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Summary 

Onstream B.V., formed through a spin-offfrom Philips and incorporated in 1998, is producing high
eapacity tape drives with compressed capacities up to 50 GB. A data head reading and writing eight tracks 
of data simultaneously enables high capacities and high transfer rates. The ever-increasing track density of 
the tapes makes Giant Magnetoresistive (GMR) materials a very attractive solution for the sensor element 
inthereader because ofthe high sensitivity they display compared to the conventional Anisotropic 
Magnetoresistive (AMR) effect. 

To develop a new GMR element responding to the demands for the next generations of OnStream data 
heads, a dedicated magnetoresistance setup has been build. lts working principle is to measure the change 
of resistance of a GMR layer placed in a magnetic field which intensity is slowly descrihing a loop. To 
measure accurately the change of resistance, use is made of the four-point measurement technique. The 
magnetic field is produced by a pair ofHelmholtz coils. The measurements are performed at room 
temperature. 

The magnetoresistance measurement setup is suitable for wafers with a diameter of 150 mm and the 
software for driving the coils and for the data acquisition is written in Labview. Series of GMR multilayers 
are characterized using this setup to evaluate the performaces oftwo physical vapour deposition (PVD) 
tools. 

The uniformity and repeatability ofthe MR-ratio, coercivity field, residual coupling field and sensitivity on 
these wafers are determined. The second PVD tooi clearly has the Iowest non-uniformity and non
repeatibility. This tooi also has the highest sensitivity and is therefore the bestoption for the production of 
the GMR wafers. 
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Preface 

"Building of a magnetoresistance measurement setup and characterization of Giant Magnetoresistive 
multilayers" was written as conclusion ofthe practical training at Onstream B.V. Onstream is interested in 
a measurement of a magnetoresistive behavior of thin films. Because of the ongoing development of the 
ADR (Advanced Digital Recording) datahead at Onstream, the anisotropic magnetoresistive (AMR) sensor 
used currently for the magnetoresistive element (MRE) will soon be replaced by a Giant Magnetoresistance 
(GMR) sensor. The reason for this change is due to the demand for higher speeds and densities requiring 
more sensitive materials. For the development of these GMR materials, a setup had to be build with which 
the properties could easily be measured on 150 mm wafers during the production at the on-site waferfab. 
Onstream has chosen the GMR sensors due totheir better properties with respect to the sensitivity and the 
signal-to-noise ratio. 
With this magnetoresistance setup a qualification had to be made oftwo physical vapour deposition tools. 
With each tooi a set ofGMR-wafers with the same nomina! GMR stack were produced. Essential 
properties ofGMR-layers for industrial exploitation are a good uniformity and repeatability of 
magnetoresistive parameters. 

"Building of a magnetoresistance measurement setup and characterization of Giant Magnetoresistive 
multilayers" gives a general introduetion into the phenomenon of magnetoresistance. A brief introduetion 
to Onstream B.V. and the Giant Magnetoresistance effect is given in chapter l.The theory involved with 
magnetoresistance is treated in chapter 2, both for AMR and GMR materials. The realized measurement 
setup and the used techniques are described in chapter 3. Chapter 4 gives an overview of the used programs 
and the measurement techniques. The results obtained from the measurement on the different wafers are 
given in chapter 5. And a conclusion will be drawn in chapter 6. 
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1 Introduetion to Onstream B.V. 

In this chapter a briefintroduction will be given to Onstream B.V. 
Onstream is a privately owned, Colorado and Dutch-based company formed in February 1998 through a 
spin off from Philips Electronics Eindhoven. Today more than 500 people world-wide are employed by 
Onstream. Onstream is a company specified in the magnetic storage technique, with their business area, the 
digital data storage on magnetic tapes for computers. A large portion of the production is located in 
Eindhoven. A short overview of the productline of Onstream is shown in Table 1. 

Capacity ( compressed/native) 30GB/15GB 30GB/15GB 50GB/25GB 
Native transfer rate up to 3.6GB/hr up to 7.2GB/hr up to 7.2GB!hr 
Interface IDE/Parallel SCSI-2/Firewire SCSI-2/SCSI-3 
Configuration intemallexternal intemallexternal intemal!external 

Table 1 Overvtew ofthe productline 
A picture of an internal SCSI 30Gb drive and a data head with actuator are shown in Figure 1. 

Figw·e 1 Photo ofOnstream intemal SCSI30Gb tape-drive and data head with actuator 
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2 Giant Magnetoresistance and its applications 

This chapter will explain the theory ofthe Anisotropic Magnetoresistance (AMR) effect and the Giant 
Magnetoresistance (GMR) effect. Insection 2.1 a brief introduetion will be given on the discovery ofthe 
Giant Magnetoresistance effect. Then in section 2.2 a short introduetion will follow about the energetics of 
a ferromagnet. Then in section 2.3 the two different magnetoresistance effects will be explained. In section 
2.4 some more advanced layer-structures who exhibit the GMR-effect are shown. And tirrally in section 2.5 
one example ofthe application ofthe magnetoresistance effect is shown, the data head. 

2.1 Giant Magnetoresistance 

The Giant Magnetoresistance (GMR) effect was first discovered in 1988 in anti-ferromagnetic coupled 
magnetic multilayers. After this discovery many types of layered structures have been found which show a 
much higher sensitivity ofthe electrical resistance to applied magnetic fields than the simple magnetic alloy 
layers, which are most commonly used in sensor applications. Within 10 years afterits discovery GMR
type materials are used in read heads for high-density hard disc and tape magnetic recording, electronic 
compasses and position-, velocity and acceleration sensors. So the Giant Magnetoresistance effect is one 
the fastest applied discoveries of all time. 

2.2 Energetics of a ferromagnet 

To fully understand and interpret the magnetoresistance curves the en ergetics of ferromagnet has to be 
explained. 
A fermmagnet has a spontaneous magnetic moment, a non-vanishing magnetic moment even in zero 
applied magnetic field. The existence of a spontaneous moment suggests that electron spins and magnetic 
moments are arranged in a regular manner. To describe the en ergetics of a ferromagnet different terms have 
to be used: the exchange energy-term, an anisotropy-term, a Zeeman-term and a demagnetization-term. All 
these contributions will bedescribed below. 

2.2.1 Exchange energy 
The magnetic order in ferromagnetic materials is the result of a correlation between the direction s of the 
net atomic-magnetic moments ofthe individual atoms. The correlation between the net atomiemomentsis 
due tothefact that the space symmetry ifthe quanturn-mechanicai-wave function depends on on the 
magnitude ofthe resultant magnetic moment ofthe system of electrons. In ferromagnetic materials, the 
antisymmetrie space-wave function possesses the lowest energy, so that the spin-wave function is 
symmetrie. The exchange energy Wex of a system of magnetic moments is given by: 

Wex = -2Jexs,;, cosB;1 
Equation 1 
with lex the exchange integral 

Sm the magnitude of the magnetic moment 
eij the angle between the magnetic moments 

Is should be noted that the above energy is isotropic. 

2.2.2 Anisotropy 
The energy of a ferromagnet depends on the direction of the magnetization relative to the structural axes of 
the materiaL This dependence, which basically results from spin-orbit interactions, is described by the 
anisotropy energy. Here only the terms for uniaxial systems are given, a full description of all the other 
terms (e.g. cubic and orthorhombic anisotropy) are described in Magnetic Domains 15l. The energy per 
volume unit is given by 

& 11 = Ku1 sin 2 B + K112 sin4 B 
Equation 2 
with K111 and K112 the anisotropy constants, which both are positive. 
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The sin48 can generally be neglected because of its smal! significance. 

2.2.3 Zeeman-term 
The interaction energy (Ez) of the magnetization field with an extemal field (Hex) is simply: 

Ez = -JL0 fM · HexdV 
Equation 3 

with Hex 
M 

the applied magnetic field 
the magnetization 

2.2.4 Demagnetization (Shape anisotropy) 
In samples with uniform magnetization, magnetic poles on the surface give rise to a demagnetizing field 
Hd, which is proportional and opposite to the uniform magnetization M: 

H" =-N·M 
Equation 4 

Here N is the demagnetizing tensor which depends on the shape ofthe sample and, in genera!, on the 
position in the sample. The shape anisotropy energy per unit of volume can be expressedas 

1 1 B 

E" =--JL0M ·H" =-J10 ·M ·N·M 
2 2 

Equation 5 

In this equation f.lo=4n·l o·7N/ A 2 is the permeability of vacuum. In Equation 5 we assumed no dependenee 

ofthe position in N. The tensor can only be calculated exactly for spheres, thin films and ellipsoids. Fora 
thin film infinitely extended in the x- and y-directions Equation 5 becomes rather simple and can be written 
as 

E" = K" sin
2 

B 
Equation 6 

with an uniaxial anisotropy constant Kd=-~J.loM/, which for J.loM5=1.0 T is about -400kJ/m3
• 

2.3 Magnetoresistance 

Every magnet has a magnetoresistance effect due to the Lorentz-force acting on the electrons, but because 
insome samples the mean free path ofthe electrens is larger than the average grain size this effect is hardly 
measurable. 

2.3.1 Anisotropic Magnetoresistance 
A second magnetoresistance effect occurs in ferromagnetic materials. In these materials the resistance 
depends on the angle (8) between the magnetization and the current direction and is described by: 

R(B) = R(O)-b.RAMR ·sin 2 B 
(with L'lRAMR=R(0)-R(90)) 
In general the resistance is minimal when the magnetization points parallel to the current direction and 
maximal when magnetization and current are perpendicular. Because ofthis anisotropy in the scattering of 
the electrons, this effect is referred to as anisotropic magnetoresistance (AMR). lt is believed that AMR is 
caused by the interaction between electron spin and the lattice via the spin-orbit coupling. 
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The resistance change as a function ofthe applied field intensity is shown in Figure 2 fora thin 
ferromagnetic film with uniaxial anisotropy. The field is applied perpendicular to the current and parallel 
to the hard axis direction. At zero-field the field direction is in the so called easy axis, which is parallel to 
the current direction and therefore gives rise toa 'high' resistance. Ifthe magnetization is gradually rotated 
by applying an extemal field, the angle between magnetization and current wil! increase and so the 
resistance will decrease. 
Now two parameters relevant for application will be calculated which can be extracted from experimental 
MR curves: MR-ratio and Hk (the anisotropy field) . 

The MR-ratio is defmed by the following expression. 

MR(%) = Rmax- Rmin 
Rmin 

Equation 7 
Let us give the expression for Hk, assuming a single domain model. 
The total energy ofthe system can bedescribed with an anisotropy- and a Zeeman-term. 

&tot = K" 1 sin 2 B- M _,.H sinB 
Equation 8 

In which Etot is the total energy 
k is the uniaxial anisotropy constant (k>O) 
8 is the angle between the easy axis (i.e. current direction) and the magnetization 
M, is the saturation magnetization 
H is the field intensity 

If you differentiate this equation and equal the expression with zero, to find an equilibrium, it gives the 
following equation . 

. B M,H 
Slll =-·-

2K 
Equation 9 

For sin8=1 the magnetization is parallel to the hard axis and the field for which this occurs is equal to Hk 
(the anisotropy field), defmed by the following expression. And sin8 is also 1 for H~Hk-

H - 2k 
k-

M _,. 
Equation 10 

2.3.2 Giant Magnetoresistance 
In samples which are composed of a stack of altemately magnetic and nonmagnetic layers of well chosen 
layer composition and layer thickness, the so-called giant magnetoresistance (GMR) effect occurs upon a 
transition from a state where the magnetization directions ofthe layers are aligned paralleltoa state where 
they are aligned anti-parallel. This effect depends on the relative angle 8 between the magnetization ofthe 
different layers, on the contrary to AMR where the resistance depends on the angle between current and the 
magnetization ofthe system. 
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R(B) = R(B = 0) + M 0 MR (1- cosB)/ 2 
Equation 11 

Where ~MR=Rmti-parallel- l<paraitel 

Figure 3 GMR Iayer stack 

An example of a system presenting GMR is shown in Figure 3 _ The stack of layers consists of two 
ferromagnetic (F) layers (e.g.NiFe or CoFe) separated by a non-magnetic (NM) layer (e.g. Cu or Ru), 
which couples both ferromagnetic layers anti-ferromagnetically. Upon application of an external field, the 
relative angle between the magnetizations switches from n to 0 (anti-parallel to parallel configuration). 
The phenomenon that gives rise to this magnetoresistance effect is spin-dependent scattering (SDS). In 
materials like Co or permalloy (Ni80Fe20), electrons with their spin parallel to the (local) magnetization 
direction experience less resistance than electrons with their spin anti-parallel to the magnetization 
direction. Also scattering at the interfaces between the magnetic and nonmagnetic layers can be strongly 
spin-dependent 
We should realize that in ferromagnetic metals at low temperatures, scattering is caused mostly by 
impurities, defects, and grain boundaries (in case of a thin film), and there is no magnon scattering that 
results in a spin-flip or pbonon scattering. This means that the spin-direction of an electron does not change 
when the electron scatters. In that case, the conduction is the sum of independent contributions from spin
upand sEin-down electrons (cr=crt +cr.J.), which is often referred to as the two-current model as introduced 
by Mott 2>. 

Magnetizatlon 
perallel 

Magnetlzatlon 
antiparallel 

Spinup ___.. ! 

Spin down ---+ 
Figure 4 Scattered electrons 

Co 

Cu 

Co 

In Figure 4 the trajectories of spin up and spin down electrons are plotted through a sirnple Co/Cu/Co layer 
stack With the magnetization parallel, the spin up electrons are much less scattered passing through the 
layer stack than the spin down electrons. Resulting in a low resistance for the spin up electrons. This gives 
rise to a 'short circuit effect' , by which most of current is transferred by the spin up electrons. On the 
contrary in the case where the magnetization direction is anti-paralleland the spin-upand spin-down 
electrons are equally scattered, no short circuit effect occurs and a high resistance is measured. 

The sensitivity of an MR material is defined as the slope of the relative resistance versus field curve, 
obtained at a suitable working point. 
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s= a% 
aH 

Equation 12 
Sensitivities at the order of 20%/kA/m (1.5%/0e) at room temperature can be obtained using spin valves 
with permaHoy (Ni80Fe20) used forthefree and pinned layers, and Cu for the spaeer layer. This value is 
much larger that that fora single permaHoy films, which are presently employed in sensor applications such 
as readheads . The resistance change of these films, due to the AMR effect is about 1.5%. The resistance 
change takes place in a field range oftypicaHy 0.32kA/m (40e), leading toa sensitivity of only about 
5%/kA/m (0.4%/0e). 
Other parameters of interest can be determined from a field-resistance measurement at a GMR-type 
materiaL Such a measurement is shown in Figure 5. 
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Figure 5 GMR field-resistance measurement 
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In this measurement the negative field is only large enough to flip the free layer and while the 
magnetization in the pinned layer remains fixed, so only one transition is measured in this loop. He is the 
coercivity field ofthe free magnetic layer. Hr is the residual coupling field between the pinned and the free 
layer. 

There are different theories descrihing the GMR-effects. Some theories assume free electrans with 
randomly distributed scattering centers, while other theories take into account a more realistic electron ie 
band structure. 

Sc atlered free electrans 
Th is model 14

) introduces different potentials for majority and minority spins_ Band-stmeture and electron 
density effects are included only by means of a constant, metal- and spin-dependent potential, and an 
isotropie effective mass for each spin in each layer. The different potentials in neighboring layers results in 
coherent potential scattering (i.e. refraction) of electrans as they traverse the interface 

Electronic band structure 
In Fe, Co, Ni and their aHoys, the magnetism is caused by the d-electrons. In the band structure of these 
materials the d-electron band is exchange split. This results in a different density of electron states (DOS) 
forspin-up and spin-down electrans at the Fermi-level, as shown in Figure 6. 
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Figure 6 Density of electron states for Co 
The dotted line in this picture is the Fermi-leveL At the Fermi-level the DOS ofthe spin-upelectronsis 
clearly much smaller than the DOS of the spin-down electrons. So the spin-up electrons are much more 
scattered, which results in a higher resistance for the spin-up electrons. This can also be seen as a harrier 
with different height depending on the spin direction, which is graphically shown in Figure 7. 

0t-----, 
0+--------~ ____ _i ______ __ 

Figure 7 Spin dependent blll'rier height 

For GMR layers there are two ways of measuring GMR (as shown in Figure 8): 
- the system where the current direction is in plane with the magnetization direction (CIP) the system where 
- the current direction is perpendicular to the rnagnetization direction (CPP). 

CIP CPP 
Figure 8 CIP and CPP configurations 

2.4 Spin-valve structure 

Spin-valve structures are one the systems presenting GMR and are widely used for application in read 
heads and magnetic sensors. The most commonly used structure is shown in Figure 9. This spin-valve is 
called the exchange-biased spin-valve. 
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Figure 9 Exchange-biosed spin valve structure 

2.4.1 Exchange-biased spin-valve 
An anti-ferromagnetic (AF) layer (e.g. Pt.Mn or lrMn) is in contact with one of the F layers. Due to the 
exchange interaction a cross the interface the magnetization direction of this F layer is pinned in a direction 
which can be set by applying a magnetic field during the growth process or by annealing in a field and 
cooling down. This effect is called the exchange biasing effect. The unpinned ("free") layer is usually 
magnetically very soft. The NM spaeer layer is sufficiently thick to almost eliminate the magnetic coupling 
between the F layers. The functioning of this system is illustrated schematically by the magnetization and 
resistance curves given in Figure 10. 

--
H 

I bi R 

--
H 

Figure 10 Magnetization and resistance curves of a GMR-type material 
Defining the positive field direction as the direction of the magnetization of the pinned layer, the layers 
have parallel magnetizations for H>O. In a small field interval close to H=O the magnetization ofthe free F 
layer reverses, whereas the magnetization of the pinned F layer remains fixed. Only upon the application of 
a large negative field (equal to the exchange biasing field H.b), the exchange biasing interaction is 
overcome, and the pinned layer switches, too. For combinations ofF- and NM-layer for which the GMR 
effect is high, the resistance curve of exchange-biased spin-valve structures shows a steep slope close to 
zero field, where the configuration of the magnetizations directions switches, and remains high until the 
pinned layer switches. There is usually a small magnetic coupling between the free layer and pinned layers, 
leading to an offset CHcoupt) ofthe field around which the free layer switches. Using exchange-biased spin
valve structures, it bas been possible to reach very high sensitivities, combined with a very small coercivity. 

2.4.2 Synthetic anti-ferromagnetic spin-valve 
Another type of structure is the synthetic anti-ferromagnetic spin-valve. A picture of such a system is 
shown in Figure 11. 
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Figure 11 Synthetic anti-ferromagnetic spin-valve structure 
In comparison to the simple spin-valve the pinned F layer is replaced with two F layers separated by a NM 
layer. The NM layer (e.g. Cu or Ru) is made very thin (8À for Ru) so that the two F layers are coupled anti
parallel, and again the top F layer is pinned by an AF layer. This system is used very often because of better 
thermal and magnetical stability. 

2.5 Application 

One ofthe fieldsin which MR.-type matenals are used, next to sensors, is magnetic recording. This is of 
course also the field in which Onstream is active. For the application in tape-streamers a single head is used 
for both reading and writing. In the next section, such a data head is described. 

2.5.1 The data head 
A cross-section of a data head is shown in Figure 12. The tape passes by at the left si de of the head, 
perpendicular to the plane. The data head consists of two parts which are merged, the read-head and the 
write-head. 

Figure 12 Cross-section of data he ad 
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The read-head 
The active part ofthe read-head is the Magnetoresistive element (MRE), which is schematically shown in 
Figure 13. 

bias-strip 

Figure 13 Magnetoresistive element with bias-conductor 

H1ape is the direction of the field created by the tape, e.g. up for 0-bit and down for I-bit. The bias-conductor 
is used because ofthe fact that the AMR response is symmetrie for positive and negative fields (occos28). If 
H1ape is measured using an MRE of AMR material without the bias-conductor, there wil! be no change in 
resistance because of symmetry, as graphically shown in Figure 14. 

Figurc 14 AMR field-resistance curve with/without bias-conductor 

The bias-conductor produces an extra field to shift the AMR curve to the field where it is most sensitive. 
For each head separately the best setting for this bias-conductor is measured and applied during application. 
The bias-conductor is also used, ifthe MRE is made of GMR-material, to shift the total field towards the 
transition between the paralleland the anti-parallel alignment ofthe layers, which also gives the highest 
sensitivity. 

The write-head 
This a magnetic yoke-type head, with a shared and bottorn flux guide. 
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3 Experimental setup 

The aim for this setup is to measure GMR parameters at many positions of a 150mm waf er. Typically to 
qualify a process, sets of I 0 wafers are used. On such wafers the parameters are measured at 9 different 
positions. In this chapter the magnetoresistance setup will described. Insection 3.1 a description will be 
given for every component ofthe setup, then insection 3.2 the positioning ofthe probe on the wafer is 
explained. Finallyin section 3.3 some calculations are explained for the data-processing. 

3.1 Description 

A schematic picture ofthe setup is shown in Figure 15. 

power supply 

co ils 

current 
souree 

probe 

PC 
data acquisition 

card 

Figurc IS Schematic picture ofthe setup 

All the parts ofthe setup are described individually below. 

PC 
The PC has Windows NT and Labview 5.1 installed on it. The data-acquisition card used in this PC is a 
PCI-MI0-16E- I by National Instruments. It has the following specifications: 

two analog output channels (12 bit DAC, range ±IOV, sample rate IMSample/s) 
16 single-endedor 8 differential analog input channels (12 bit ADC, range ± IOV, sample rate 
1.5MSamples/s) 
8 digital in-/output channels 

Power supply 
The power supply is a Kepco bi po lar power supply model BOP 36-6M. It has a maximal output range of 
±36V and ±6A. It can be used as well as a current souree as a voltage source. The output can be controlled 
using the analog output of the data-acquisition card, the I 0 volt input voltage is translated into the 
maximum voltage of 36 voltor the maximum current of 6 amperes. Th is power supply is used tosend a 
current through the coils . 

Resistance 
The I Ohm resistance is used to exactly determine the current which flows through the coils. The voltage 
difference over this resistance is directly measured by the data-acquisition card 
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Coils 
The coils are in a Helmholtz setup, which means that distance between the coils is equal to the radius ofthe 
coils, and have an inner radius of 100 mm cm soa 150 mm wafer can easily be inserted. The theory ofthe 
Helmholtz coils is explained in Appendix A. At the current of 5 A these coils generate a magnetic field at 
the center of 140 Oe. Further specifications ofthe coils are shown in Table 2. 

Number oftums/Jayer 20 
Number of Jayers 22 
Material Cu 
Inner radius of coil (mm) 100 
Outer radius of coil (mm) 130 
Width of co iJ (mm) 32 
Diameter of Cu (mm) 1.5 

Table 2 SpecJficat10ns of the cmls 

The casing of these co iJs consistsof Pertinax (also known as 'hard paper', Paxoline or Bakelite). This 
material is a Jayered composite material of paper which is soaked with an adhesive resin Jayer by Jayer and 
then pressed under heat and high pressure. 

Four point resistance probe 
The four point resistance probeis the Alessi C4S 4-point probe head (shown in Figure 16). 

probe head 

The spacing between the carbide tips is 1.27 mm. The tips are placed in a hydraulic-system so that the 
applied force from the tips on the surface always is constant. 

Current souree 
The current souree is made in cooperation with the Technica) University Eindhoven and is designed by Jef 
Noijen. The schematics ofthe current souree are shown in Appendix B. The current can be set in a broad 
set of ranges, from 0.1 mA to I 00 mA. The output is controlled by the analog output ofthe data-acquisition 
card, a 2 V input voltage is translated to the maximum current at the set range. The current souree itself 
needs a bipolar power supply of 15 V. It sends a current through the outer pins ofthe 4-point probe and 
then the voltage difference is measured over the inner pins ofthe probe using the data-acquisition card 
(graphically shown in Figure 17). 

Figure 17 4-point probe measuring principle 

I f there is no contact between the pins and the sample, the switch at the front of the current souree has to be 
set up . Th is switch short-circuits the output by using a LED, in order to always have a possibility for the 
current to flow. Of course, before the start of the measurement, the switch has to be tumed down again, so 
the measurement will not be influenced. 
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3.2 Positioning 

A simplilled picture and a photo ofthe setup are shown in Figure 18. 

2 .. 

Flgure 18 Setup 

The positioning of the wafer has two dimensions of freedom, the x- and y-direction, which can be set by 
using respectively pole A and B. The positioning ofthe probe has one dinlension offreedom, the y
direction, which can be set by using pole C. All these poles have the same step-lengthof 11mm. The 
positions ofthe wafer are labeledAto M for the x-direction (pole A) and labeled 3 to 7 for the y-direction 
(pole B). The positions of the probe are labeled -2 to 2 in the y-direction (pole C). Because of the fact that 
there are two possibilities to set a position in the y-direction and they are placed on top of each other, the 
labels of these poles (B and C) can be added. The sum of these labels is the position on the wafer in the y
direction (1 to 9). Due to the non-uniformity of the magnetic field it is best to keep the probe as much as 
possible in its center position (0). All the possible positions ofthe probe on a 150 mm wafer are shown in 
Figure 19. 
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Figure 19 Possible positions of the probe 

Using pressurized air the height ofthe probe can be set up or down using lever, shown in Figure 18 at nr. 
I . If the probe is down and thus in contact with the wafer, the pol es are blocked and cannot be moved. The 
force with moves the probe can be set by using the reducing valve, shown in Figure 18 at nr 2. 

3.3 Data-processing 

To give a quantification of the homogenity or quality of a process, the non-uniformity (WIW) and non
repeatability (WTW) of a given parameter can be evaluated. Both these val u es can be computed using the 
next equation. 

WITW(%) = max-mm 
2·average 

Equation 13 non-uniformity and non-repeatability 
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4 Software 

Within this chapter, the general description ofthe software programs, used to calibrate and measure, is 
given. In section I the calibration programs will be described for both the magnetic field and the current 
source. The measurement program is described insection 2. Insection 3 the programs will be discussed for 
the data-processing. The used sub-vi ' s will be discussed insection 4. 

4.1 Calibration programs 

There are two calibrations needed before this setup can work: calibration for the magnetic field and the 
current source. 

4.1.1 Magnetic field calibration 
For this calibration a special vi has been written (calibration- coils.vi). The front panel ofthis vi is shown 
in Figure 20. The diagram ofthis vi is shown in Appendix E. 

Figure ibration -
This visweeps the output voltage ofthe data-acquisition card over its whole range (±IO V) with pre
defined steps. At every step it measures the voltage over the I Ohm-resistance the corresponding magnetic 
field , measured directly under the probe is using a gauss-meter, is entered. All these values are saved in a 
file. From this table all the relations between the output voltage ofthe card, output current ofthe power 
supply and the magnetic field can be established. 

4.1.2 Current souree calibration 
Also for this calibration a special vi has been .written (calibration- current source.vi).The front-panel of 
this vi is shown in Figure 21. The diagram of this vi is shown in Appendix E. 
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- current sn11rve .. v• 

To calibrate the current souree a simple current-meter must be placed serial with aresistor (value doesn't 
matter) at the current output. After the power supply ofthe current souree is tumed on, a bias current will 
flow. This bias current can be zeroed as much as possible by adjusting the potentiometer located on the 
printed circuit board. After this, the vi can be started. This visweeps the input voltage ofthe current souree 
over its whole range (±2V) with pre-defined steps. At every step enter the current which flows through the 
resistor is entered, and this is done for every range of the current source(0.1 mA, 1 mA, 10 mA and 100 
mA). At the end ofthis measurement the linearity ofthe current souree response can be checked by 
viewing the graph of each range. All the values are saved in a file. From this table the relationship between 
the input-voltage and the output-current can be computed at every range. 

4.2 Measurement program 

Once the setup is calibrated the measurement program can be started (Measure MR.vi). The front-panel of 
this vi is shown in Figure 22 on the next page. The diagram ofthis vi is shown in Appendix E. 
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Figure 22 Front-panel of'Measure MR.vi' 
lt can be divided into different parts. All these parts are described below. The numbers correspond to the 
different sections on the picture. 

I. Buttons 
With these buttons all the different parts ofthe program can be started. The red light at the right of these 
buttons shows which part ofthe program is running. The reset button resets all output ofthe data
acquisition card to zero and the stop button stops the program. All the other buttons are described at the part 
of the program where they refer to. 

2. Hardware setup 
In this section all the hardware setup data are set. (e.g. the device number, channels and the sample rate) 
I f all these val u es are set, they can be saved as default val u es. 

3. Current setup 
In this section the output current ofthe current souree can be set. A choice can bemadebetween a DC or 
AC current using the ' DC or AC' switch. If the current setup is in DC mode only the amplitude ofthe DC 
current (Current amp DC) and the used range ofthe current souree (Range) are relevant. But ifthe AC 
mode is used, also an AC amplitude can be entered (Current amp AC). Ofthis AC signa) the number of 
samples of one wavelength and the frequency must be set. And on the contrary to the direct data-acquisition 
in DC mode, a software lock-in amplifier is used in AC mode. The orderand the bandwidth ofthis lock-in 
amplifier can be set. Then ifthe 'Set Current' lw.tton is pushed an array is tilled with the output voltages of 
the data-acquisition card for the current souree using the current souree calibration file . This array is plotted 
in the graph at the middle. 
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4. Field initialization 
In this section the path is set which the field follows. The values ofthe field have to be entered and the size 
of the steps which have to be taken between those values. Up to I I different fields can be entered, so the 
most detailed and extensive field loop can be entered. Then ifthe ' Initialize' button is pushed, an array is 
tilled with the output voltages ofthe data-acquisition card for the power supply using the current souree 
calibration file. This array is plotted in the graph at the top. 

5. Measurement 
The measurement is started using the ' Start' button. First of all the time left is calculated by using the 
' Total steps ' and the ' milliseconds per step' . Second, the output ofthe power supply is set using the frrst 
value ofthe field-array, then the resistance is measured by dividing the measured voltage difference over 
the inner tips by the current (using Ohm's law). Then the second vaiue ofthe field-array is used, and so on. 
All the measured data are directly plotted in the 'Field vs Resistance ' -graph. 

6. Computing and processing 
When the measurement is completed (thus the red light next to the Start-button is tumed oft), it is possible 
to let the program compute some parameters (maximum and minimum resistance for GMR and for AMR 
also the Hk values). So before the Compute-button is pushed, the type ofmeasurement has to be set using 
the ' GMR or AMR'-button. Then ifthis button is pushed, using a simple algorithm the maximum and 
minimum resistance is computed and horizontal bars are plotted in the graph at these values and ifit's an 
AMR measurement also the Hk values are computed and plotted in the graph using vertical bars. These 
values can still be altered by the operator by simple drag-and-drop ofthe lines. Then ifthe ' Process ' -button 
is pushed, the MR-ratio and sensitivity is calculated and for the GMR-measurement the Hr and He are 
calculated, for the AMR-measurement the Hk is calculated. These values are shown in the ' measured 
values ' windows. 

7. Saving 
Finally, all the data can saved. The directory (default is the //proddata/measinno network-drive), the wafer
number (maximum of 6 characters), the measured position (2 characters) and the number of digits precision 
has to be entered and there 's also a possibility toenter a comment on the measurement. The filename ofthe 
measurement is the wafer-number plus the position and the extension is '.amr' or ' .gmr' (e.g. 
' wfri23g5 .gmr', so this is a GMR-measurement at position g5 on the wafer named 'wfri23 ' ). The 
complete layout ofthe files is explained in Appendix C. 

4.3 Data-processing 

After all the data are measured and saved, they can be used to compute the non-uniformity (WIW) and non
repeatability (WTW) values of some parameters. For both these values a program is written and will be 
described below. 

4.3.1 Non-uniformity (mean wiw.vi) 
The program for calculating the WIW-value is called ' mean wiw.vi'. The front panel ofthis vi is shown in 
Figure 23 . 
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mean 
At the Ie ft the directory path, type of measurement (AMR or GMR) and wafer number must be entered. If 
the program then is started, it will read all the files belonging to this wafer. Then it will extract all the 
computed values (MR-ratio and sensitivity and, depending on the measured, either the Hr and He for GMR, 
or Hk for AMR). The average and also the WIW value is computed forthese values. Finally, all these 
computed values are saved. The filename for the mean values is the wafer number and the extension is 
'.mn' (e.g. wfr123.mn) for the WIW values the extension is '.wiw' (e.g. wfrl23.wiw). The order ofthe 
values in the files is as shown in Table 3. 

4.3.2 Non-repeatability (mean wtw.vi) 

I Hr 
T-MR-ratlo 

MR-ratio 

The program for calculating the WTW-value is called 'mean wtw.vi' . The front panel ofthis vi is shown in 
Figure 24. 

Figure 24 Front-panel of'mean-wtw.vi' 
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In principle this program is the same as for the WIW calculations, but in this program an extra file selection 
part is added. From all the wafers the measurements done at the G5 position (the center) are used. A 
difference had to be made between the even numbered wafers and the odd numbered wafers, because odd 
and even wafers were processed on different kind of substrates. It is also possible to simply use a complete 
directory. These two options can be set using the 'Odd/Even-Dir' button. 
When the 'Dir'-option is selected, the only thing that has to beenteredis the directory, the type of 
measurement and the name ofthe file where the computed data should be saved to. When the 'Odd/Even'
option is selected, also the wafer number (without the odd or even numbers), the startand end number and 
whether these are odd or even have to be entered. Then these files are read and the data is computed. The 
data then is savedas the given filename with the extension ' .wtw' for the WTW-values and the extension 
'.mn' for the mean values. The layout ofthe files is the same as the WIW-calculations, as shown in Table 3. 

4.4 Sub-vi's 

In this sectiensome sub-vi ' s will be described, which are used in the programs, described earlier. 

' witw.vi' 

IWltV: I 
Th is vi computes the WIW or WTW value of a given array. An array with values has to be entered and the 
output is the WIW or WIW value. 

'select files .vi' 

This vi is used toselect files . The directory and type ofmeasurement (AMR or GMR) have to be entered 
and ifthe value 'whole dir' is set false, the wafer number has to be entered also, ifthis value is set true 
nothing else has to be entered. The output is an array tilled with the files which can be found. 

'select files odd-even .vi' 

se eet 
odd· 
even 

Th is vi is used to select files, if only the odd and even files are needed. In principle it is the same as 'select 
files . vi' . Only the start and end value of the odd or even numbers have to be entered also and, as a safety 
check, whether these numbers are odd or even. If this isn 't correct an error message is generated and the 
numbers are corrected. Also ifthe expected and the real number of files aren't the same, an error message 
is generated. 

'Oe-s bundle.vi ' 

lEll 
This vi is used to generate the path which the field has to follow. The input is a bundle-element, which 
contains all the fi eld values and the step sizes. The path is simply generated by attaching different ramps 
aftereach other, using 'Oe-s-array incl. ijk.vi' which is described below. 

'Oe-s-array incl. ijk.vi' 

"'::!. 
~ 

This vi is used togeneratea simple ramp by using the files ofthe coil calibration. The startand the end 
magnetic fields have to be entered and also the step size. 1t uses 'calib output coils.vi', which is described 
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below, for the conversion ofthe magnetic field to the voltage output value ofthe data-acquisition card. And 
the output is an array tilled with the ramp of output voltages. 

'calib output coils.vi' 

~ 
~ 
Th is vi is used to convert a magnetic field value and/or the measured voltage difference over the I Ohm 
resistor in the output voltage ofthe data-acquisition card. It uses the data file 'calib-coils.dat', which is 
generated by 'calibration coils.vi'. First of all, a selection has to be made which conversion will be used, 
both convers i ons at the same time is also possible. Th en a value is entered for the magnetic field and or the 
voltage difference. From this value, using interpolation ofthe calibration-file, the output ofthe 
conversion(s) is computed. If one ofthe values extends the calibration-file an error message is generated. 

All the other vi's which are used in the programs are standard Labview vi's. A description of these vi's can 
be acquired by using the Online Help-option. 
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5 Measurements 

The uniformity of the field was determined for all the five possible positions of the probe ( using a 
F.W.Bell Series 9550 Gauss/Tesla meter). The result ofthis measurement is shown in Figure 25. The error 
in the applied magnetic field due to non-uniformity ofthe field is approximately 0.2 %, which is accurate 
enough to be neglected. 
,------------------------------------~ 
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Figure 25 Uniformity of the field 

5.1 GMR 

2 

Most ofthe measurements done with the setup, were done to evaluate two different types ofwafers. On 
bothof these wafers a synthetic anti-ferromagnetic spin-valve layer stack was deposited. Each set of wafers 
consisted of 24 wafers. On all the wafers a measurement1 was done at 9 points, as shown in Figure 26 
(position 85, D3, D7, Gl, G5, G9, J3 , J7 and L5). 

I 2 3 4 7 8 9 

Figure 26 Measured points on wafer-grid 
At the odd and even wafers a different substrate was used and only the data of the even wafers was used. 
Due toa problem wafer number 24 ofthe second set couldn't be used. All the data are shown in graphs in 
Appendix D. 
The average non-homogenity (WIW) and non-repeatability (WTW) of all the data ofboth wafer-sets are 
shown in table Table 4. 

1 All these measurements were done with a de measurement current of 4 mA. 
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Wafer-set 1 Wafer-set 2 
mean WIW WTW mean WIW WTW 

MR-ratio 5.73% 5.83 5.58 5.56% 2.82 3.71 
Hj· 13.35 Oe 10.96 7.15 9.56 Oe 4.55 8.94 
He 2.21 Oe 74.49 72.69 2.92 Oe 15.01 7.70 
Sensitivity 0.59 %/Oe 24.63 22.67 1.28 %/Oe 13 .27 21.74 .. Table 4 Homogemty and repeatab1hty of measured data 

One ofthe things that can beseen from this data is that wafer-set 1 has overall much largervalues for both 
the WIW- and WTW-values. Which is aresult from a much lower homogenity. An example ofthe very 
high WIW-value for He is shown in Figure 27. 

1 9 

Figure 27 Measurements placed on wafer-grid 
On this wafergrid the field-resistance graphs are placed at that position on the grid where they are 
measured. A very large distribution ofthe He can be seen. Also the second wafer-set has a higher average 
sensitivity, which is also very important. 

5.2 AMR 

Measuring the AMR-effect with this setup has some complications, because a form-anisotropy effect it is 
not possible to measure a proper AMR-effect on 150 mm wafers. However ifthis wafer is cut in strips of 
approximately 20 by 5mm the AMR-effect can be measured. This is caused by the fact that on a wafer the 
shape anisotropy is small, but on a strip you get a shape induced easy axis, 
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6 Conclusions 

The magnetoresistance setup, described in this report and used for the measurements has given us the 
possibility to evaluate the quality ofthe magnetoresistance parameters, needed for an evaluation oftwo 
different physical vapour deposition tools. 
From the measured data it can be concluded that the production type used on the second wafer set results in 
a much higher homogenity and repeatability ofthe parameters. Also the average sensitivity ofthe second 
wafer set is more than two times larger (1.28 %/Oe vs. 0.59 %/Oe), which is very important for application 
in data heads. So it can be concluded that the second tooi gives the best results. 
Also it is proven that the magnetic properties of AMR-type materials can be measured only with the 
limitation that this has to be done on strips and not on 150 mm wafers. 
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7 Recommendations 

Due to the small shape induced anisotropy it is not possible to measure the AMR effect on 150 mm wafers. 
However, it is possible to measure the amplitude ofthe AMR effect on 150 mm wafers when the current 
probeis rotated by 90°. However, some modification ofthe mechanica! partsis required to proceed with 
this. 
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Appendix A Helmholtz coils 

N tums 
R radius 
dl fragment of the coil 
a position on the heart line of the contiguration 
x distance of a to the center of the left coil 

The magnetic field due to one coil: 

cosB = ( )112 R2 +x2 

JlolN Rz ,.fdl = !_ IN. Rz 
4n- (Rz + xz y/2 ~, 2 Jlo (Rz + xz y;z 

Two identical coils at distance L, parallel, the Helmholtz configuration. 
The magnetic field at position a is given by: 

1 2( 1 1 J B(x) =- J10 lN · R ( )312 + ( \3' 2 · 
2 R 2 +x 2 R 2 +[L-xY} 

With a single Helmholtz configuration, L=R. 
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Appendix B Current souree schematics 

In this appendix the schematics and printed circuit board layout of the used current souree are shown, in 
respectively Figure 28 and 29. 
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Figure 29 Printed circuit board layout of current souree 
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Appendix C File layout of .amr and .gmr files 

Below is shown a typical data file of a MR-measurement (the folowing values are just to give an indication 
for the file layout, it's only a small part of a complete set of data). 

-0.306309 
-3.611724 
-6.914325 
-10.189899 
-13.495314 
-16.541630 
-19.308638 
-16.316196 
-13.247894 
-10.191065 
-6.692085 
-3.613046 
-0.295368 

DC 

3.447394 
3.447900 
3.448059 
3.454681 
3.593530 
3.632715 
3.634552 
3.633935 
3.631012 
3.625201 
3.558435 
3.442798 
3.447198 

Current amp AC (mA) 
Current amp DC (mA) 
Freq (Hz) 

0.0000 
4.0000 
30 
2000 
3.4479 
5.4271 

ms per step 
Rmin 
MR-ratio% 

{for GMR} 
Hf 
He 
Sensitivity (%/Oe) 
Used new layer-stack 

{forAMR} 
Hk 
Sensitivity (%/Oe) 
After annealing 

IV 

9.48 
3.12 
1.16 

4.78 
0.98 

; lcft column: 
; right column: 

measured field value 
measured resistance value 

; DC or AC measurement 
;AC amplitude ofthe current 
;DC amplitude ofthe current 
;frequency of the AC current 
;milliseconds per step 
;minimum resistance 
;MR-ratio 

;~ 
;He 
;Sensitivity 
; camment 

;Hk 
;Sensitivity 
; camment 
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Appendix D Measured data 

In this Appendix all the measured data are shown. Ofboth sets of wafers the graphs are shown in Figure 30, 
31 and 32 for respectively the mean values, non uniformity and non-repeatability ofthe MR-ratio, Hr, He 
and sensitivity. 
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Figure 30 Mean va lues of field parameters for PVD tooi I and 2. The amplitude of the vertical scale fora given parameter has 
been chosen the sa me for both tools for comparison purposes. 
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Figure 31 Uniformity of field parameters for PVD tooi I and 2. The verticalline represents the venting of the system. The 
amplitude of the vertical scale fora given parameter has been chosen the sa me for both tools for comparison purposes. 
Rem ark: wafers 6 and 18 from tooi 2 have been annealed with the field applied in the reverse direction, explaining the 
deviation of some parameters. 
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Figure 32 Repeatability of field parameters for PVD tooi 1 and 2. The verticalline represents the venting of the system. The 
amplitude of the vertical scale fora given parameter has been chosen the sa me for both tools for comparison purposes. 
Remark: wafers 6 and 18 from tooi 2 have been annealed with the field applied in the reverse direction, explaining the 
deviation ofsome parameters. 
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Appendix E VI -diagrams 

In this appendix the VI-diagrams are shown ofthe programs 'Calibration- current source.vi', 'Calibration 
- coils.vi' and 'Measure MR.vi' in respectively Figure 33, Figure 34 and Figure 35. 

B 

Figure 33 Vi diagram of 'Calibration- current source.vi' 
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a 

r~., 
l[J 

a 

r 
Figure 34 Vi diagram of 'Calibration- coils.vi' 
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Figure 35 Vi diagram of 'Measure MR.vi' 
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Erratum 

In the description ofthe Giant Magnetoresistance in paragraph 2.3.2 on the top of page 8 a mistake has been 
made. Because of the smaller density of states at the Fermi-level for the spin-up electrons, the scatter possibility 
of these electrous is smaller thus resulting in a smaller resistance. 

So the first section of page 8 must be replaced by the next section: 

The dotted line in this picture is the Fermi-leveL At the Fermi-level the DOS ofthe spin-up electrous is clearly 
much smaller than the DOS ofthe spin-down electrons. So the spin-up electrous are much less scattered, which 
results in a lower resistance for the spin-up electrons. This can also be seen as a harrier with different height 
depending on the spin direction, which is graphically shown in Figure 7. 


