/Cu) or using ion beam etching during 30 minutes (see appendix 3). To reduce the large

sputter induced leakage currents after ion beam etching, a short TMAH silicon etch is necessary to

remove the damaged silicon surface next to the base. For the H2O2/HF base etch this is not required

since it does not introduce defects and grows a surface passivating SiO2 automatically. Since the

H2O2/HF tends to attack the photoresist, care has to be taken not to etch longer than 1 minute. For

processing design of other base and emitter materials an excellent review on chemical selective

etching of most semiconductors and metals is referred to [15.11]. After the base etching procedure,

the substrate is glued using conducting room temperature curing epoxy with its backside ohmic

contact to a printed circuit board, aluminum wires are ultrasonically bonded to the base and emitters

and is ready for electrical characterization (chapter 6). The final device structure is shown in Fig. 5-

18, along with the cross section TEM picture in Fig. 5-19:
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Fig. 5-19 SEM picture of lithographically processed spin valve transistor structures. Some ultra-

sonically bonded Al wires connected to emitter and base can be observed. The substrate forms the

collector.

A variation of emitter size is provided to investigate areal influence (current density variation).

Since the wires are ultrsonically bonded to the emitter and base regions, the sizes are limited to

about 100x200 Pm. Since this area is small enough for room temperature device operation, and

since it avoids further bond pad formation steps, it is sufficient for our goals.
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Fig. 5-20 TEM picture Si-Co-Cu-Co-Pt-Si spin valve transistor structure.

5.3.5 Processing other semiconductors

Experiments with Germanium collectors have also been performed. The difference in preparation

before metal deposition with Si is that Ge can be etched using HF/H2O2 (1/10). This etchant does

not attack photoresist [15.12] and consequently, the surface can be protected with a single

(hardbaked) photoresist layer. Measurement results are shown in Fig. 5-7a and chapter 6 [14.15].

First experiments with epitaxially grown n-GaAs films on n+ GaAs substrates have also provided

excellent bonds. Photoresist was employed to offer protection during a H2SO4/H2O2/H20 (4:3:3)

fragment etch. We explored a new way to obtain both a very clean GaAs surface and very good

Schottky barriers: an AlAs layer has been grown in situ over the epitaxial GaAs layer, providing

protection of the GaAs surface. (it is even possible to use a buried AlAs layer as an etch stop with

citric acid/H2O2 etchants with a selectivity of 1450, [15.35]). This top layer is removed using a very

selective HF 2% (1 min) dip as a final cleaning step prior to bonding. We found nearly ideal Schot-

tky barriers using this method. Another technique for preparing ideal Schottky barriers on GaAs

involves substrate heating (5500C) prior to deposition [13.22]. Also vacuum metal bonding was

successful, using a 250 nm nGaAs epi on a n+ GaAs substrate, but metal base transistors have not

been prepared yet. Since an ohmic contact with sufficiently low impedance for small area devices (1

Pm2) to the n+ GaAs substrate can only be achieved using annealing, it is recommended to use the

reverse design suggested in Fig. 3-38 for further processing. In the reverse design the ohmic contact

to the (GaAs) emitter can be formed prior to bonding. The collector does not require an ohmic con-

tact since it is in forward, hence a non-epitaxial low doped collector substrate can be used.
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5.4 Summary

For room temperature operating spin valve transistors the devices have to be smaller than 1 mm2: it

decreases the collector leak current proportionally whereas the emitter injection current (and thus

the hot electron collector current) may stay the same. Since the fracture strength of the air bonded

devices is too low to allow photolithographical processing, a rigorous change was made in the proc-

essing technology by performing the bonding during deposition of the base metal. Because of this,

the surface free energy before bonding is increased with about three orders of magnitude and ac-

cording to the elasto-mechanical model calculations, the bonding was expected to proceed com-

pletely for roughnesses smaller than about 2 nm (no gaps). Moreover, the bonding interface is

transferred from the emitter Schottky barrier to within the metal, providing two good Schottky bar-

riers. A specific robot has been designed and built to perform bonding during sputtering in a high

vacuum system. The cleaning technique was adopted from the previous air bonding technique. As

expected, but always surprising, the room temperature vacuum bonding proceeds with unprece-

dented yield (100%). Moreover, the TEM pictures showed a lack of interface for Ti layers, due to

room temperature recrystallisation. The required energetics for this process is probably a combina-

tion of interface free energy directly after bonding (interface misfit dislocation and stacking faults)

and adatom energy from the sputtering process. A thermodynamical simulation of this process

would be an interesting investigation. Experimental determination of the metal surface free energy

is determined using a rim included between the substrates. Similar to the more commonly applied

wedge insertion (crack propagation) method, the length of the non-bonded region forms a measure

of the bonding energy. Because the bond is too strong to insert a wedge, a rim is inserted prior to

bonding. The bonding energy is found to decrease with surface roughness. Mechanical pulling tests

show a tensile strength larger than the fracture strength of the silicon substrates (fracture strength

was 103 N/mm2, the tensile strength of Ti is about 500 N/mm2).

For the preparation of spin valve transistors, the emitter substrate is etched down using wet chemi-

cal etching. Time etch stops using either KOH or HF/HNO3 mixtures show final non-uniformities of

about 10 and 40 Pm respectively, limiting the emitter thickness to these values. For smaller thick-

nesses, we have employed Si 525 µm/SiO2 1 µm/Si n++ 0.5 µm/Si n 1:cm 5µm. SOI wafers. After

bonding the n/n+ device layer to the base in vacuum, the substrate wafer is etched away down to the

buried SiO2 film, using a fast HF/HNO3 mixture. Subsequently, standard photolithography, lift off

and ion beam etching results in completed spin valve transistors of 350x350 Pm dimensions.
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6
Electrical device charac-

terization
Aim of this chapter is to give evidence for hot electron transport and the spin valve effect for hot

electrons in the spin valve transistor structures, as well as to provide insight into the electrical be-

havior of the air bonded and vacuum bonded spin valve transistors. Although the first spin valve

transistors showed the expected large collector current change with field, a quest for the real na-

ture of the current started because the collector current decreased with decreasing temperature, in

disagreement with the hot electron transport theory and in agreement with a heating related col-

lector leak current. It is illustrated in this chapter that the hot electron current may decrease with

decreasing temperature because of non-idealities of the emitter Schottky barrier. In addition, the

heating related collector leak current always forms a contribution to the total collector current, but

its importance can be made negligible by proper device design. The final spin valve transistors

show the expected behavior: room temperature magnetic field dependent operation with a small

leak current decreasing with decreasing temperature and a larger hot electron current which in-

creases with decreasing temperature. The air bonded and vacuum bonded spin valve transistors are

treated in two separate sections.

6.1 Measurement set-up

So far the electrical characterization in our lab of the spin-valve transistors has been performed us-

ing the set-up depicted in Fig. 6-1:



136

Fig. 6-1 Measurement equipment to characterize the Schottky diodes, metal base transistors, giant

magnetoresistance multilayers and spin valve transistors.

The measurement set-up consists of:

• A water cooled magnet capable of generating magnetic fields up to 10 kOe (≈1Tesla) with 250

mm pole pieces.

• A Gauss meter to measure the magnetic field between the pole heads.

• A Keithley 2400 sourcemeter, used for the emitter currents.

• A Keithley 236 source measurement unit capable of measuring currents down to sub-pico Am-

peres, to measure the collector currents.

• A home built liquid nitrogen cryostate (T=77K - 400K).

• A liquid helium continuous flow cryostate (T=4.2K-400K).

• An Oxford Instruments temperature controller, to control the temperature of the sample, when

the sample is in the cryostat (T=77K-500K).

• A stepper motor with controller, to rotate the sample in the magnetic field, in order to make

angle dependent measurements.

All equipment is computer controlled using LabView under Windows 95. The liquid nitrogen cry-

ostate was used exclusively, since temperature below 77K cause freeze out in the moderately doped

semiconductors which were used.
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6.2 Measurement results on air bonded transistors

6.2.1 Metal base transistor results

Preceding measurements with magnetic spin valve bases, gold has been used for study of hot elec-

tron transport. Air bonded devices using a single gold film as a base showed small current gains, for

example the device with a 12.6 nm Au film showed 0.3, 0.37 and 0.37% at 300K (three devices

could be measured on one substrate, see chapter 4). Common base characteristics of these devices

are shown in Fig. 6-2

Fig. 6-2 Common base characteristics of an air bonded metal base transistor with a gold base re-

gion of a thickness of 12.6 nm, measured at 300K. The emitter injection currents are 0, 25, 50 75

and 100 mA.

Devices with a base thickness of 50.6 nm showed a gain of only 0.08% at 300K. Using equation

(3.2) for the two different base thicknesses, a zero base gain D*�0.6% results and a hot electron

mean free path in gold of 25 nm. This compares reasonably with the values in table 3-1 (section

3.3.2) and Fig. 3-9 (22 and 23 nm respectively). From Fig. 6-2 it can be seen that the leak current

contribution is quite small (due to the large Au-Si barrier height, 0.8eV). The collector current does

not vary linearly with the injection current, which might be attributed to equal barrier heights of

emitter and collector and increased electron energy with emitter bias (see later). Moreover, the

emitter interface may not be uniform. This conclusion is supported by the fact that a reverse biased

air bonded metal base transistor (substrate becomes emitter) shows a very small current transfer

<10-5 (<1PA collector current at 100mA emitter current). Obviously, part of the emitter current from

the substrate flows out of sight of the collector, since the emitter area is larger than the collector

area. However, this is only about 50%. The rest of the electron loss may be attributed to backscat-

tering/reflections at interface gaps of the air bonded interface (it is noted that a larger fraction may

be injected at the wire bond location, due to a smaller series resistance to this point).
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For normal operation, the point contact metal base transistor as described in section 3.5 showed

much larger gains D*, e.g. 31% using a silicon collector and emitter (see Fig. 3-18). Probably these

high values resulted from enhanced electron energy from tunneling from the silicon tip to the base.

This is also supported by the fact that the current gain showed a peak for a tip-sample separation

[11.10, 11.20]. Apart from this, theory and these experiments indicate that barrier height differences

lead to larger current gain (Fig. 3-19). Since no Germanium was at our disposal at the time, we de-

posited a thin Cu film (2 nm) on the silicon collector, in order to reduce the barrier height from 0.8

eV to 0.58 eV. As can be seen from Fig. 6-3a, the current gain increased considerably, up to 2.59%

at room temperature, despite a certain scattering/reflection at the Au/Cu interface.
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Fig. 6-3 (a) Typical transistor characteristics of a gold/copper system. Current gain is 2.59%

at 300 K. (b) Current-voltage characteristics of this system.

Also, linearity of Ic with Ie was found in this case. The Schottky barrier characteristics of emitter and

collector are shown in Fig. 6-3b. Extrapolating the forward current to the vertical current axis yields

the leak current intercept. Inserting this value in eq. (3.7) yields the barrier height according to the

“current-voltage” measurement [13.4 p. 278]. From this method, the collector area 2.6x2.6 mm2 and

emitter area 1.6x1.6 mm2, we find barrier heights of 0.58 eV and 0.8 eV for Cu and Au respectively,

close to expected values (see appendix 2). Using eq. (3.8) the ideality factor can be calculated from

the slope in the forward curves in Fig. 6-3b. For Cu this results in n�1.07 and for the Au emitter

n�1.1. The intercept of the collector current curved in Fig. 6-3a with the horizontal axis is at nega-

tive Vbc. This is both due to a reverse base collector voltage induced by the emitter current voltage

drop over the base and base lead resistance and due to the hot electron current which equals the

collector forward current for negative voltages. The non-linear displacement with Ie indicates that it

is mainly caused by the ballistic current. Plotting the current gain versus base thickness for various

Si -- Au t nm-Cu 2nm-Si structures, results in Fig. 6-4a:
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Fig. 6-4 (a) Current gain as function of gold layer thickness at 300 K and (b): 80 K. The characters

a, b, and c refer to different devices on the same substrate, the numbers to different substrates.

From this plot, the zero base thickness extrapolated gain is 5% and the calculated hot electron mean

free path in the base is about 25 nm. This agrees well with the previous estimation. Due to the addi-

tion of the Cu layer, the zero base gain increased from 0.6% to 5%. The temperature behavior of the

gain is depicted in Fig. 6-4b. It was not possible to measure all transistors, because some devices

would result in detached emitters. It is clear that the gain does not increase as much as expected

from chapter 3 (e.g. a factor of about 2, see Fig. 3-9). In some cases it even decreases with decreas-

ing temperature. In Fig. 6-5 the common base characteristics of a Si-Au-Cu-Si metal base transistor

are shown, for T=300K and 80K.
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Fig. 6-5 Transistor characteristics of a gold/copper system with a thicker base region dis-

played at 300 K (a) and 80K (b). Zero collector bias gain at 300K is 0.73 % and at 80K 0.78

%.
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In Fig. 6-5b it is seen that the collector leak current goes to zero (lower curve) for low temperatures.

Also, the intercept with the voltage axis is displaced to the left at 80K. It is seen from the Ie=0 curve

in Fig. 6-5b that this displacement is due to a decreased forward current of the collector barrier at

low temperatures: a larger negative collector bias is necessary to equalize the collector forward cur-

rent with the hot electron current. Although the devices with increasing gain with decreasing tem-

perature provide evidence for hot electron transport versus dissipative heat activated leak current,

the devices showing decrease of gain with decreasing temperature is not according to the theory

provided in chapter 3. An even stronger decreasing gain with decreasing temperature was found by

Rosencher [11.34],[11.35], see Fig. 3-33. In these CoSi2 metal base transistors the zero thickness

gain D0 was found to decrease with a factor of about 10. Although a clear mechanism was not

given, it is indicated that it probably involves a trap induced dynamic equilibrium of the free elec-

trons with the localized levels (see section 3.3.1 and 3.5). In our opinion, the traps may cause a very

small electron lifetime W0 in eq. (3-9) (section 3.3.1) causing a large recombination current, which

increases with decreasing temperature, with respect to thermionic emission. In the case of the air

bonded spin valve transistors, deep levels are not expected, since the emitter is bulk quality silicon.

However, a large number of interface states due to the partially unterminated silicon surface is ex-

pected (dangling bonds or contaminants in the bonding gaps, see Fig. 5-2). Such interface states are

known to influence both the barrier height and the transport mechanism.

We will first analyze the barrier height for the air bonded Schottky barriers, followed by an inter-

pretation for the temperature dependent electron injection.

6.2.2 Electron transport in air bonded emitters

Barrier height of the air bonded emitters
For the air bonded devices the emitter appears to have a large barrier height (0.8 eV from Fig. 6-3b).

However, it is not clear what the effective electrical area is, which is used in the calculation of the

barrier height in eq. (3.7). Moreover, the temperature dependence is not according to the theory of

transport. To deduce the barrier height independently of the surface area, the activation energy

measurement is used [13.4 p.284]. If the forward current in a Schottky diode

J J es

q V IR
nkT
a s

= −
−

[ ]
( )

1  (eq. 3.6) is multiplied with Ae the electrically active area, the equation
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( )**I

T
A A

q V

kT
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e
b F

2 = −
−Φ

(6.1)

is obtained. Over a limited range of temperature, the value A** and )b are essentially temperature

independent. Thus for a given forward bias VF, the slope of a plot of ln(IF/T
2) versus 1/T yields the

barrier height )b, and the ordinate intercept at 1/T=0 yields the product of the electrically active

area Ae and the effective Richardson constant A** . For this measurement, saturation currents
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(intercepts of the extrapolated forward current to the voltage axis) are measured at different tem-

peratures. In Fig. 6-6 this is given for the Cu collector barrier, yielding a barrier height of 0.59 eV,

which is good in agreement with literature values (see appendix 2). The effective electrical area

calculated from the extrapolated ordinate intercept is 3.1x3.1 mm2, which is slightly larger than the

geometrical area of 2.7x2.7mm2, probably due to variation in A**  or due to surface/interface rough-

ness. The ideality factors at different temperatures vary from 1.08 at 80K to 1.02 at 300K, indicating

proper thermionic emission.
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Fig. 6-6 (a) Current-voltage characteristics of copper diode #7a and (b) the activation energy plot

yielding a barrier height for Cu-Si of 0.59 eV.

For the air bonded Si-Au emitter structures, the ideality factors increase from n=1.1 at 300K, 1.2 at

200K and to 3.5 at 80K (see Fig. 6-7).
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Fig. 6-7 (a) Current-voltage characteristics of direct-bonded gold diode #8B and (b) the ac-

tivation energy plot, including temperature variation of ideality factor n.
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The activation energy method is based on the thermionic emission model, and valid results can

therefore only be obtained for temperatures in which n<�1.1. An activation energy plot for the air

bonded Si-Au emitter in a temperature range from T=240K to T=340K is shown in Fig. 6-7b. The

effective electrical area is found to be 0.12x0.12mm2, which is only 0.5% of the geometrical area.

Moreover, the barrier height found is only 0.67 eV, much lower than 0.8 eV expected for Si-Au.

The barrier height decrease can be explained in a framework of surface and interface states. Inter-

face states tend to pin the barrier height. When for example acceptor surface states are present as in

Fig. 6-8, the n-type silicon is depleted of electrons near its surface and negative charge exists in the

acceptor surface states. The model presumes a thin interfacial layer of thickness G that sustains a

voltage ' at equilibrium. Acceptor type surface states distributed in energy are assumed to be de-

scribed by a distribution function Ds states cm-2eV-1.  Deposition of a metal on the surface causes the

electrons in the surface states to flow to the metal, and in case of a high surface state density Ds, a

negligible movement of the Fermi level at the semiconductor surface would transfer sufficient

charge to equalize the Fermi levels. Under this condition the Fermi level is said to be pinned, and

the barrier height is not determined by q)b=(Eg-q)0), and is thus independent of the metal.

q)0=(Ef-Ev) at the surface when the semiconductor is not covered by the metal. As Ds approaches

zero, the barrier height approaches the height predicted by the basic Schottky theory and

q)b=q()M-X), where )M is the metal work function and X the electron affinity in the semiconduc-

tor.  An alternative way of looking at the effect of surface states is to regard them as screening the

semiconductor from the electric field in the insulating layer, so that the amount of charge in the

depletion region (and therefore the barrier height) is independent of the work function of the metal.

Fig. 6-8 Band structure near a metal semiconductor contact including interface states (surface

states) [13.6].

That the barrier height is virtually independent of the metal is confirmed by bonding Si to a Cu

layer. The I-V curves of both the normal collector and (direct) bonded emitter Schottky barrier are

shown in Fig. 6-9:
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Fig. 6-9 Current-voltage characteristics of emitter (air bonded) and collector (normal) copper

Schottky diode #7b at 300 K (a)  and at 80K (b).

The normal (collector) interface shows about 100% effective electrical area, and good ideality fac-

tors, the air bonded (emitter) interface shows ideality factors >1.1, indicating parasitic transport

processes. Assuming the barriers of emitter and collector would be of similar height, the effective

area of the emitter would be about 1000 times smaller than the geometrical area. This is not likely,

in view of the large bonding energy this would give from the bonding strength. Although the acti-

vation energy measurement could not be performed due to the large ideality factors of the emitter, it

is plausible that a large density of surface states leads to pinning of the barrier height, and conse-

quently, the barrier height is approximately equal to that for gold (0.7 eV). It is well known that for

a large number of surface states >1014 cm-2, as may be the case with silicon depending on the sur-

face termination, pinning takes place resulting in barrier heights of 2/3Eg, i.e. �0.75eV for Si [13.6

p.156]. The surface state density may be determined by measuring the current response to an ap-

plied step potential [14.10] or by using small signal admittance voltage characteristics in the for-

ward bias regime [11.5] or even from the n values, provided the insulator thickness is known

[13.17]. Since the lowering of the barrier height due to interface states is independent of tempera-

ture, the n factor is temperature invariant [13.1 p.139]. For this reason the barrier lowering is not

expected to cause the anomalous temperature dependence. However, it may decrease the total metal

base transistor current gain.

Electron transport of the air bonded emitters
In Schottky barriers, several mechanisms have been described to contribute to the forward current

(section 3.3.1): thermionic emission, thermionic field emission, field emission, recombination in the

space charge region and hole injection. Field emission is negligible in non-degenerate Schottky di-

odes [13.1 p.112] and will be neglected. Hole injection is also negligible in Schottky diodes, except
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at current densities > 105 A/cm2 [13.4 p.270]. The contribution of thermionic field emission to the

total forward current in Si Schottky diodes depends strongly on the doping density of the silicon.

For our devices this is about 1015 cm-3 (Phosphorous). In this case, the thermionic field emission

current can be calculated to be smaller than 1% (see section 3.3.1 and [13.1 p.114]). The recombi-

nation current was also shown to be negligible in silicon at larger forward bias (see section 3.3.1).

Nevertheless, the relative contribution of both thermionic field emission and depletion recombina-

tion current increase with decreasing temperature. Since they both lead to a decreased emitter effi-

ciency with decreasing temperature (decrease of electron energy peak and decrease of relative

number of injected hot electrons, respectively) they are both suspect of influence. Moreover, the n-

factor is found to increase with decreasing temperature (Fig. 6-7), in agreement with both processes.

To explain the absolute value we have to invoke non-idealities in the barrier structure. As stated

before, this involves mainly the surface states at the bonded emitter barrier (Fig.6-8). Although a

large number of interface states may also cause a surface recombination current (e) in Fig. 6-8, and

although this current may contribute significantly in Au-Si if the interface state density is larger than

1011 cm-3 (interfacial thicknesses 1.5nm) [13.1 p.137] and >1013 cm-3 for thickness �1 nm, this

mechanisms is not expected to increase relative to the thermionic current with decreasing tempera-

ture [13.19]. Thus the n factor would be temperature invariant [13.1 p.139] as well as the metal base

transistor characteristics. So the surface recombination mechanism could take place in view of the

expected large density of surface states and small minority lifetime W0 (gold forms effective recom-

bination centers [13.4 p.111]), but the temperature dependence of the metal base transistor is proba-

bly not caused by it. Since the electrons injected through surface recombination cannot be collected,

it may significantly decrease the transfer efficiency or gain of the metal base transistor.

For the explanation of the temperature dependence this leaves the depletion recombination current

and the thermionic field emission. Both currents exhibit an increasing n factor with decreasing tem-

perature. For good quality single crystal silicon as in the emitter of the transistors, the recombination

current is very small as calculated in section 3.3.1. Moreover, it decreases with bias, due to the re-

ducing depletion width. This would result in a highly non-linear Ic-Iv characteristic, especially at

low temperatures. This is not found in our devices, not even down to small injection currents (1mA)

and cryogenic temperatures (77K). Furthermore, for the air bonded spin valve transistors, its contri-

bution is not enhanced by expected non-idealities such as the interface states. The most probable

cause for the temperature anomaly is therefore thermionic field emission. This conclusion is con-

firmed when the variation of the measured n factor (Fig. 6-7) is compared with the expected varia-

tion for the different possible contributing transport mechanisms, see Fig. 6-10:



6.2 Electrical results of air bonded transistors

145

kT/q (mV)
0 10 20 30 40

nk
T

/q
 (

m
V

)

0

10

20

30

40

n=1

Air bonded Si-Au

(b)

(a) (b)

Fig. 6-10 (a) Plots of V0=nkT/q as a function of kT/q for identifying the different transport mecha-

nisms [13.18]. Process 1 is ideal thermionic emission, 2 is related to the image force barrier cor-

rection, 3 the “T0” effect (related to interface disorder [13.3 p.50]), 4 thermionic field emission

and 5 thermionic emission. (b) experimental n-values for air bonded Si-Au emitter Schottky barrier.

Eq. 3.6 (neglecting the series resistance voltage drop) may be rewritten as JF=Js exp(V/V0), where

for thermionic emission V0=kT/q, for field emission V0=V00, with V00= h/4S«(N/mH), i.e. tempera-

ture independent, for thermionic field emission V0=V00coth(V00/kT) [13.18]. It is clear that the

variation of the n-factor in the measured metal base transistor most closely resembles the tempera-

ture dependence of thermionic field emission, curve 4. The reason that the thermionic field emission

may show in spite of the low contribution under normal circumstances (section 3.3.1) may be two-

fold. Local concentration of electric fields at sharp edges or undulations (resulting in current

crowding) may enhance the thermionic field emission [13.18]. In this case, an excess negative

charge exists at the local metallic undulation, whereas the countercharge in the semiconductor is

averaged in space over the depletion region, and does not significantly affect the depletion width

and the total built in potential )i. However, since a local strong electric field exists at the undulation

or edge, the band bending in the semiconductor is affected locally since it is determined by the local

potential. Since the local potential depends on the electric field according to the Poisson equation

d2)/dx2=-dE/dx=-U/Hs, a thin barrier region exists at the site, allowing for considerable thermionic

field emission. Since the effective electrical area in the direct bonded emitter structures was only

about 0.5% it is plausible that high electric fields exist locally, as well at the edges. As a second

explanation, the enhanced interface state density may have its center of associated charge extended

some distance below the surface [13.1 p.34], and may cause a thin highly charged depletion region

to exist in addition to the original depletion region. Electrons may show thermionic field emission

through this layer, as in shallow doped surface layers [13.14-16] or in shallow (1-10 nm) trap levels

induced by sputter defects [13.20], [13.21]. Also, the charge in the surface states may cause the
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depletion layer width to decrease, originating a larger contribution of the thermionic field emission

component [13.1 p.16], although in this case also the thermionic component increases due to barrier

lowering. In addition to the thermionic field emission, the tunneling through the insulator interface

forms an extra barrier, decreasing the emitter current at forward bias. But since the interfacial layer

forms a barrier both for thermionic field emission and thermionic emission, and in view of its tem-

perature independence, this effect is not expected to contribute to the temperature anomaly of the

metal base transistor.

6.2.3 Co/Cu GMR measurement results

Being a model system for GMR, the Co/Cu multilayer system was chosen for implementation in the

base. Moreover, the mean free paths were expected not to be too small. The Co/Cu multilayer films

were prepared using the Z400 RF sputter unit as described in chapter 4. The second antiferromag-

netic peak was chosen for the spin valve transistor for its relatively high GMR value in moderate

saturation fields. Moreover, the first peak is harder to find especially without a buffer layer. Meas-

urements were performed with 1 mA sense current and a four point technique with brass spring

contacts.
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Fig. 6-11 Experimental results of some (Co 18.3Å/Cu tÅ)15 multilayers on (100) silicon. Only the

Cu layer thickness variation is shown, the best Co layer thickness was kept constant during these

measurements (see also [3.6]).

The first spin valve transistor was made using Ar sputter gas. The second peak was located at about

2.1 nm as shown in Fig. 6-11, when using an Fe buffer layer, on either Si(100) or SiO2. The en-

hancement found using Kr sputter gas is also shown in Fig. 6-11 (both for optimized sputter pres-

sure). The magnetization curve of the Kr sputtered sample with a ratio of 23.5% showed an Mr/Ms

ratio of 0.5 (where Mr and Ms are the remanent and the saturation magnetization respectively). The

Ar-sputtered sample, which has an MR ratio of 16% showed and Mr/Ms ratio of 0.75, due to

stronger antiferromagnetic coupling in the Kr case. To clarify these differences, the layered struc-

tures were evaluated by transmission electron microscopy (TEM) and low angle X-ray diffraction
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(XRD)) (Cu KD) as shown in section 4.2.4, showing that indeed the Kr sputtered layers were flatter

resulting in better antiferromagnetic coupling. The results for Co/Cu multilayers sputtered on clean

Si (without SiO2) without an Fe buffer layer showed much smaller MR values, as also shown in Fig.

6-11. Possibly the growth starts rough because of the reaction of Co with Si forming CoSi.

(formation temperature 4000C, [13.4 p.292]) as in the formation of PtSi (3000C) Fig. 5-6, or diffu-

sion of Cu in Si in case a Cu layer is sputtered first [3.30]. It is noted that very little is reported on

Co/Cu multilayers and sandwiches sputtered on clean silicon, usually substrates with native oxide or

specific buffer layers are used. Since the collector current of the spin valve transistor decreases with

a buffer layer, preferably its use should be avoided (for sensor purposes) and therefore a study re-

lated to the growth of spin valves on clean silicon or other semiconductors is recommended.

6.2.4 Air bonded spin valve transistor results

Svt 01 (Co/Cu)4 Ar sputtered
Directly after obtaining reasonable GMR values using Ar sputter gas, a spin valve transistor was

prepared using a (Cu 2nm/Co1.5nm)4 multilayer base rf-sputtered onto the Si(100) collector sub-

strate, according to the procedure described in chapter 4 and appendix 3.
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Fig. 6-12 Relative collector current change CC(%) of the (Cu 2nm/Co1.5nm)4 spin-valve transistor

at 77K for Ie=100mA. The value at coercive field is 0.1PA, at +/-10 kOe 0.5PA, resulting in more

than 390% magnetocurrent change
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Fig. 6-13 The common base characteristics at zero field and Ie=0-100mA, showing a large leakage

contribution which increases strongly with collector bias.

An emitter current Ie=100mA is injected, and a large relative current change with field is observed

(Fig. 6-12), with typical GMR characteristics of a second peak Co/Cu multilayer, such as saturation

field and hysteresis (e.g., [3.24]). The corresponding CIP-MR value of the implemented multilayer

was only 3% in 10 kOe (77K). The small value of CIP is in agreement with the expected decrease

with number of bilayers (Fig. 2-5). The large values of CC(%) and Je/Jc indicate a short O�(�) (of the

order of 0.5(1)nm, from eqs. 3.1-3.5) , however, precise determination of the interface and bulk

mean free paths requires measurements using different layer thicknesses and number of interfaces.

(For the transport factor D* in eq. (3.2) a value 0.1 has been assumed and interface reflections, bulk

scattering and interface scattering has been averaged). These values compare satisfactorily with the

values reported for hot electrons as reproduced in Fig. 2-19 (1.5 and 0.5 nm) and Fermi electrons in

sandwiches specially designed to yield mean free paths (O�=5.5, O�=0.6 nm in Co at RT [3.32]). The

common base characteristics in Fig. 6-13 indicate a large leakage contribution of the collector cur-

rent, even at low temperatures. This is due to the low barrier height of Cu with Si (�0.59 eV, see for

a leakage current plot Fig. 3-22), the large area (2.7x2.7 mm) and possibly damage to the collector

barrier surface (unsaturating leak current is usually evidence of this, caused by local high reverse

fields and thermionic field emission). The series resistance voltage drop across the base results in

the linear variation of the incidence of the I-V curve with the Vcb axis in Fig. 6-13. This is further

modified by the hot electron current. From the common base characteristic the hot electron contri-

bution is not trivial, but the large collector current change with magnetic field is evidence for it,

since it cannot be explained by other means. For example, the 3% (CIP) change of the base series

resistance leads to an decreasing reverse voltage across the collector Schottky barrier with field, and

cannot account for an increase in collector leak current with field. The same applies to the decreas-

ing necessary emitter voltage bias with field, for the same injection current, would it contribute.

Finally, due to the decreasing base resistance the dissipation also decreases with field, so if the col-
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lector current were a thermally induced current, it would decrease with field. The latter is also in

contradiction with the collector current field dependence. A last alternative to explain it on the basis

of thermal current would be an increased (perpendicular) thermal conductivity of the base with

field, yielding a larger temperature of the emitter at the collector site, and therefore a larger collector

current at high fields. It is observed that the thermal conductivity in magnetic multilayers follows

the same field dependence as the electrical conductivity in GMR [4.20] and decreases with field.

Nevertheless, even in the case of hot spots, the extremely small perpendicular (thermal) resistance

cannot sustain large enough temperature drops to influence the collector current. Therefore, the

large collector current change CC(%) in itself is evidence for spin dependent perpendicular hot

electron transport.

SVT 02 (Co/Cu)4: Kr sputtered

For more evidence of hot electron transport, another spin valve transistor was made. Kr sputter gas

was used to obtain a larger GMR value. The common base characteristics are shown in Fig. 6-14,

both at 85K and 250K.
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Fig. 6-14 Common base characteristics of a Si-(Cu2nm/Co1.6nm)4-Si spin valve transistor, both at

(a) 85 K and (b) 250K, at saturation field for Ie from 0 to 100 mA in 25 mA steps.

Clearly, the collector current is larger than in the former spin valve transistor. The non-linearity is a

result of the low barrier height difference between the emitter and the collector (Si-Co emitter and

Si-Cu collector), with possibly interface layer tunnel induced bias dependence of the electron en-

ergy. The field curve for Ie=100mA and in-plane field is shown in Fig. 6-15:
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Fig. 6-15 (a) The collector current change of the (Cu 2nm/Co1.6nm)4 spin-valve transistor at 85K.

The relative collector current change CC(%) in 10 kOe was 140%. (b) the same base measured CIP

showing 5% at 85K.

The effect measured in Fig. 6-12 was reproduced, but the absolute current change was decreased, in

spite of a larger CIP value. This can be explained in terms of enlarged mean free path in this struc-

ture (the collector current is larger) and the cosh dependence of CC(%) on W/O, see section 3.3.2.

The difference in hysteresis of the SVT curve and the CIP curve can be ascribed to oxidation of the

top Co layer in the latter case, which results in a larger saturation field (the layer in the SVT is pro-

tected by the emitter) at low temperatures (below its Neel temperature of 300K, the CoO acts as an

antiferromagnet [4.22] which pins the Co). The practical transition temperature for thin films may

be lower, e.g. 180K [4.21].
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Fig. 6-16 (a) Collector current change of the (Cu 2nm/Co1.6nm)4 SVT at 250K and Ie=100mA.

CC(%) in 10 kOe was 14.5%. (b) the same base measured CIP showing 1.5% at 250K.

At higher temperatures, the leak current forms a large contribution to the total collector current, as

shown for 250K in the common base characteristics in Fig. 6-14b. The field curve at 250K is shown

in Fig. 6-16 for an emitter current of 100mA, at Vbc=0V. A relative decrease in collector current of

14.5% if found, much smaller than at 85K due to decreased AF coupling energy (CIP decreases
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with a factor 3.3) and increased leak current. The hysteresis at -2 to -10 kOe is due to drift in the

leak current value (the leak current increases with time due to self heating). The time evolution is

indicated in Fig. 6-16a by A, B, C and D. In Fig. 6-16b it is observed that the large saturation has

vanished due to either the loss of pinning of CoO above its antiferromagnetic transition tempera-

ture.

At room temperature, the collector current change has virtually disappeared, leaving only the field

dependence of the collector leak current, as shown in Fig. 6-17a:
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Fig. 6-17 (a) Collector current change of the (Cu 2nm/Co1.6nm)4 spin-valve transistor at 300K and

Ie=100mA. The relative collector current change CC(%) in 10 kOe was �1%. (b) 1.3% magnetic

field dependence of the emitter barrier voltage at 300K and Ie=100mA. Time evolution is depicted

by A-D (about 5 min.).

The increase of the collector leak current (Fig. 6-16a) with field is most probably related to a larger

emitter dissipation at higher fields: the resistance of the emitter silicon region (about 10:) increases

with the square of the applied field due to the Hall magnetoresistance (Lorentz carrier deflection), as

in (UH-U0)/U0=(Pn
*B)2 [2.26], where UH is the silicon resistivity at field H, and U0 at field zero, Pn

* is

the electron mobility (1500 cm2/Vs in Si at 300K and doping 1015 cm-3 [13.4 p.30]). Setting B=1T

(Vs/m2) and Pn=1.5(m2/Vs) at 300K results in (UH-U0)/U0=2.25%. Both the square field dependence

and the absolute value agree well with the observed result in Fig. 6-17b. The measured resistance

change is slightly smaller because of other resistances in series (emitter contact, lead, and base re-

sistance). The small peaks (0.05%) in Fig. 6-17b are due to the CIP-GMR in the base. The tem-

perature dependence of the relative collector current change CC(%) is shown in Fig. 6-18:
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Fig. 6-18 (a) Temperature dependence of relative collector current change CC(%) with field (-1T to

1T) and (b) absolute collector current change, for Ie=25mA and 100mA.

As can be seen in Fig. 6-18a, CC(%) decreases rapidly with temperature due to the enlargement of

the collector leak current. At low temperatures, the relative change is be larger for Ie=25mA than for

Ie=100mA. As noted earlier, the energy of injected electrons probably increases with bias due to a

thermionic field emission current and interface tunnel barrier. This then agrees qualitatively with the

decrease of CC(%) with bias in  the Fe-Au-Fe spin valve transistor, see Fig. 3-13b. Obviously, the

decrease of the Ie= 25mA curve with temperature is stronger than of the 100mA curve, since the

leak current contribution is less important in the latter. Fig. 6-18b allows verification that the abso-

lute change in collector current with field does not increase with temperature. It supports the con-

clusion that the hot electron current is responsible for the CC(%) effect, and not the leak current.

In Fig. 6-19a the collector current change of the (Cu 2nm/Co1.6nm)4 spin-valve transistor is shown

for T=85K and Ie=25mA. The relative collector current change CC(%) in 10 kOe was 202%. This is

larger than the value measured at Ie=100mA (141%) as discussed before. Fig. 6-19b shows the col-

lector current change with the magnetic field applied perpendicularly, resulting in a much higher

saturation field, as expected for Co/Cu multilayers with an in-plane anisotropy. It is not clear why

the CC(%) is larger than in the case of in-plane field. The in-plane currents at Hc and Hs are 0.42PA

and 1PA, whereas for perpendicular field these values are 0.30 and 0.94 PA respectively. A smaller

high field current is expected for perpendicular field due to decreased saturation, however, the de-

creased collector current at Hc for perpendicular field indicates a better antiferromagnetic state with

perpendicular field, which is non trivial.
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Fig. 6-19 (a) Collector current change of the (Cu 2nm/Co1.6nm)4 spin-valve transistor at 85K and

Ie=25mA. The relative collector current change CC(%) in 10 kOe was 202%. (b) the same base

with perpendicular field and Ie=100mA

6.3 Electrical results of vacuum bonded transistors

6.3.1 Metal base transistor results: Si-Au-Ge

By the time the vacuum bonding technique was elaborated, Ge wafers were delivered and could be

used as collectors. From the theory, we expected to obtain larger transfer ratios (current gains), es-

pecially without an extra metallic interface and using the vacuum bonding technique. The first

measurement results were obtained for a Si-Au 15nm -Ge structure, as depicted in Fig. 6-20:
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Fig. 6-20 (a) Common base characteristics of a vacuum bonded Si-Au15nm-Ge metal base tran-

sistor at 300K (b) diode characteristics at 300K and 90K

The common base characteristics (Fig. 6-20a) show a proper linear Ic-Ie relationship, however the

transfer ratio was only 0.8%, as compared to 2.59% for the air bonded transistor (12.6 nm base).
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The emitter diode I-V curve gives an ideality factor n�1.13 for the emitter at 300K and  n�1.55 at

90 K (Fig. 6-20b). The increase in emitter forward current at 90K and low biases, is due to surface

currents which flow along the edges of the emitter, from the ohmic contact to the base. This current

is considerable since the silicon at the edges is not passivated and the distance from the ohmic con-

tact to the base equals the thickness of the low doped region, i.e. 5Pm. As can be seen from Fig. 6-

20b, this current component ceases at about 20PA. The barrier height calculated from the “current-

voltage” measurement is 0.75eV for the emitter and 0.45eV for the collector. It is noted that a

highly doped ohmic contact to the germanium collector was not made, which can be seen for nega-

tive bias at 90K: the forward response is almost equal to the reverse response. The ohmic contact to

the germanium consisted simply of a large (1x1 cm) metal deposit to the low doped backside of the

substrate. Also at room temperature a large series resistance is observed from this contact. For the

metal base transistor this is not of influence, since at common base operation, the collector contact

is in forward.

The low current gain must be explained in terms of thermionic emission through a thin highly doped

depletion region due to sputter induced defects, a possibility that was discussed in section 6.2.1.

The forward n-factor at low temperatures is still larger than one (1.55), indicative of this transport

mechanism. The edge enhanced thermionic field emission current may, as in the air bonded devices,

also contribute. To eliminate this component, it is recommended to use guard ring structures as in

Fig. 3-38. As shown in Fig. 6-21a, the transfer factor drops considerably, from 0.8% to 0.04% when

going from 300K to 90K. This decrease compares well with the results of the silicide metal base

transistor discussed in section 6.2.1 as well as with the possible interpretation of trap induced re-

combination currents at low temperatures (in both a large number of traps are expected, growth

induced in silicide transistors, sputter induced in vacuum bonded transistors).
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Fig. 6-21 (a) Common base characteristics of the vacuum bonded Si-Au15nm-Ge metal base tran-

sistor at 90K in a log-linear plot and (b) in a log-log plot

Also a slight Ie-Ic non-linearity is introduced, due to the bias dependence of injected electron energy

for enhanced thermionic field emission current at low temperature. The collector current curves at

negative Vcb in Fig. 6-21a are different from the ones seen previously, because of the high contact
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resistance of the collector. The log-log plot in Fig. 6-21b shows that the collector leak current at

90K is negligible compared to the ballistic current.

Vacuum bonded transistors with a Pt base (Si-Pt 15nm-Ge) showed even smaller gains than the

ones with a gold base, due to the shorter hot electron mean free path in Pt (0.04% with 15 nm Pt

versus 0.8% for gold, both at room temperature). Further characteristics were equal. In view of the

bad interface structure seen in the TEM pictures (Fig. 5-6), such a small transfer ratio is not sur-

prising.

6.3.2 RT Co/Cu GMR results for vacuum bonded spin valve transistors

Another sputtering unit (see section 5.3.2 for the preparation of these Co/Cu films) has been em-

ployed for the vacuum bonding procedure, since the Z400 system did not have sufficient space for

the bonding robot, see chapter 5. Because of this, new GMR measurements have been performed to

find the optimum value for the Co and Cu thicknesses. The first Co/Cu/Co sandwiches sputtered

with the VSW unit showed unsatisfactory GMR values (<0.5%). To evaluate the VSW sputtering

system, multilayers consisting of 30 bilayers were prepared for various Cu thicknesses, under vari-

ous conditions, using Ar gas. The second peak was found at 24Å, and different sputter conditions

with Co thickness 8Å led to the results depicted in Fig. 6-22a:

MR (%)
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Ar 10Pbar, SiO2, Cu 40W RF, Co 20W DC

(Cu 24Å/Co 8Å)30

Ar 7Pbar, SiO2, Cu 40W RF, Co 20W DC

Ar 10Pbar, SiO2, Cu 20W DC, Co 20W RF

Ar 20Pbar, SiO2, Cu 20W DC, Co 20W RF

Ar 10Pbar, no SiO2, 20W Cu DC, Co RF

(a)

 MR (%)
0 2 4 6 8 10 12 14 16 18

(Cu 25Å/Co)10 at Ar 7Pbar 40W

SiO2, Co 15Å DC, Cu 25Å RF

SiO2, Co 11Å DC, Cu 25Å RF

SiO2, Co 9Å DC, Cu 25Å RF

SiO2, Co 9Å DC, Cu 25Å RF      no shutters

(b)

Fig. 6-22 (a) GMR results of the second peak in (Cu 24Å/Co 8Å)30 for various sputtering conditions

and (b) for 10 bilayers in (Co 8.2Å/Cu 25Å)10.

The peaks were found from series of 12 samples (one deposition run using the substrate rotator as

described in section 5.3.2), which result in curves similar to Fig. 6-11. From Fig. 6-22a it is con-

cluded that a low argon pressure (7E-3) is beneficial for GMR, as well as SiO2 for the substrate. For

the spin valve transistor, a higher Schottky barrier than with Cu is required, and a larger base trans-

mission coefficient (smaller number of interfaces). Since the barrier height of Co is larger than that

of Cu, Co was taken as the initial layer. Optimization for GMR properties was continued for a

smaller number of bilayers, as in Fig. 6-22b for 10 bilayers. “No shutters” signifies a continuous

deposition from Co gun to Cu gun, producing a larger mixed interface, which clearly from Fig. 6-
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22b is not beneficial. The other samples in Fig. 6-22b were sputtered using shutters, so relaxation of

the layers was of the order of two seconds.

The difference between different substrates was investigated for samples with 5 bilayers, as shown

in Fig. 6-23a:
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SiO2, 7Pbar, Co 15Å DC, Cu 25Å RF

GaAs (100)

Si (100)

Si (110)

Si (111)

Si (100) HNO3 clean: 19Å SiO2

Si (100) UV-ozone clean: 21Å SiO2

(a)

MR (%)
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(Co 30Å/Cu 23Å)2 sandwiches on clean Si(100), 30 sec. wait time

40W,Co RF,Cu DC    no extra wait time (with shutters)

40W, Co RF, Cu DC 

40W, Co DC 12Pbar, Cu RF 7Pbar

100W, 7Pbar, Co RF, Cu RF

7Pbar, Co RF 100W, Cu DC 40W

7Pbar, Co RF 100W, Cu DC 40W 30Å,  Si(111)

(b)

Fig. 6-23 (a) Samples with 5 bilayers under the conditions of 6-21b and influence of substrate un-

der optimized conditions and (b) sandwiches under various sputtering conditions and wait times on

HF50% etched clean Si (100).

As can be seen from Fig. 6-23a, the influence of the substrate is large on the GMR value. The UV-

ozone cleaning procedure was found most beneficial: organic deposits are removed and a thin SiO2

layer is formed. For comparison, the sample sputtered at 7 Pbar in Fig. 6-21a (3.2%) was sputtered

under the same conditions as the 10 bilayer samples in Fig. 6-22b.

Finally, sandwiches were sputtered onto clean Si(100), as shown in Fig. 6-23b, using two different

wait times. From the first two sample series, it was clear that a wait time (30 seconds) was benefi-

cial for GMR, for relaxation of the layers and probably sharper interfaces. The sample with zero

wait time was operated using shutters, so not in a continuous deposition mode. Other series of sam-

ples sputtered under different conditions are also shown, and it is found that the combination Co RF

100W and Cu DC 40W at 7Pbar is best for these sandwiches on clean Si(100). Due to a lack of

time, a more detailed study of the reason of low values on clean Si has not been performed. In Fig.

6-24a typical MR curves for 10 bilayers on SiO2 and for 2 bilayers (sandwich) on Si(100) are

shown, as well as the hysteresis loops (Fig. 6-24b).
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Fig. 6-24 (a) Room temperature MR curve for (Co/Cu)10 on SiO2 and (Co/Cu)2 on Si(100) and (b)

their hysteresis loops.

From the hysteresis loops it is concluded that the AF coupling in the 10 bilayer sample is reasonable

(1- Mr/Ms�0.6) whereas it is smaller in the sandwich (1-Mr/Ms�0.4) possibly resulting from wavi-

ness of the layers. These measurements indicate that it is very difficult to obtain a good antiferro-

magnetically coupled Co/Cu spin valve on clean Si, without a buffer layer. Since initial experiments

with Krypton sputter gas were not very promising either, it is recommended to try uncoupled spin-

valves (such as NiFe-Au-Co-Au). Both the better growth of NiFe on Si (although in case NiFe is

sputtered directly onto clean Si, the first 3 nm is found to be rough, amorphous and non-magnetic

[3.31], so lower growth temperatures must be employed) and smaller spacer thickness and rough-

ness dependence of the antiparallel orientation promise better properties. Moreover, in this case

designed thickness variations for mean free path evaluation does not influence the relative orienta-

tion of the magnetizations. Since the VSW sputtering system we used had specified target materials

(it belonged to another group), we were not able to test this option.

6.3.3 Vacuum bonded spin valve transistor results

A trial of a hard/soft system was implemented in a spin-valve transistor and consisted of Co

37.5Å/Cu 65Å/Co 7.5Å/Pt19Å, sputtered at 12Pbar Ar, RF 40W for the Co, DC 40W for Cu. An

SOI 2:cm n-Si (100) substrate was used for the emitter and an epi n-Si(100) 5Pm 1:cm/1m:cm

substrate for the collector. The Co/Cu/Co/Pt was sputtered on the collector (The Pt for barrier height

increase of the emitter) and a final Pt contacting layer was sputtered during one second (1Å, i.e. less

than a monolayer on the emitter). This was done to prevent sputter induced defects in the emitter

silicon. The CIP magnetoresistance of the Co/Cu/Co/Pt sandwich in the spin valve transistor, meas-

ured in 4-point geometry with wire bonds, is plotted in Fig. 6-25 at 77K and RT:
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Fig. 6-25 The CIP magneto resistance of the Co 37.5Å/Cu 65Å/Co 7.5Å/Pt19Å sandwich in the spin

valve transistor at 77K and RT.

As can be seen from Fig. 6-25, the room temperature curve exhibits no hysteresis. This absence of

hysteresis was also found in second peak Co/Cu multilayers, where the Co layers were very thin

[3.2], and were ascribed to discontinuity and superparamagnetic behavior of the Co. At low tem-

perature the hysteresis is re-established because of decreased superparamagnetic behavior of the

upper Co layer. Increased antiferromagnetic coupling energy and longer electron mean free paths at

low temperatures cause larger MR (%) and smaller resistance, although from the very small change

in resistance (from 31.4 : at RT to 28.3 : at 77K) it is concluded that the disorder in the spin

valve is large (residual resistivity ratio �1 is indicative of a small phonon/impurity scattering ratio,

[9.1], [9.4]). The absolute magnetoresistance ratios are very small due to shunting and channeling in

the relatively thick Cu layer, diffusive surface scattering and incomplete antiferromagnetic align-

ment.

Results of the collector current change with field for an emitter current of 25mA are given in Fig. 6-

26, at 100K, 200K and 300K.
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Fig. 6-26 Collector current change of the vacuum bonded Co 37.5Å/Cu 65Å/Co 7.5Å/Pt19Å, spin-

valve transistor at 100K, 200K and 300K and Ie=25mA. The inset shows low field behavior, from -

300 to 300 Oe

It is noted that in spite of the very small CIP-MR (0.1%), the collector change is relatively large,

15% at room temperature and 42% at 100K. This is a factor 150 larger than the CIP case. The hys-

teresis follows the behavior of the CIP curves, only a small heating related drift term at 300K is

present due to the (small) leakage collector contribution. The emitter (area 350x350Pm) and col-

lector Schottky barrier (area 350x700Pm) measurements showed barriers of 0.76 and 0.66 eV and

ideality factors n of 1.14 and 1.07 at 300K and 1.3 and 1.1 at 100K, respectively, as shown in Fig.

6-27. The smoothness of the curves in Fig. 6-26 is indicative of a small 1/f noise. Since the field

axis also represents time (it takes about 5 seconds to scan from 2.5 to 1.5 kOe), f can be taken 0.2

Hz in this region. This in contrast to the curves in Fig. 6-25, which are very noisy.
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Fig. 6-27 Emitter and collector Schottky barrier characteristics of the vacuum bonded Co/Cu/Co/Pt

spin valve transistor at 100K and 300K.

From the lin-lin plot of Fig. 6-27, series resistances have been deduced: 25:(300K) and

21:(100K) for the emitter, 7:(100K) and 4:(RT) for the collector. The n-factors of the emitter

indicate a reasonable amount of thermionic emission at room temperature. The relatively good in-

jection as compared to the air bonded and previous vacuum bonded metal base transistors may be

related to the short sputter time on the emitter, the high sputter gas pressure (1.2E-2, lower adatom

energy [1.1]), and bonding in vacuum. This is also reflected in the common base characteristics

(Fig. 6-28), which show good Ic-Ie linearity, as well as an increase of transfer coefficient (gain) with

decreasing temperature, which is the strongest evidence for hot electron transport.
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Fig. 6-28 Common base characteristics at 100, 200 and 300K, for Ie=0 to 100mA in 25 mA steps.
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It is also seen from Fig. 6-28 that the collector current at Vbc first decreases with temperature to-

wards 200K. This is due to the elimination of the collector leak current. This is shown in more de-

tail in Fig. 6-29:
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Fig. 6-29 (a) Temperature dependence of the common base characteristics at various temperatures,

for injection currents Ie=0-100mA, in 25mA steps, Vcb=0.5V and applied field 10kOe. (b) log-lin

representation of (a) showing the elimination of leak current with decreasing temperature.

The values in Fig. 6-29 have been measured at saturation field to avoid influence of increased antif-

erromagnetic coupling at low temperatures. The collector current first decreases from 100K to 280K

due to decreasing base mean free paths. The base mean free paths are of major influence because of

the large W/O ratio. However, the large residual resistivity, which results in a small CIP resistance

change with temperature (11%, Fig. 6-25), also has its consequences for the temperature depend-

ence of the collector current: it is only 15%. From the large W/O factor (�7.5) a variation in the col-

lector current due to an 11% change in O would nevertheless have to result in 120% change in

collector current. That it is only 15% stems from the fact that there is still an emitter efficiency

which increases with temperature due to the effects discussed in section 6.2.1 and 6.3.1. When the

temperature is increased from 280K to 360K, the collector leak current becomes of importance, this

is more clearly represented in Fig. 6-29b. It is not only added to the hot electron collector current,

but it also increases with injection current due to self heating. At temperatures below 280 K the

common base characteristics are therefore determined by the hot electron current only and show

linear Ie-Ic characteristics (Fig. 6-30a). At temperatures above 320K it is mainly determined by the

leak current and self heating due to the injection current. The self heating is caused by dissipation

both in the base and emitter series resistance (25:at 300K) and in the emitter depletion region

(voltage drop 0.4 V at 10mA, 0.45V at 100mA). Since the temperature rises linearly with dissipated

power P, and since this power increases more than linearly with Ie (Ie
2*R for series resistance,

Ie*(kT/q)*ln(I e/Is) or approximately Ie*0.4 in Schottky barrier), and since the collector leakage cur-

rent increases exponentially with temperature (Fig. 6-29b), the resulting Ic-Ie relation is non-linear,

as can be seen in Fig. 6-30b:
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Fig. 6-30 (a) Common base characteristics of the vacuum bonded Co/Cu/Co/Pt spin valve transis-

tor at 100K and (b) at 350K

From Fig. 6-30a, Fig. 6-30b and 6-29b the approximate temperature rise can be found by subtracting

the hot electron current in Fig. 6-30a from the heating induced leak current in Fig.6-30b and relating

it to the temperature rise in the curve in Fig. 6-29b for Ie=0 (the true leak current). This results in 1o

for 25mA, 3o for 50mA, 60 for 75mA and 10o temperature rise for 100mA, all with respect to 350K.

From these estimations it is also clear that the collector currents in the low temperature common

base characteristics are due to hot electron currents only, since an unrealistic heating related tem-

perature rise of about 200 degrees would be required to make the leak current of the same order of

magnitude as the hot electron current (Fig. 6-29b). These temperature rise values are slightly larger

than calculated using thermal modeling (see [16.16] for electrothermal model). According to the

calculations (Fig. 6-31), 350 micron emitter with 100mA injection current should lead to a tem-

perature rise of  about 1 degree.
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Fig. 6-31 The temperature rise as a function of self heating caused by the emitter diode current for

different emitter sizes.
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The actual temperature rise (10 degrees) is both due to a lack of heat sinking (printed circuit board

mounting) and current crowding. Temperature rise calculations which include current crowding may

be performed using commercial IC simulation programs.

In Fig. 6-32 the decrease of the relative collector current change CC(%) with temperature is plotted.

It is clear that firstly the CC(%) decreases due to decreased antiferromagnetic coupling and other

factors that decrease GMR with temperature (e.g. electron-magnon scattering, see e.g. [5.1 p.335

and  p.408]). Above 280K the ratio decreases strongly due to the presence of the magnetic field

independent leak current. Obviously, for Ie=10 mA this starts at lower temperatures than for

Ie=100mA, as seen in Fig. 6-31 (the similar effect is observed in the temperature dependence of the

air bonded spin valve transistors, see Fig. 6-18a).
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Fig. 6-32 Increase of relative collector current change CC(%) with decreasing temperature, for

Ie=10 and 100mA.

There is only a small difference in CC(%) for the two different injection currents, since the injected

electron energy is hardly dependent on the applied bias. For intermediate currents (25, 50 and 75

mA) there was no anomaly either, and these CC(%) values were in-between 10 and 100mA. These

were not plotted for clarity in Fig. 6-31.

6.4 Summary

In summary, hot electron transport has been demonstrated in air bonded and vacuum bonded metal

base and spin valve transistors. Evidence for hot electron transport versus thermally induced leak

current contribution is fourfold:

1.  A transmission factor rise with decreasing temperature is found for most devices, although not

as large as expected. The other cases can be explained in a framework of non-idealities of the

emitter Schottky barrier as explained below.
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2.  An unrealistic 2000C temperature rise is required for emitter self-heating induced collector leak

current at 100K. It is shown that the temperature rise due to self heating is about 10 degrees for

100mA injection current, for a device without heat sink.

3.  For hot electron collector currents, the Ie-Ic relation is found mostly linear, the heating induced

collector currents which show up at high temperatures are found to be non-linear, as expected

4.  The very large collector current change with field in the spin valve transistors cannot be ex-

plained by other means than hot electron transport.

In the air bonded devices it is shown that thermionic field emission in the emitter causes a gain loss

(collector current decrease) with decreasing temperature. The thermionic field emission component

is probably caused by high electric field at edges and local contacts of the non-uniformly bonded

emitter. This is confirmed with activation energy measurements, which show a 0.5% effective elec-

trical contact area of the air bonded Au-Si emitter. Reverse operation of the transistors show negli-

gible transmission factors, supporting the multiple point-contact-like injection of the emitter.

Another contribution to the thermionic field emission may be a large density of surface states,

which also cause a narrowing of the barrier. Apart from the theoretically expected gain losses in

ideal structures discussed in chapter 3, the absolute transmission ratio is further expected to be so

small due to additional (temperature independent) surface recombination currents and roughness

related widening of electron injection angle. A hot electron mean free path of 25 nm in gold has

been determined from metal base transistors with varying base thickness, and is in good agreement

with previously reported values.

In contrast to expectations, the vacuum bonded metal base transistors did not result in enhanced

current gains. Moreover, the vacuum bonded metal base transistors show a larger gain loss with

decreasing temperature than the air bonded devices. This is related to sputter induced defects which

act as donors or traps. In the first case (donors) the Schottky barrier is narrowed, causing enhanced

thermionic field emission. In the latter case, depletion region recombination contributes to the gain

loss. Both processes show similar temperature dependence and may be of reasonable dimensions.

Deep level transient spectroscopy for determination of the trap behavior may be used to trace the

major transport process. In addition, also the edge enhanced thermionic emission may contribute. It

is recommended to use deposition methods with lower adatom energies, such as evaporation (MBE)

to avoid substrate damage and guard rings to avoid edge currents. The first (air bonded) spin valve

transistor showed an expected large collector current change with field (400%), but room tempera-

ture operation was unfeasible because of the collector leak current contribution.

For implementation in a spin valve transistor, an uncoupled sandwich is favored in view of poor

antiferromagnetic coupling of multilayers with a small number of bilayers. This is found especially

for Co/Cu/Co sandwiches in the second peak on clean silicon: CIP-MR values above 1% were not

found. Since a SiO2 layer deteriorates electron transport, and since buffer layers decrease current

gain (important for sensor applications) it is recommended to find uncoupled spin valves with good
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initial growth on semiconductors. It is likely this is facilitated also by using adatoms with low ki-

netic energy, as in evaporation (MBE) at low growth temperatures.

A smaller device area (10-3cm2) via vacuum bonding and photolithography, smaller number of lay-

ers in the base (sandwich) and larger collector barrier (Co) provided the first room temperature op-

erating spin valve transistor and showed expected behavior: a hot electron collector current

decreasing with temperature due to mean free paths shortening, followed by a self heating induced

collector current well above room temperature. The hot electron current shows a linear Ie-Ic  relation,

the heating induced current is non-linear. The proper characteristics are related to an improved

preparation process: only during one second Pt was deposited on the emitter, using a higher sputter

pressure, avoiding greatly sputter induced sub-surface damage. The collector current change with

magnetic field is large (15%-45%) in spite of the very small CIP-MR (0.1%-0.3%)and decreases

with temperature, first through superparamagnetic behavior and increased electron-magnon scatter-

ing, followed by leak current influence well above room temperature. The field dependent behavior

of both CIP and SVT curves are closely related both at low and high temperatures. It is noted that

the leak current contribution can easily be further diminished by proper device design and that a

strong enhancement of the room temperature collector current change (>500%) will be found for

better base spin valves.



166



Chapter 7. Conclusions and recommendations

167

7
Conclusions and recom-

mendations
7.1 Conclusions

1.  A large hot electron perpendicular spin valve effect has been measured in the spin valve tran-

sistor in a wide temperature range (80K-360K). Evidence for hot electron transport is fourfold:

collector current  increases with decreasing temperature, the Ic-Ie curve is linear, the large spin-

valve effect can only be explained using spin-dependent hot electron transport and the tem-

perature rise due to self heating is much smaller than the rise required for observable leak cur-

rent contribution.

2.  The relative collector current variation is very large due to the perpendicular electron transport,

the exponential mean free path dependence and possibly the electron energy.

3.  Electron energy can be varied so electron spectroscopy can be performed by changing emitter

Schottky barrier height or tunnel bias. The energy range exactly fits the spin polarized 3d bands

of Fe, Ni and Co. Spectroscopic results will complement higher energy polarized electron

transport experiments such as electron energy loss spectroscopy and spin polarized electron dif-

fraction. It shows advantages over tunnel spectroscopy techniques in that bulk and internal in-

terface scatter and reflection processes can be studied.

4.  As a consequence of the direct MFP dependence of the transmission across the base, the spin-

valve transistor allows quantification of spin dependent electron MFPs O�(�) of the individual

layers and interfaces, as can be calculated by the two channel model extended for transport in

the spin valve transistor. Direct quantification of mean free paths is not possible in common

CPP-GMR.
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5.  Since the scattering processes appear as products in the transfer equation., the spin dependent

scattering centers can be located accurately and, in contrast to common CPP-MR, the relative

change in collector current CC(%) is not decreased by spin independent scattering processes

such as in the Cu layers or in the semiconductors.

6.  Depending on the application and detection electronics (digital or analog), the absolute collec-

tor current change may be a better figure of merit than the relative collector current change and

can be optimized by varying base layer thicknesses and structural quality (epitaxy).

7.  The output is a high impedance current source with good signal to noise properties due to ex-

clusion of thermal noise. The output current can be amplified effectively using a transimped-

ance amplifier with its inherent small noise current. Both for high and low frequency

applications the spin valve transistors shows better signal to noise ratios than CIP measured

spin valves. Intrinsic current amplification in the spin valve transistor is possible (not essential)

using avalanche multiplication (shows signal to noise advantages for high frequencies).

8.  Ultrathin magnetic layers can be used in the spin-valve transistor base, increasing the magnetic

efficiency. Full, pinhole free, decoupling of adjacent magnetic layers can be obtained by using

a thick non-magnetic spacer layer, in contrast to CIP-GMR where this leads to excessive

shunting. For this reason, cluster systems are not necessary in the spin-valve transistor.

9.  Satisfactory semiconductor growth on metals is not possible. Vacuum bonding allows a great

flexibility in semiconductor choice of both emitter and collector material and room temperature

processing. TEM pictures show recrystallisation during/after bonding at room temperature of

the metal film and bonding strength stronger than that of the silicon substrate. The bonding en-

ergy is found to be of the same order of magnitude as the metal surface free energies.

10.  Room temperature spin valve transistor operation is accomplished by preparing small Si-

Co/Cu-Si devices via vacuum metal bonding. To eliminate the leakage current contribution, the

device area is decreased, the collector barrier height increased and the base transmission im-

proved by taking less layers (sandwich).

11.  In the room temperature vacuum bonded spin-valve transistor, the low temperature collector

current decreases with temperature due to decreasing base mean free paths. Above room tem-

perature it increases due to the leak current contribution.

12.  In air bonded metal base and spin valve transistors the decrease in gain with decreasing tem-

perature stems from thermionic field emission, in vacuum bonded spin valve transistors either

from trap induced recombination current, thermionic field emission, or both. Sputter induced

sub-surface damage causes deteriorated Schottky barrier properties and traps and donor states.
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7.1 Recommendations

1.  To take full advantage of the unique interface and bulk discriminating spectroscopic possi-

bilities of the spin valve transistor, band engineered spin valves with reversed GMR effects

for hot electrons may be exploited. As an example, a system such as FeV-Cu-Co is ex-

pected to show inverse GMR for Fermi electrons and normal GMR for hot electrons.

2.  Since antiferromagnetically coupled spin valve sandwiches are very difficult to grow on

clean semiconductors without buffer layers, it is recommended to employ both for trans-

port studies and applications uncoupled soft-hard spin-valve sandwiches in the base.

3.  Experiments with thickness variation of the base layers by means of wedges are important

for verification of the spin-valve transistor two channel model.

4.  It is recommended to investigate the possibility to extend the pinning capabilities of an

ultrathin antiferromagnetic insulating tunnel injector with a metallic antiferromagnetic

electrode, e.g. in a Si-NiFe-Cu-Co-NiO 1 nm -FeMn spin valve transistor to induce suffi-

cient exchange bias from the emitter into the base.

5.  The vacuum bonding technique not only opens a way to realize other innovative vertical

transport device ideas such as magnetic tunnel junctions with crystalline (semiconductor)

barriers or proximity effect experiments, but also forms a permanent link for demanding

adhesion applications, in which an ultrathin, permanent, room temperature, chemically re-

sistant, thermally and electrically conducting and, using magnetic materials, magnetic flux

conserving link is required. Thermodynamic modeling of the process may show interesting

growth possibilities.

6.  In order to realize devices with larger gain and proper temperature dependence, low energy

growth methods such as in molecular beam epitaxy (evaporation) is recommended in con-

trast to sputtering, both for epitaxial metal base growth and good Schottky barrier prepara-

tion.

7.  Ultrathin tunnel barriers with current densities larger than 104A/cm2 are required for sig-

nal/noise competition with Schottky barrier use in the spin valve transistor.

8.  It is interesting to study interference and resonance effects in the spin valve transistor,

since this may not only lead to larger transmission but also to a direct representation of

ballistic GMR via spin dependent resonance in the total emitter-collector transmission,

without a lateral length scale restriction.

9.  Noise measurements of the spin valve transistor collector current are necessary for verifi-

cation of the noise model and determination of the ultimate magnetic field sensitivity.
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Appendix 1.
GMR systems

MR
%

HsO

e

system substrate fabrication remarks reference

42 50k [Fe(0.45)/Cr(1.2)]50 Mg(100) 500C MBE record
220%@1.5K

4.23

110 30k Co/Cu Parkin
tbpublishd

80% 10k Co/Cu
17% 50 NiO/Co2.5/Cu2.5/Co3 Si(100) magnetron sputt Bottom SV 4.19
23.4 100 NiO/Co/Cu/Co/Cu/Co/

NiO
Si(100) id. Symm SV 4.19

6% 150 Cr4[NiFe15/Au15.5]1
1

Si DC magn sputt first AF peak 4.5

5% 20 Cr4[NiFe3/Au2.8]15 Si DC magn sputt 2nd AF 1%/Oe 4.5
3% 5 NiFe3/Cu6/Co3 glass evap growth ind 0.3%/Oe linear 4.24
8% 80 Ta[CoFe/1.5Ag4.5]20 glass DC magn sputt annealed 375oC 4.25
4% 300 NiFe2.7/Cu Si+ SiO2 E-beam evap annealed 300oC 2.16
6% 40 [NiFeCo1.6/Cu2.3]6 glass DCmsputt in

field
2%/Oe ann300oC 4.26

2% 2 CoPt4/Cu2.3/NiFeCo7
.4

glass sputt hard/soft 4.27

2.5% 60 Cu[NiFe1/Cu2.5]50 Si(100) MBE no hysteresis 4.28
5.6 20 Cu/FeMn/NiFeCo/

Cu/NiFeCo
/Cu/NiFeCo/NiO

Si Ion beam sputt 4.29

4.5% 250 NiFe/Cu/NiFe/TbCo/C
u

glass sputt 4.30

4% 20 NiFe10/Cu2.4/Ag/Cu2
.4/Co10

Si(100)/Cu evaporation epitaxial 4.31

5% 2 NiFe6/Cu2/NiFe4.5/Fe
Mn7/Ta

Si/Ta5 sputt 4.32

2% 5 NiFe4/Cu6/CoNi4/Ta5 Si/Ta10 sputt 1.5
8% 5 NiFe/Co/Cu/Co/NiFe/

FeMn
Si dc magn sputt inserted Co 4.33

14% 80 NiFe/Cu/Co/Cu sputt 4.34
16% 50 NiFeCo/Cu/Co sputt 4.35
18% 5 FeMn-Co-Al-AlOx-

NiFe
Si+Pt DC magn sputt in situ O2 plasma 7.12, 21

20% 5 Al-AlOx-Co-NiFe-
FeMn-NiFe

Si+SiO2 DC magn sputt air 700h 7.26

12% 100 CoFe/Al-Al2O3/Co float glass evaporated in situ O2 plasma 7.6
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Appendix 2.
Semiconductor properties and Schottky barrier heights

References [13.1]-[13.6], [13.22]

semi-
conductor

crystal
structur
e

lattice
const.

electron
mobility

Tm Al Ag Au Co Cr Cu Fe Ni Pd Pt W Ti band
gap

n-
doping

Si cubic 5.4Å 1900 1685 0.5-0.7 0.6-
0.7

0.8 .65 0.6 0.6 0.63 0.65 0.8 0.9 0.67 0.5 1.11P,As,S
b

Ge cubic 5.658 3600 2131 0.48 0.54 0.59 0.52 0.5 0.48 0.66P,As,S
b

AlAs 5.661 280 2013 1.2 1.0 2.15 Se,Te
GaP 5.451 300 1750 1.05 1.20 1.30 1.20 1.45 2.25 Se,Te
GaAs

[13.22]
cubic 5.654 8800 1510 0.84 0.89 0.89 0.8 0.8 0.96 0.8-

0.9
0.92 0.86 0.83 1.43 Se,Te,

Si,Ge
GaSb 6.095 5000 980 0.60 0.68 Se,Te
InP cubic 5.869 4500 1330 0.54 0.49 1.27 Se,Te

ZnS(hex) 3.814 120 2100 0.8 1.65 2.0 1.75 1.87 1.84 3.58 Br,Cl,
Al

ZnSe 5.667 530 1790 0.76 1.2 1.36 1.1 1.40 2.67 Br,Ga,
Al

CdS(hex) hex,cu
bic

4.137 340 1750 ohmic 0.4 -
0.6

0.75 0.5 0.45 0.62 1.0 0.84 2.42 Cl,Br,I
,Al,Ga,
In

CdSe(hex hex,sph
al

4.298 600 1512 0.43 0.49 0.3 0.37 1.7 Cl,Br,I

CdTe cubic 6.477 700 1365 0.76 0.66 0.60 0.58 1.44 I
SiC(hex) 3.082 100 3070 2.0 1.95 3 B,N

ZnO hex,cu
bic

180 2250 ohmic 0.68 0.65 0.45 0.68 0.75 <0.3 3.3 P
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Appendix 3.
Processing list

1. Bond wafer preparation
For Si collector wafers:
• Backside implanted n++/n-Si wafer.
• Deposit pinhole free SiO2 protective layer on both sides of wafer. (3 Pm Teos or PECVD)
• Spin photoresist S1828, Bake 30min @ 120C
• Saw wafer into pieces (20.9*11.9 mm)
 
For Si emitter wafers:
• 1 mΩcm n-Si(100) wafers with 1-10Ωcm epi layer for time etch stop (KOH or HF/HNO3)
• BESOI wafer: n-Si:5Pm/n++-Si:1Pm/SiO2:1Pm/Si 500Pm for oxide etch stop (preferred).
• Deposit pinhole free SiO2 protective layer on both sides of wafer. (3 Pm Teos or PECVD)
• Spin photoresist S1828, Bake 30min @ 120C
• Saw wafer into pieces(17.9*11.9 mm)

For 2 inch Ge and GaAs wafers:
• Spin photoresist S1828, bake 30 min @ 120C
• saw wafers into small (17.9*11.9) pieces

2. Pre-bond Cleaning
For Silicon:
• Si pieces on vacuum pipette, 6 min HNO3 (fuming, 100%)
• 3 min DI rinse, 1 min HF(2%) etch (native oxide removal)
• 15 sec DI rinse, 7 min TMAH 5% 900C Si particle etch
• 1 min DI rinse, 1 min HF (50%) SiO2 etch
• 15 sec DI rinse, N2 blow dry 10 sec, Put Si pieces on robot
 
 or (quicker)
• Si pieces on vacuum pipette, 6 min HNO3 (fuming, 100%)
• 4 min. HF/HNO3 2/100 Si particle etch
• 3 min. DI rinse, 1 min HF (50%) SiO2 etch
• 15 sec DI rinse, N2 blow dry 10 sec, Put Si pieces on robot

For GaAs:
• GaAs on vacuum pipette
• 2 min H2SO4/H2O2/H20 (4/3/3)
• 1 min DI rinse, 7 min. Shipley resist remover @800C
• Direct spay of isopropanol (no residue)
• 2 min HF 2%, 15 sec DI rinse, N2 blow dry

For Ge:
• Ge on vacuum pipette, 3 min HF/H2O2 (1/10)
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• 3 min DI rinse, 5 min HNO3 (100%)
• 3  min DI rinse, 1 min HF (50%)
• 15 sec DI rinse, N2 blow dry

3. Bonding
• Robot into sputtering system (VSW)
• When Ploadlock <5E-6 mbar, robot into main chamber
• Sputter GMR/Metal layer
• Trigger Robot and remove it from sputter system

4. Polishing etch (only needed when wafer thinning is done with KOH, Thick SiO2 or Si3N4 pro-
tection on collector wafer necessary)
• 1min BHF (13%) oxide removal. (don't use HF)
• 2-3 min HF/HNO3/H2O (1/8/1) fast etching Si etch (to prevent etch pits)
• 2min DI rinse

5. Backside protection and collector ohmic contact formation
• 1min BHF (13%) oxide removal (don't use HF)
• 15 sec DI rinse
• Sputter Pt protection layer on the back

• Sample in VSW
• BG pressure <1E-7 mbar
• 4 min @ 200W @ d=9cm @ Par=7E-3mbar

6. Emitter wafer Thinning
• For KOH thinning:

• 1 min BHF (13%) oxide removal (don't use HF)
• ±6 hour KOH (50%, 90C) etch
• 5 min DI rinse, RCA clean for K+ removal

• For HF/HNO3 thinning of SOI wafer (preferred)
• Protect collector with wax
• Put sample in HF(50%)/HNO3(69%) 1:5 etchant at RT
• Check the appearance of flat oxide.
• protect oxide areas with wax
• Etch again, until total emitter substrate etched down to buried oxide (30 min.)

7. Emitter Mask patterning via lift off
• 1min HF (oxide removal)
• 1 min DI rinse, Spin photoresist, Bake 15-20min @ 90C.
• Expose photoresist with emitter mask 1
• Develop photoresist for 50sec with MF-312 (1:1)
• DI rinse, 1min BHF (native oxide removal)
• Sputter 2 min Pt @ 200W @ d=9cm @ 7E-3 (100nm)
• 5 min ultrasonic acetone photoresist removal

8. Emitter pattern etching
• HF/HNO3 emitter etch (for Pt base)
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• 1 min BHF SiO2 etch
• Short DI rinse
• HF/HNO3 (2:100) Etch to bond layer. (don't use HF/HNO3/H2O (1/8/1)
• 2 min DI rinse

• TMAH emitter etch (for Co/Cu base)
• 1 min BHF SiO2 etch
• Short DI rinse
• bring TMAH on 80-90ºC
• Put sample in etchant, etch about 10 min. Until base is clear

9. Base Mask Patterning
• Spin photoresist (S1818)
• Bake 20 min @ 90C
• Expose photoresist with mask 2
• Develop for 50 sec with MF-312 (1:1)
• Short DI rinse, blow dry with N2

 Base Etching
• Ion beam etch (e.g. Pt base)

• Sample in IBE system (use silver paste for a good thermal contact)
• Etch 30 min @ (I=5mA, V=250V)
• Remove sample from IBE system
• Remove silver paste with tissue and acetone
• DI rinse

• H2O2/HF 10:1 wet etch (for Co/Cu base), etch about 20 sec. At RT
 
10. Collector etching
• Si collectors

• TMAH (Cu, Au and Pt base) or HF/HNO3 (Au, Pt base) dependent on the base mate-
rial.

• DI rinse 1 min., remove IBE photoresist with acetone.
• Ge collectors

• 1 min BHF to remove oxides.
• 5 min H2O2 to etch 500nm Ge
• DI rinse 1 min
• Remove photoresist with 5 min ultrasonic acetone.

11. PCB Mounting and Wire Bonding
• Prepare 2 component silver glue
• Remove oxide from PCB
• Glue sample on PCB
• Wire bond (use gold wire) Bases and Emitters to PCB copper contacts
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Appendix 4. Semiconduc-
tor deposition

A=amorphous, C=crystalline, P=polycrystalline,

material deposition
technique

Ts (
oC) substrate

morpho
-logy grain

size
ρ (Ωcm) Pn remarks ref.

Si RF Sputt (RFSP) <300 glass, C, Al,Si A >1000 0.01-1 80<Ts<280
oC

15.16

ion beam sput (IBS)
250 (100)Si C c-Si:<1 c-Si:1500 epitaxy 15.17

electrodeposition <90 Ag,Ta,Mo,C P 100 15.16

Ge reactive ion beam 30-350 Si, glass A 102-104 P  for Ts >
350 oC

15.18

GaP reactive evaporation RT ITO A high 10-3 15.19

RF sputtering 30-540 Au, glass A,P 104 P for
Ts>200 oC

15.20

GaAs flash evaporation RT glass A P after 400
oC

15.21

GaSb flash evaporation RT glass/silica A 102 P after 170
oC

15.22

InP evaporation ¸225 P >1 ¸10? ¸25 15.16

ZnS RF sputtering in
Ar-H2 atmosphere

100-400 Cadm Stann P cubic 1500Å Mn doped,
columnar

15.23

e beam evaporation 25-180 Si,glass P cubic 500Å 15.24

ZnSe reactive sputtering 120 glass,SnO2 P 0.3mm 20 10(hall) In doped,
oriented

15.25

single source evap 150 glass P 1mm 0.01-0.1 stoichio-
metric

15.26

RF sputtering RT glass P ¸1000Å 102 15.27

CdSe evaporated RT Corning glass P 400Å 1 12 pure and
Ag doped

15.28

co evporation RT glass P 470Å 10-3-1 60(hall) In doped 15.29

CdTe sputtering ¸100 P 1 15.16

ion beam RF sput RT glass, NaCl P 0.1mm strongly
oriented

15.30

 evaporation RT glass P 300Å 100 In doped 15.31

evaporation 100 glass P 20mm 10-3 2 Cd doped,
good

15.32

SiC dc-magn sputt 175 oC 15.16

ZnO reactive evaporation <70 40 15.33

compound sputtering 100-500 CdS/Sapphire P/C 0.1-106 _1(hall) P for Ts>0
oC

15.34
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Summary
High density magnetic recording, magnetic random access memories, displacement and current de-
tection, contactless switching and electronic compass applications all require magnetic field sensors
with unprecedented sensitivity. The spin-valve effect (giant magnetoresistance) found in 1988 in
magnetic metallic multilayers provided a new form of magnetoresistance with promising possibili-
ties. The name indicates its physical origin: the magnetic layers form magnetic field controllable
valves for electrons with parallel spins, leading to low resistance under application of a magnetic
field. The resistance is usually measured using a four point technique, with the current in plane.
Now, ten years later, the first hard disk incorporating this effect has reached the marketplace. Its
read head shows a spin-valve effect of about 5% allowing for a capacity of 16.8 Gbyte.

The use of the much larger perpendicular spin-valve effect was limited because of the ultra low
perpendicular resistance of the atomically thin multilayers. Subject of this thesis is the spin valve
transistor, which we introduced 1995. It is able to circumvent the low resistance dilemma by its
direct mean free path dependence in the output. In the spin valve transistor a spin-valve multilayer
serves as a base region of an n-silicon metal base transistor structure: via an emitter barrier hot
electrons are injected into the spin-valve, a collector barrier accepts only non-scattered electrons by
means of its angle and energy selectivity. Since the number of collected electrons depends expo-
nentially on the spin dependent mean free path in the spin-valve base, and since the mean free path
changes with field due to the perpendicular spin-valve effect, the collector current change with
magnetic field is much larger than the resistance change in current-in-plane measurements and can
be effectively used for magnetic field detection. Since the electron energy of the injected electrons
can be varied either using different Schottky barriers or bias variation using a tunnel emitter, the
spin-valve transistor allows electron spectroscopy to be performed in spin-valves. Because the elec-
tron energy range is of the same order as the spin-split 3d bands of the ferromagnetic metals Co, Fe
and Ni, a direct investigation of the spin-dependent band structure which causes the spin-valve ef-
fect is possible. An extension of the two channel model has been formulated, showing that the col-
lector current change can be extremely large, for example, implementation of a 5% spin-valve
(measured in plane) may lead to practically useful output current variations of more than 500%.
Moreover, thickness variation e.g. using wedges, allows determination of spin dependent mean free
paths.

In this work effects up to 400% have been measured at 77K and 15% at room temperature. Values
larger than 100% at room temperature are expected with proper spin-valves: it was a major problem
to grow a good antiferromagnetically coupled Co/Cu spin-valve sandwich on top of oxide free sili-
con. The room temperature hot electron spin valve effect was observed in a Si-Pt-Co/Cu/Co-Si spin
valve transistor. The magnetic field and temperature dependence are found to be in accordance with
expectations. It is suggested to try band engineered inverse spin valves to observe clear band struc-
ture related effects in the collector current. This can be done using a Schottky emitter or using a
tunneling emitter. The first shows a narrow electron injection spread (kT), whereas the latter the
energy can be changed by varying the applied bias, at the cost of increased energy spread (of the
order of 0.2 eV for a 2eV barrier). For applications, the absolute collector current change 'I can be
optimized by manipulating the thickness and improving the structural quality of the spin-valve lay-
ers. An uncoupled spin-valve sandwich such as Co-Cu-NiFe is more appropriate for this purpose
than an antiferromagnetically coupled systems. The signal to noise ratio of the spin valve transistor
is surprisingly large in spite of the relatively small collector current. This is both related to the ab-
sence of thermal noise in the collector current and the small input noise currents of
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(transimpedance) amplifiers. For low field sensing advantages of the spin valve transistor are the
applicability of very thin magnetic layers increasing magnetic efficiency and layer decoupling pos-
sibility by thick spacer layers. Disadvantage is that growth of the spin-valve has to take place on
oxide free semiconductors and that power dissipation is larger than in current-in-plane measure-
ments. For sensor designs, self heating is the limiting factor of the signal/noise ratio and must be
calculated accordingly. To verify the noise model put forward in this thesis, noise measurements of
the collector current may be performed.

Preparation of the spin valve transistor has been performed by using a new technique: direct bond-
ing of substrates during deposition of a metal. A bond interface is absent due to recrystallisation of
the metal film, even at room temperature. The bonding technique may be used for many vertical
transport device ideas such as magnetic tunnel junctions with crystalline (semiconductor) barriers or
proximity effect experiments, but also forms a permanent link for demanding adhesion applications,
in which an ultrathin, permanent, room temperature, chemically resistant, thermally and electrically
conducting and, using magnetic materials, magnetic flux conserving link is required.
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Samenvatting
Hoge dichtheid magnetische recording, magnetische random access geheugens, verplaatsings
opnemers en stroomdetectie, kontaktloos schakelen and elektronische kompas toepassingen vereisen
magnetisch veld sensoren met grote gevoeligheid. Het spin-valve effect (giant magnetoweerstand)
wat in 1988 is ontdekt in magnetische metallische multilagen, bood een nieuwe vorm van magne-
toweerstand met veelbelovende mogelijkheden. De naam duidt de fysische achtergrond aan: de
magnetische lagen vormen magnetisch veld bestuurde kleppen voor elektronen met parallelle spin,
wat leidt tot een lage weerstand wanneer een magnetisch veld wordt aangelegd. De weerstand wordt
over het algemeen met een vierpuntsmethode gemeten, met de stroom in het vlak van de lagen. Nu,
tien jaar later, is de eerste harde schijf op de markt gebracht waarin van dit principe gebruik maakt
wordt. De leeskop vertoont een spin-valve effect van ongeveer 5%, wat de capaciteit van 16.8 Gbyte
mogelijk maakt.

Gebruik van het veel grotere loodrechte spin-valve effect was beperkt vanwege de extreem lage
loodrechte weerstand van de atomair dunne multilagen. Onderwerp van dit proefschrift is de spin-
valve transistor, welke we in 1995 geïntroduceerd hebben. Door de direkte vrije weglengte af-
hankelijkheid in de uitgang, maakt deze het mogelijk het dilemma van de lage weerstand te
omzeilen. In de spin-valve transistor dient een magnetische multilaag als basis van een n-type sil-
icium metaal basis transistor: via een emitter barrière worden elektronen de magnetische multilaag
in geschoten, de collector barriere laat slechts ballistische elektronen door vanwege de hoek- en
energie selectiviteit. Aangezien het aantal elektronen dat doorgelaten wordt exponentieel afhangt
van diens vrije weglengte in de spin-valve basis, en gezien het feit dat de vrije weglengte hierin
verandert met magneetveld op grond van het loodrechte spin-valve effect, is de collectorstroom veel
sterker afhankelijk van een magneetveld dan in het geval van een in het vlak gemeten multilaag en
kan voor magneetvelddetectie gebruikt worden. Aangezien de elektron energie van de geïnjecteerde
elektronen gevarieerd kan worden door hetzij de Schottky barrière hoogte of de tunnel bias te ve-
randeren, kan de spin-valve transistor gebruikt worden voor elektron spectroscopie. Omdat de elek-
tron energie in de spin-valve transistor van dezelfde grootte is als de toestandsdichtheid van de 3d
banden in Co, Ni en Fe, is een direkte inspectie van de spin afhankelijke bandenstructuur, wat het
spin-valve effect veroorzaakt, mogelijk. Een transformatie van het tweekanaal model naar het elec-
tron transport in de spin-valve transistor is opgesteld, en toont aan dat de relatieve collectorstroom
verandering bijzonder groot kan worden, bijvoorbeeld een 5% in het vlak gemeten spin-valve kan
meer dan 500% verandering in de collectorstroom van de spin-valve transistor veroorzaken. Verder
is het mogelijk door de direkte vrije weglengte afhankelijkheid de spin afhankelijke vrije
weglengten te meten, in tegenstelling tot de gebruikelijke weerstandsmetingen (in het vlak of
loodrecht).

In dit onderzoek zijn collectorstroomvariaties van meer dan 400% gemeten bij 77K en 15% bij
kamertemperatuur, ondank nog matige kwaliteit van de spin-valve basis. Variaties groter dan 100%
worden ook bij kamertemperatuur verwacht, indien goed funktionerende spin-valves gebruikt wor-
den. Het grootste probleem was het groeien van een goed antiferromagnetisch gekoppelde Co/Cu
spin-valve op oxyde vrij silicium. De magnetische veld afhankelijkheid en temperatuurafhanke-
lijkheid blijken overeen te komen met de theoretische voorspellingen. We stellen voor om band
gemanipuleerde spin valves te implementeren, om duidelijke elektron energie afhankelijkheden
waar te nemen (zelfs inversie van het effect). Voor applicaties kan de absolute collectorstroom-
verandering 'I vergroot worden door de laagdiktes en de structuur te optimaliseren. Een ongekop-
pelde spin-valve sandwich, bijvoorbeeld Co-Cu-NiFe, is hiervoor meer geschikt dan
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antiferromagnetisch gekoppelde structuren. De signaal-ruis verhouding van de spin-valve transistor
is verrassend groot ondanks de relatief kleine collectorstroom. Dit komt zowel door de afwezigheid
van thermische ruis in de collectorstroom als door de kleine ingangsstroomruis van stroomver-
sterkers. Voor het meten van kleine velden biedt de spin-valve transistor het voordeel dat het opti-
maal funktioneert met zeer dunne magnetische lagen, wat de magnetische efficiency ten goede
komt. Bovendien kan er vanwege het loodrechte elektronentransport een dikkere spacer laag ge-
bruikt worden, wat een uitstekende ontkoppeling van de magnetische lagen mogelijk maakt. Een
nadeel is dat de groei van de spin-valve op oxyde vrije halfgeleiders moet plaatsvinden (bij gebruik
van Schottky barrières) en dat de dissipatie hoger is dan bij een eenvoudige weerstandsmeting.

Voor de preparatie van de spin-valve transistor hebben we een nieuwe techniek geïntroduceerd:
direkt bonden van substraten gedurende depositie van een metaallaag, bij kamertemperatuur.
Transmissie elektronen microscopie toont aan dat een bondgrensvlak afwezig is. Dit wordt veroor-
zaakt door rekristallisatie van de metaalfilm. De bondtechniek kan voor vele verticale transport
ideeën gebruikt gaan worden, en vormt een permanente verbinding voor veeleisende adhesie-
toepassingen waarbij een extreem dunne, permanente, kamertemperatuur realiseerbare, chemische
resistente, thermisch en elektrische geleidende en, met magnetische materialen, een magnetische
flux link vereist is.
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