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Abstract 

We have successfully developed a fabrication process for ferromagnetic tunnel 
junctions, which allows us to grow the entire junction in situ. The completion of the 
fabrication process involved two steps. The fust step was the design and construction 
of a UHV chamber, in which the tunnel harrier is grown. The harrier is grown by first 
sputtering an aluminium layer. Subsequently the layer is exposed to an oxygen glow 
discharge resulting in an insulating aluminium oxide layer. The second step involved 
the application of MBE growth at a cooled temperature for the ferromagnetic 

\ 

electrades and the utilisation of a shadow mask. Using this fabrication process we have 
successfully grown reprodoeibie tunnel junctions showing tunnel magnetoresistance up 
to 17.7% at room temperature. The magnetoresistance depends largely on the 
magnetic properties of both electrodes, indicating that the maximum value of 
magnetoresistance is not yet reached. 



Technology assessment 

The storage of information is essential to modem society. Many modem 
information storage media are based upon magnetism, such as a hard disk of a 
computer, a video tape or the magnetic strip on a credit card. With the increasing 
amount of available information the need for larger and faster data storage increases. 
This quest for larger capacity and higher speed requires a reduction in the sizes of the 
magnetic structures and media. This requirement can be met due to the rapid 
developments in thin film growth technologies enabling the accurate fabrication of 
incredible smalt structures. These structures exhibit interesting physical properties, 
which are very different from bulk materials, which lead to the discovery of 
magnetoresistive multilayers in the late 1980s. These structures show a large change in 
resistance when a magnetic field is applied. Since then much progress has been made in 
the field of magnetoresistance~ continually improving the performance of the 
magnetoresistive structures. One of the latest magnetoresistive structures with a high 
potential is a ferromagnetic tunnel junction. The magnetoresistance effect introduces 
new possibilities for field sensitive devices and higher storage densities. Even new 
designs for memory chips become possible. 
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1 Introduetion 

Since the mid I980s much research has been done in the field of multilayers. These 
multilayers consist of a stack of hundreds of individual thin metallic Iayers; 
altematingly a magnetic layer and a nonmagnetic layer. These multilayers became 
available as a result of the ever increasing quality of smoothness and homogeneity of 
the interfaces of the layers. In I988 the discovery was made of a large change in the 
resistance when a magnetic field was applied to the multilayer. This effect is now called 
Giant MagnetoResistance (GMR}, because the effect was much larger than the 
Anomalous MagnetoResistance (AMR) effect, discovered earlier. 

Lately an important new area of magnetoresistance research has emerged. In this 
field of research the magnetoresistance of ferromagnetic tunnel junctions is studied. 
This effect is called Tunnel MagnetoResistance (TMR) or lunetion MagnetoResistance 
(JMR) and is the basis ofthis report. Such a tunnel junction is a stack ofthree very thin 
planar layers consisting of a ferromagnetic metal, an insuiator and again a 
ferromagnetic metal. These junctions became available only last years, because of the 
until recently unsolved difficulties in fabrlcating tunnel junctions. The TMR effect may 
finally turn out to have an even greater potential than the GMR effect, which marks the 
start of many new research projects all over the world in the field of tunnel junctions. 

Philips Research Laboratorles and the Eindhoven University of Technology have a 
close collaboration in the research field of magnetoresistance for many years now, with 
considerable results over the last few years. The research project presented in this 
report is part of this collaboration and it is the first attempt to set up a program to be 
able to produce tunnel junctions. 

The pioneerlng work concerning tunnel magnetoresistance was first conducted by 
Julliere [1] in 1975. He formed Fe/Ge/Co junctions and measured the conductance at 
temperatures below 4.2 Kelvin under different magnetic fields as a function of the 
applied voltage. The relative change of conductance, llG/G, was approx.imately I4%, 
where llG is the difference of conductance between the two values corresponding to 
parallel and antiparallel magnetisations of the two ferromagnetic electrodes and G is 
the conductance in the state of antiparallel magnetisation. After Jullieres paper several 
attempts were made in order to prepare a junction with large magnetoresistance ratio. 
The values of tlRIR at room temperature reported before I995 are below 3%, which 
are far less than the values expected from the theory taking the ferromagnetic electrode 
spin polarlsations into account. This theory as well as a quanturn mechanica] 
descrlption oftunnelling is presented in chapter 2. More recently, tunnel junctions with 
magnetoresistance ·ratios of over I 0% at room temperature have been fabrlcated [2,3]. 

The experlmental difficulties in making tunnel junctions are classified into two 
categorles. First, there is a problem of making a harrier that is uniform, free from 
pinholes and thin enough to allow electron tunnelling. The thickness required is 
generally considered to be in the order of I to 2 nm. The second problem is to make 
the surface of the metal good enough so that the junction characteristics represent the 
interlor properties of the metal and not those of a surface layer. These two problems 
can be solved if the preparation of magnetic and insuiator layers is done under a highly 
controlled atmosphere. However, such a fabrlcation process, requiring sophisticated 
UHV equipment and in-situ ox.idation capabilities, is very delicate and only has been 
developed only recently. 
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To set up the program to produce tunnel junctions, two main obstacles had first to 
be tackled. As described above, the main obstacle is to grow an insuiator layer with the 
required properties. For this purpose we have designed and constructed an ultra high 
vacuum chamber in which the insuiator layer could be grown. With the chamber we 
have tested and optimised the grow of the insuiator resulting in tunnel junctions with 
the required properties. The next obstacle was to be able to grow the entire structure 
in situ. For this purpose a shadow mask was already designed. With a few 
modifications to the shadow mask, we have completed the program to produce an 
entire tunnel junction in situ. The completion of the fabrication program, which is 
presented in chapter 3, has taken up a large part ofthe research project presented here. 

With the completed program we have started the characterisation of the tunnel 
junctions produced and made an attempt to optimise the results. The results are 
presented in chapter 4. In figure 1.1 the resistance of our best tunnel junction is plotted 
as a function of the applied field, showing a magnetoresistance effect of 17. 7%. The 
dotted arrows indicate the direction of the field sweep and the solid arrows indicate the 
magnetisation directions in the electrodes. At the moment this is, as far as we know, 
the record for tunnel magnetoresistance at room temperature in Europe. 

Research in the area of magnetoresistance has also been boosted by the influence of 
large electronic companies like ffiM and Philips, because the application range of 
magnetoresistance is very large. It can be to use for sensitive sensors for magnetic 
information storage, like hard disks or tape recorders, or for magnetic memories. 
U sing the GMR effect in these applications has much advantage over the AMR effect, 
enabling low power consumptions and larger storage densities. However, as stated 
before the TMR effect may have an even greater potential than the GMR effect. 
During our research we have looked into one of the most promising applications of the 
magnetoresistance effect, namely Magnetoresistive Random Access Memories 
(MRAMs). The result ofthis study is presented in chapter 6. 
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Figure 1.1. The magnetoresistance of our best tunneljunction as ajunetion ofthe 
applied magnetic field, taken at room temperature. 
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2 Theory 

As stated in the introduction, a new class of magnetoresistive elements is formed 
by ferromagnetic tunnel junctions. The conduction in these junctions takes place by 
spin dependent electron tunnelling, which can only be described by the laws of 
quanturn mechanics. In this chapter we wilt therefore start with the basic quanturn 
mechanics involved in tunnelling. This is foliowed by a description of electron 
tunnelling in a solid and an approximation will be derived for the tunnel current. 
Subsequently two different descriptions of spin dependent tunnelling will be given. The 
fust one is rather phenomenological and the second one is based on a free electron 
model. This chapter is concluded by a qualitative description of the operatien of a 
tunnel junction. 

2.1 Tunnelling (genera/) 

Within nonrelativistic quanturn mechanics the states of a system are given by the 
salution of the Schrödinger equation. Such a salution is called a wave function. In one 
dimension, the time-independent Schrödinger equation for a partiele of mass m with 
potential energy V(x) is 

(1) 

where rp(x) is the wave function. In general, this equation will have solutions only for 
certain values of the energy E. These values, which usually result from applying 
boundary conditions to rp(x), are known as eigenvalues. 

An important condition on the wave function is that 'I' and its first derivative d'lfldx 
must be continuous across any boundary; in fact, the same situation applies to elassical 
waves. If, for instance, there is a boundary at x=a, both conditions can be written as 

lim [lfl(a + e)- lf!(a- e)] = 0 (2a) 
&-+0 

and 

lim [( dlfl) - (dlfl) ] = 0 
&-+0 dx x=a+& dx r=a-& . 

(2b) 

However, ifthere is an infinite discontinuity in V(x), it is pennitted to violate condition 
(2b ), but condition (2a) must always be satisfied. 

Another condition on 'I' is that 'I' must remain finite. A salution to the Schrödinger 
equation that allows 'I' to become infinite is not physically meaningful. To satisfy this 
condition and to normali se 1f1 at the same time, a third condition is used: 

J:"' * 'lfdx =I, (3) 

where '1'*'1' is the probability density. In other words condition (3) says that the 
integrated probability to find the partiele must be I. 

For a partiele in free space, there are no forces acting on the partiele and V(x)=O 
everywhere. Equation (I) canthen be rewritten as 

d 2 '1f 2mE 
dx2 =---,;;-'I'· (4) 
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The solution to this differential equation can be written as 
'l'(x) = Aeikx + Be-;1cx, (5) 

where k 2 = 2mE I 1i 2 and where A and B are constants. The fi.rst term represents a 
wave travelling in the positive x direction, while the secend term represents a wave 
travelling in the negative x direction. The intensities of these waves are given by the 

squares ofthe respective amplitudes, IAI
2 

andiBI
2

. 

We are particularly interested in the case where a partiele encounters a harrier. In 
quanturn mechanics there is a certain chance that a partiele will traverse such a harrier, 
which is denoted as tunnel/ing. A harrierpotentialis introduced with 

V(x)=O x<O 

=V0 O~x~a (6) 

=0 x>a 
with E<V0. A schematic diagram of the harrier potential is given in tigure 2.1. We 
distinguish three regions: region 1 is x<O, region 2 is O~~a and region 3 is x>a. In 
region 1 and in region 3, the Schrödinger equation is identical to equation (4) with 
solutions '1'1 and '1/3 

'I' I (x) = Ae '"•x +Be -ikzx 
(7) 

'I' 
3 
(x)= Feik3x + Ge-ik3x, 

where k1
2 = ki = k 2 = 2mE I 1i 2. In region 2, however, the Schrödinger equation is 

d 2 'I' 2m(E - V0 ) 

dx2 =- 1i2 'I'· (8) 

and since E<Vo, the solution 1/h. can be written as 
'I' 2 (x)= Ce"zx + De"zx' (9) 

where k~ = K 2 = 2m(V0 - E) I 1i 2
• 

Assuming the partiele is incident from x = --oo , then the A term in '1'1 represents the 
incident wave travelling in x<O towards the harrier at x=O, and the B term in '1'1 
represents the reflected wave travelling in x<O back towards x = --oo . The F term in lf/3 
represents the transmitted wave, the wave in x>a travelling away from x=a. The G 
term in '1/3 cannot represent any part ofthis problem because it would represent a wave 
in x>a coming from x= -too in the negative direction. Within this problem the only 
wave in region 3 can be a transmitted wave, so the G term is eliminated by setting G to 
zero. The terms C and D in 1/h. represent waves going in both directions because ofthe 
reflections at both discontinuities at x=O and x= a. 

Applying the boundary conditions (2a) and (2b) at x=O and x=a gives the four 
equations 

A+B=C+D 

ik(A- B) = iK(C- D) 

Cem + De-m = Feika 

i K(Cem - De-m) = ikFe;~ca. 

(10) 

We now define a reflection coefficient R as the intensity of the reflected wave 

divided by the incident wave: R = IBI
2 

I IAI
2 

• The transmission coefficient T is similarly 

defined as the fraction of the incident intensity that is transmitted past the harrier 

4 



z=O z=a 

Figure 2.1. The wave function of a partiele of energy E<V0 encounteringa harrier 
potential (the partiele would be incident from the left in the .ft gure). The wavelength is 

the same on both sides of the harrier, but the amplitude beyond the harrier is much 
less than the original amplitude. The partiele can never be observed inside the harrier 

(where it would have negative kinetic energy), but it can be observed 
beyond the harrier. 

resulting in T = IFI2 
I IAI2. A little algebra yields the following result for the 

transmission coefficient 

T = {2k1c)2 = --__,,......1 __ _ 

( k 2 + 1(2 r sinh 2 Ka+ {2h.· )2 1 +.!. ~2 sinh2 1(Q 

4 E(V0 -E) 

(11) 

Even though the energy of the partiele lies below the top of the harrier we find a 
finite value for the transmission coefficient, which is, in fact, the same quantity as the 
tunnelling probability. This is the result of the wave phenomenon in quanturn 
mechanics. When mis large then sinh(1a1) can be approx.imated by lh·exp(KIZ) and the 
transmission coefficient is 

T =: ( 4kK )
2 

-2Ka 
- 2 2 · e · 

k +K 
(12) 

This is an extremely sensitive function of the width of the harrier a and of the amount 
by which the harrier height Vo exceeds the incident energy E, meaning that the 
tunnelling probability will exponentially decrease with wider and higher harriers. 

In general, the harriers that occur in physical phenomena are not square but are 
irregularly shaped. With the Wentzel-Kramers-Brillouin (WKB) approx.imation 
technique one can obtain an approximate expression for the transmission coefficient T 
through an irregularly shaped harrier in a proper way, given the fact that there is no 
exact solution available for most potentials. Using the WKB approx.imation, as 
described in many quanturn mechanics hooks [4], the transmission coefficient T can be 
written as 

T:exp{- ~J ~2m(V(x)-E)dx} (13) 

with the integration over the region where the harrier height V(x) exceeds the incident 
energy E. 

2.2 Tunne/ling in a so/id 

Conduction electrens in a metal can often be described within the free electron 
model. In this .model, all electrens in the solid are held by a potential described by one 
box offinite depth as shown in tigure 2.2a. The electrens are actually stacked up in 
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-ec~: 

(a) (bi 

Figure 2.2. (a) Electronic energy levels in me tal. EF is the Fermi energy and Wis the 
work junction. (b) Potential aftered by an extemal electric field 

energy levels that are very dense, since the box is very wide. Due to Pauli exclusion 
principle no more than two electroos with different spins can occupy a given energy 
level. For the lowest energy state of the metal, all the levels are tilled up to eertaio 
energy, called the Fermi energy, which depends on the density offree electrons. When 
the temperature is above 0 K, a few electroos are thermally excited to higher levels, 
but even at room temperature, the number is small. The difference between the F ermi 
energy and the top of the well is what is required to bring an electron out of the solid. 
This amount of energy is called the work function W, which varles from metal to 
metal. Electroos can be removed by transferring energy to them, either by photons or 
heating them. They can also be removed by the application of an extemal electric 
field &. Cold emission occurs because the extemal field changes the potential seen by 
an electron from Wto (W-e.sx), see tigure 2.2b, ifthe electron is at the top ofthe "sea" 
of levels. The transmission coefficient or, better, the probability of the electron teaving 
the solidis 

{ 

2 Wie& } 

T = exp - 1i [ ~2m{W- e.sx )dx 

which, using a standard integral, leads to 

T = exp{- _i_ W .J2m w} 
3/i es 

(14) 

(15) 

The argument ofthe exponent in equation (15) is proportional to the barrier thickness 
at the top of the F ermi sea, since that thickness is given by a= Wl e &. 

If two metal plates are brought close together, separated by either a vacuum or an 
insuiator providing for the barrier, a similar effect appears. Figure 2.3 shows the 
situation both with and without a potential difference. Without the potential difference 
tunnelling is not possible because the levels on both sides of the barrier are filled. 
However, at temperature above 0 K thermally excited electroos do tunnel, but because 
the tunnel currents in both directions are equal the net tunnel current remains zero. The 
effect of even a weak electric field is to lower the Fermi sea on one side of the barrier 
and also to change the shape of the barrier a little. The latter effect will be neglected. 
This, in effect, brings the empty levels in correspondence with the tilled ones on the 
other side ofthe barrier, and now tunnelling can occur, with transmission coefficient 

T: exp{- ~ a.J2mW I li 2
} (16) 

Such a factor acts as a resistance. This expression is very sens1t1ve to the gap 
separation a. Since the work function is in the order of electron volts, the separation 
has to be in order of angstroms. 
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Met al Vacuu Met al 

Levels from { liiil which tunneling 
can occur 

Applted voltage eV 

Figure 2.3. Energy diagram for tunnelling between two metals separated by vacuum. 
Tunnelling between metals is possible only when there are empty stales on the right. 

Such empty stat es are created when e V is applied to lower 
the Fermi level on the right. 

2.3 Approximation for tunnel current 

In his paper Simmons derived a theoretica) current-voltage relationship for a tunnel 
junction [5]. He looked upon a tunnel junction as two metallic electrodes separated by 
an insulating film and stated that equilibrium conditions require that the top of the 
energy gap ofthe insuiator is positioned above the Fermi level ofthe electrodes. Thus, 
the action of the insulation film is to introduce a potential harrier which impedes the 
flow of electrons between the electrodesas shown in tigure 2.4. 

"~"'L(V[~ 

,.---llaCU\JIII LEVEL 

Figure 2.4. General harrier in an insulatingfilm between two metal electrodes. 

Simmons used the same WKB approximation for the probability that an electron 
can penetratea potential harrier ofheight V(x) as equation (13). Together with Fermi's. 
golden rule he derived a formula for the number N1 of electrons tunnelling from · 
electrode 1 to electrode 2, per time and area unit, and vice versa (N2). Fermi's golden 
rule states that the number of electrons tunnelling is given by the product of the density 
of tilled stat es at a given energy in one electrode and the density of empty stat es in the 
other electrode at the same energy multiplied by the square of a matrix element 
descrihing the probability of tunnelling. The current through the harrier is equal to the 

net flow of electrons N=N1-N2. Then by taking V(x)=q+-q;(x) and rp as the mean harrier 
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height ahove Fermi level, with reference to tigure 2.4 and 2.5, and hy taking advantage 
of a few approximations, Simmons derived the current density J 

J = J0 {~exp[-A~i]- (~ + eV)exp[ -A(~+ ev)i ]} (17) 

with J0 = _e_ 
1 

2 
and A= 

4
1rf3 Li5.J2;, in which Lis=s1-s2, with respect to tigure 

2m (Pils) h 

2.4 and p is a correction factor of order 1 due to the approximations made. Equation 
(17) can he applied to any shape of potential harrier providing the mean harrier height 
is known. As displayed in tigure 2.5 equation (17) can he interpreted as a current 

density J 0 ~ exp[-A~ i ] flowing from electrode I to electrode 2 and a current density 

J 0 (~ + e V) exp[-A(~ + e V) i] flowing vice versa, resulting in a net current density J. 

- -112 Joep IIPH cp ) -

\ 

Figure 2. 5. Pictorial illustration of equation (17), shol.ving current flow 
between the metal electrodes 

Simmons then applied equation (17) to a rectangular potential harrier in the low 

and intermediate voltage range eV<~, see tigure 2.6, with rp=(~-eV/2). If the 

correction factor f3 is set to unity, the error in the value of the exponents is 
approximately 6% at eV=~ reducing rapidly to 1% for eV=0.15~. Therefore p can he 
chosen to he unity in a reasonahle approximation and equation ( 17) then hecomes 

1 = lo{( 9'o- •;) ex{ -A(Q>o- •;i]-( 9'0 + •;) exp[ -A(q>0 + •;) i ]}(IS) 

with J 0 = _e_-+ and A= 
4

7r s.Ji;,. Using equation (18) the harrier height ~ and 
2nh s h 

harrier width s can he determined, if the current-voltage characteristic of a tunnel 
junction is known. 
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Figure 2.6. Reetangu/ar potential harrier in insulatingfilm between metal electrodes 
for V<<pc/e. 

2.4 Magnetism 

Magnetism arises from the properties of the individual atoms in a material and their 
interactions. In a magnetic material the atoms can be seen as small magnetic moments. 
The combination of these magnetic moments gives rise to its magnetic behaviour. The 
ordering of the magnetic moments (spins) is determined by interactions between the 
atoms in a materiaL In general three different magnetically ordered arrangements, 
displayed in tigure 2.7, can be distinguished: ferromagnetic, antiferromagnetic and 
ferrimagnetic. These arrangements have the spin ordered parallel, antiparallel and 
antiparallel, respectively. An antiferromagnet basnonet magnetic moment because the 
antiparallel aligned magnetic moments cancel each other. A ferrimagnet bas a net 
magnetic moment because of the difference in size of the magnetic moments that are 
antiparallel aligned. 

l l l l l l l l l 1 l t•l 1 l 1 l l l ~.l ~ l l 
0) b) C) 

Figure 2. 7. (a) ferromagnetic ordering; (b) antiferromagnetic ordering; 
(c) je"imagnetic ordering 

When a ferromagnetic of ferrimagnetic material is placed in an extemal magnetic 
field the net magnetisation will tend to align itself with the applied field. The 
magnetisation wilt only fully align if the applied field is sufficiently large. Electrons in 
the ferromagnet have two spin orientations with respect to the direction of the 
magnetisation of the ferromagnet, viz. spin-up and spin-down. We define nt and m. as 
the density of conduction electrons whose spins are parallel and antiparallel to the 
magnetisation. In a ferromagnet nt and m have different values, polarising the 
ferromagnet. The spin polarisation Pis defined as P=(m-m)/(nt+n~). The polarisation 
of some metals has been measured and the values are shown in table 2.1. 
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Me tal Spin polarisation (%) 

CoFe 47 
Fe 40 
Co 35 
Ni 23 
Gd 14 

Table 2.1. Spin polarisations of conduction electrons tunnelling 
for ferromagnetic metals [6]. 

2.5 Spin polarised tunnelling (phenomeno/ogical) 

Based on spin-polarised tunnelling experiments between a superconductor and a 
ferromagnet performed in the early seventies [6] Julliere has put forward a model for 
tunnelling in a ferromagnet-insulator-ferromagnet trilayer thin film planar junction [1]. 
He assumed that the electrans tunnel without spin flip and that the tunnel conductance 
of each spin direction is dependent on the density of states of that spin in each 
electrode. In this model the tunnel current is expected to be larger when the 
magnetisations of the two electrades are parallel than when they are antiparalleL 

Analysing the tunnel conductance measured in these early experiments, based on 
the spin density of states at the F ermi level of the two ferromagnetic electrodes, he 
proposed that the conductance G of the junction is proportional to the sum of spin-up 
and spin-down current. Defining a=ml(m+n~) and (1-a)=m/(m+n~) as the fractions of 
majority and minority tunnelling spin electrans in the density of states, respectively, the 
conductance G is given by 

G P oc a 1 • a2 + (1- a 1) • (1- a2 ) 

with parallel magnetisations in both electrades and by 
Gap oca1 ·(1-a1)+a2 ·(1-a2 ) 

(19) 

(20) 

with antiparallel magnetisations. The indices 1 and 2 stand for the top and bottorn 
electrode, respectively. This spin conservation hypotheses gives a relative conductance 
varlation of 

tJ.G GP -Gap 2·~-~ 
-= = (21) 
G Gp 1+~ ·P2 ' 

where P=2a-1 is the conduction electron spin polarisation of one ofthe electrodes. The 
change in the tunnel resistance is expressed by a slightly different expression written as 

M. _ Rap-Rp _ 2·~-~ 
-- - , (22) 
R RP 1-~·~ 

where Rp en Rap represent the junction resistances when the two ferromagnets have 
their magnetisations parallel and anti-parallel, respectively. This definition of tunnel 
magnetoresistance is used throughout this report. Note that within this theory the 
magnetoresistance only depends on the polarisations of the electrades and is 
independent of e.g. temperature, harrier width and harrier height. 
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2.6 Spin polarised tunnelling (tree electron approximation) 

Slonczewski has proposed a model using a free electron approximation [7], as was 
done in the paragraph 2.2. In this model of spin polarised tunnelling, electrons are 
treated as independent particles with spin-up and spin-down having different wave 
veetors kr and k~ inside the ferromagnet, but the same attenuation coefficient K in the 
harrier region. The wave function matching at the ferromagnet-insulator harriers is 
done separately for each spin direction and the total current is the sum of these two 
independent currents. 

Slonczewski considered in his theory two ferromagnetic conductors separated by a 
nonmagnetic harrier. By using a free electron approximation for the spin polarised 
electrons inside each ferromagnet the one-electron Hamiltonian in one dimension may 
be written as 

-1i d -2 ( )2 H~ =- - +U({)-h({)·Ü. 
2m dÇ 

(23) 

The three terms on the right in equation (23) represent the kinetic energy, the potential 

and the internat exchange energy. The internat molecular field h({) causes the 
exchange splitting between the spin-up and spin-down electrons. The conventional 
Pauli spin operator is noted as ä (=2s), the effective electron mass is given by mand Ç 
represents the position along the axis in figure 2.8. 

2 3 

i z· ,~z 

J. t~' 1---h=-----,0 .\ ~. 
y x y• 

Figure 2. 8. Schematic poten ti al for two fe"omagnets separated by an insulating 

ba"ier. The molecular fields hA and hB within the magnetsfarm angle (}. 

In this model of tunnelling a rectangular potential harrier is assumed with U= U0 for 
o<ÇCd and U=O otherwise, as indicated in figure 2.8. As the harrier is assumed to be 
non-magnetic, h=O inside the harrier. The two ferromagnets A and B have identical 

material properties and h~ve hA and hB constant with lhA I= liiB I= ho inside each semi-

infinite ferromagnet. However, the directions of hA and iiB as well as the 
corresponding spin quantisation axes z and z' can differ by a certain angle denoted 
by B. Inside the ferromagnets, the one-electron energy is 

1i2 
E --k 2

--l. ,..-+1 ~ - G Uflo , v - - , 
2m 

(24) 
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where kuis the electron wave vector. Inside the harrier, the energy is 
li2 2 

Et: =--IC +U0 , a=±1, 
2m 

(25) 

where iK is the imaginary electron wave vector (the notation o=±1 is the same as 
o=t,J..). The density ofstates pu has the schematic form shown in tigure 2.9. 

E 

0 

Figure 2. 9. Density of stafes of spin-up (pt) and spin-down {pJ) electrons, showing 
the position ofthe Fermi energy EF. 

The mathematical solution of this eigenvalue problem with spin components up and 
down has been performed by Slonczewski. The electron wave transmission coefficient 
is calculated and found to depend on the relative orientation of the magnetisation of 
the ferromagnetic layers. The transmission coefficients for spin-up and spin-down 
electroos result in an expression for the surface conductance G due to tunnelling of the 
form 

G(B) = G0 • (1 + P~ · P~ · cos8), IP.fbl ~ 1, (26) 

where the effective spin polarisation ofthe ferromagnetic-barrier coupleis 

(k"t -kJ..)·(K 2 -k"tkJ..) 
pjb = 2 • (27) 

(k"t +kJ..)·(K +k"tkJ..) 

The indices 1 and 2 of P fb represent the bottorn or top ferromagnetic electrodes, which 
rnight have different compositions and thus different kt and kJ... The first factor in P fb is 
the fractional spin polarisation of the densities of states P1' and PJ.. at the Fermi energy 
of the electrode in the free-electron approximation as used by Julliere. The second 
factor, newly introduced by Slonczewski, arises because the penetration of the 
wavevector f//"t.J.. from an electrode into the harrier depends on kt,J.. and K. 

Assuming a complete parallel or anti-parallel state of the magnetisations in the 
electrodes, 8 equals 0 respectively 1t. Leading to the same formula given by Julliere, 
but with the additional factor in P fb, 

flG G(O)- G(1r) 2 · P~P~ 
G= G(O) = l+P~ ·P~. (28) 

At present there is too little data to decide if either of these models corresponds to 
the physical situation. Conductance anomalies, which are usually considered to be the 
result of spin scattering of electrons from localised magnetic moments in the interface 
or in harrier region, have been measured in many of the experiments and may be 
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essential to some of the results. New techniques with ultra-high vacuum deposition 
methods and junctions with very precisely characterised surfaces should help to resolve 
this uncertainty. 

2. 7 Tunnel magnetoresistance (qualitatively) 

A basic ferromagnetic tunnel junction is presented in tigure 2.1 0. The resistance of 
the tunnel junction is measured in a so-called four-probe measuring set-up. One top 
and one bottorn contact serve as current leads, while the two remaining contacts are 
used to measure the voltage difference. The current flows from the t contact through 
the junction to f contact and the voltage difference is measured between the v+ 
contact and the V contact. The resistance is determined by dividing the measured 
voltage difference by the applied current. 

The field dependenee of the resistance can be qualitatively explained as followed. 
At high fields, beyond the coercive field of the electrodes, the magnetisation directions 
of the two ferromagnetic electrodes are fully saturated and aligned in the field 
direction. The tunnelling probability is high and hence the junction resistance is low. As 
the field decreases towards zero and changes sign, the magnetisation direction in the 
electrode with a lower coercive field reverses, whereas for the electrode which has the 
higher value of the coercive field the magnetisation direction remains the same. In this 
field range the magnetisation directions in the two electrodes are antiparallel to each 
other, thereby lowering the tunnelling probability and raising junction resistance. U pon 
raising the field further in the reverse direction, the magnetisation direction in the 
second electrode also reverses, becoming parallel to the first electrode and the field. 
This leads again to higher tunnelling probability and lower junction resistance. 

Figure 2.1 0. Schematic diagram of a ferromagnetic tunnel junction. 
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3 Experimental procedures 

In this chapter all the experimental details, both of the complete fabrication process 
and of the measurements will be described. In the first part the deposition processes 
will be described. In the second part a description is given of the equipment used in 
this process and contains a summary of the junction fabrication process. The final part 
of this chapter describes the measurements done. 

3.1 Deposition techniques 

The deposition techniques used are sputtering and Molecular Beam Epitaxy 
(MBE). The atoms, produced by these techniques, move to the substrate through a gas 
or a vacuum, respectively. The formation of the thin film on the substrate involves 
several growth processes, which will be discussed later in this paragraph. First the two 
deposition techniques will be discussed. 

3.1.1 Sputtering 

When a solid surface is bombarded with energetic atoms, such as accelerated ions, 
the surface atoms of the solid are scattered due to colli si ons between the surface atoms 
and the energetic atoms. Figure 3.1 shows a schematic diagram of such a collision, 
which is called sputtering. There are a number of different sputtering methods. In this 
research project we used de planar magnetron sputtering. A typical construction is 
shown in tigure 3.2. 

\ 

SPUTTER AlO!~_, 0 
' ' 

__.. INCIDENT JON 

TARGET AlOf~ 

' / 

-=-::-:::::--=::--='h::::::--=:--::l:=:A;:=RGEl SURFACE 

0000000 , 
~ JON HIPLANTATJON 

Figure 3.1. Physical sputtering process. 

A de sputtering system is composed of a pair of planar electrodes. The negative 
electrode is the cold catbode (C) and the other the anode (A). The front surface of the 
catbode is covered with the target material to be deposited. The substrate (S) is 
opposite and parallel to the cathode. With de sputtering the target is composed of a 
metal and the plasma is maintained between the metallic electrodes. The sputtering 
chamber is tilled with sputtering gas, which is in our case argon. An argon plasma is 
maintained under the application of a de voltage between the electrodes. The Ar+ ions 
generated in the plasma are accelerated at the catbode fall and sputter the target, 
resulting i~ the deposition ofthe thin film on the substrate and on the chamber walls. 
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Figure 3.2. A de magnetron sputtering system: {A) anode; {C) cathode; (S) substrate; 
(T) target; (M) magnets; (P) plasma; (E) electric field; (B) magnetic induction. 

In a de magnetron sputtering system the magnets (M) are present behind the 
cathode. The result is a magnetic field in the volume just above the target (T). The 
electroos in the plasma show cycloid motion and the centre of the orbit drifts in a 
direction of ExB with the drift velocity E/B, where E and B respectively denote the 
electric field in the discharge and the superimposed magnetic induction. The magnetic 
induction is orientated such that these drift paths for electroosforma closed loop. This 
kind of electron trapping increases the collision rate between the electroos and the 
sputter gas molecules. This enables one to use a lower sputter gas pressure in the 
range of 1 to 10 mTorr, instead of typically 0.1 Torr for simple de sputtering systems. 
In the de magnetron sputtering system the magnetic field increases the plasma density 
which leads to an increase of the current density at the cathode target, effectively 
increasing the sputtering rate at the target. Due to the low working gas pressure, the 
sputtered atoms traverse the space between the cathode and the substrate with very 
few collisions resulting in a higher deposition rate than for higher pressure deposition 
systems. 

3.1.2 Evaporation 

Molecular Beam Epitaxy (MBE) is the combined process of thermal evaporation of 
a material from a souree at UHV and the condensation onto a substrate to form a thin 
film. Despite the prefix 'Molecular', which comes from the semiconductor technology 
where the MBE was first applied to evaporate GaAs molecules, the present use of the 
MBE is to evaporate atoms from a metal souree in order to grow metallic layers. The 
word 'Epitaxy' refers heretoa eertaio film growth accomplished mostly by heating the 
substrate to a specific temperature. The condensing atoms crystallise in a structure 
with a well-defined relation between the crystal axes of both the film and the substrate, 
called epitaxial. However, we do not necessarily need epitaxial growth. A typical 
construction ofan MBE is shown in tigure 3.3. 

The souree material is placed in a cup. A beam of highly energetic electroos is 
focused onto the souree and it will heat up beyond its melting point, resulting in the 
evaporation of surface atoms. The beam of atoms will then freely move away from the 
souree in all directions under UHV conditions and also towards the substrate on which 
they will condensate into a thin film. 

Besides heating the target material with the use of e-guns the MBE has also two 
other methods. to evaparate the souree material, not used in this report. In a Koudsen 
cell the material is evaporated in a crucible by electrical heating. The third method uses 
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filaments, where a large current is passed through a wire. Thin wires of the desired 
material are wound around this wire. The large current will ohmically heat up the wire 
and the thin wires wound around it will evaporate. 

~ 
VAC. 

VAC. 
CHAMBER 

Figure 3.3. Thermal evaporation process: (ES) evaporation source; 
(S) substrate; (EB) electron beam. 

3.1.3 Barrier growth 

There is a great variety in different methods of growing metaloxide films. In 
principle one can either grow a metaloxide film directly or indirectly. With direct 
growth, the metaloxide for instanee is rf sputtered or evaporated from a souree 
genuinely made of that metaloxide. With indirect growth, the metal is first grown and 
later oxidised. The oxidation can be done either in situ or ex situ. Ex situ, for instance, 
by exposing the sample to air for 24 hours. In situ, for instance, by exposing the 
sample to a controlled oxygen environment or by placing the sample in an oxygen 
plasma achieved by a glow discharge. lt has been reported that using an oxygen glow 
discharge will result in a harrier with good tunnel properties [2,6,8). 

In this research project we use aluminium as the metal and oxidise it by subjecting 
the aluminium surface to an oxygen plasma. After the growth of the thin aluminium 
film is completed and the system has reached the UHV range, oxygen gas is inserted to 
a pressure in the range of 50 to 100 mTorr. A glow discharge is then initiated in the 
system by applying a negative potential of 1.5 to 1.8 kV to an aluminium ring. This 
glow discharge results in an oxygen plasma. The aluminium atoms at the surface react 
chemically with the oxygen radicals from the plasma and hence growth of aluminium 
oxide takes place. The glow discharge is maintained for tens of seconds or several 
minutes, depending on the desired thickness of the aluminium oxide film. 

3.1.4 Growth process 

Once the atoms are freed from their souree they move through a medium towards 
the substrate. On impacting the substrate the atoms lose their velocity component 
normal to the substrate, provided the incident energy is not too high, and are physically 
absorbed on the substrate surface releasing the bond energy. 

The absorbed atoms are not in thermal equilibrium with the substrate initially and 
move over the substrate surface. In this process they interact among themselves, 
forming biggei clusters. 
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These clusters of nuclei are thermodynamically unstable and may tend to desorb in 
time depending on the deposition parameters. If the deposition parameters are such 
that a cluster collides with another absorbed species befare being desorbed, it starts 
growing in size. After reaching a critica! size the cluster becomes thermodynamically 
stal::> Ie and the nucleation harrier is overcome. 

The stable, critical-sized nuclei grow in number as well as in size until a saturation 
nucleation density is reached. The nucleation density and the average nucleus size 
depend on a number of parameters such as the energy of impinging species, the rate of 
impingement, the topography of the substrate, the activatien energies of adsorption 
and desorption and thermal diffusion. A nucleus can grow bath parallel to the substrate 
by surface ditfusion of the adsorbed species as well perpendicular to the substrate by 
direct impingement of the incident species. In general, however, the rate of lateral 
growth at this stage is much higher than the perpendicular growth. 

In the next stage these small islands start coalescing with each other in an attempt 
to reduce the size of their surface. As the islands coalesce larger islands are formed, 
which will growth tagether teaving holes and channels of uncovered substrate. At this 
stage the structure of the film changes from a discontinuous island type to a network 
type. Finally a completely continuous film is formed by filling the channels and holes. 

However during growth a number of defects may occur. When the islands touch 
each other during growth, grain boundaries and various point and line defects are 
incorporated into the film due to mismatch of geometrical and crystallographic 
configurations, as these are randomly distributed over the islands. 

If the growth conditions include high surface mobility obtained by a high substrate 
temperature and crystallographic compatibility between the substrate and the deposited 
material an epitaxial growth is favoured. This means that the crystal structure of the 
deposited material follows the crystal structure of the substrate. The other extreme 
case of thin film microstructure is the amorphous film, which is a highly disordered, 
noncrystalline film with very small grain sizes and no translational periodicity what so 
ever. In between are the polycrystalline films with also small grain sizes and are built 
up out of many different and randomly distributed crystallites with each their own 
crystal structure. 

Under conditions of a low nucleation harrier and high saturation, the initia! 
nucleation density is high and the size of the cri ti cal nucleus is small. This result in fine 
grained, smooth deposits which become continuous at small thicknesses. On the other 
hand, when the nucleation harrier is high and the saturation low, large but few nuclei 
are formed as a result of which coarse grained rough films, which become continuous 
at relatively large thicknesses .. High surface mobility, in genera!, increases the surface 
smoothness of the films by filling in the concavities. Surface smoothness is also 
increased by using very low substrate temperatures. The impinging atoms then hardly 
move over the substrate resulting also in a high nucleation density and small sized 
critica! nuclei. 

A further enhancement in surface roughness occurs if the impinging atoms are 
incident at oblique angles instead of falling normally on the substrate. This occurs 
largely due to the shadowing effect of the neighbouring islands oriented toward the 
direction of the incident atoms. 
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3.1.5 Effect deposition metbod on growth 

The main differences between sputtering and MBE are the background pressure 
during growth and the energy of the impinging atoms. During sputtering the chamber 
is filled with the sputter gas and the souree atoms have to travel through the gas 
colliding with the gas molecules. During MBE growth the souree atoms freely move 
through the vacuum to the substrate without any collisions. This results in that MBE 
grown films are much less polluted with other atoms than sputtered films. On the other 
hand the energy with which the souree atoms reach the substrate is much larger for 
sputtering than for MBE growth. While in MBE growth the souree atoms only have 
thermal energy, the sputtered souree atoms also have kinetic energy with which they 
were sputtered from the target. Their kinetic energy is, however, reduced by the 
collisions they have on their way to the substrate and thus depends the energy, which 
with they will reach the substrate, on the pressure of the sputter gas. This means that 
the sputtered atoms have a greater distribution in surface mobility than the MBE 
evaporated atoms. 

In an MBE the impinging atoms fall mostly under a fixed angle to the substrate, 
while with sputtering the atoms come from all directions, giving rise to more interface 
roughness. On the whole one can say that under most common circumstances 
sputtered films compared with MBE grown films have smaller nucleation densities, 
larger grains, smoother surfaces, rougher interfaces and more impurities. Note that this 
type of resulting film growth critically depends on the Icinetic energy of the sputtered 
atoms. 

3.2 Fabrication process 

In order to make a properly woricing ferromagnetic tunnel junction a number of 
demands are to be met. We set out to create a system to grow the entire junction in
situ in an UHV system with which we will obtain cleaner layers and interfaces in 
publications by other groups using HV systems and/or ex situ steps [3,9-11]. Our 
system is based on an already existing MBE with a number of facilities. In this 
paragraph the demands of a properly woricing ferromagnetic tunnel junction and the 
train of thought bebind the fabrication process is presented. 

3.2.1 Demands for an additional UHV chamber 

The demands for the top and bottorn layers can easily be met by growing the layers 
in the MBE. The harrier, however, is the most critical part. lt has to be very thin, in the 
order of 1 to 2 run. In the case of thicker harriers the tunnelling probability will · 
decrease exponentially, where as in too thin harriers electrical pinholes will short 
circuit the junction. The harrier has to have a very smooth surface in order to prevent 
electric contact between the top and bottorn layers, usually referred to as electric 
pinholes. The harrier must also prevent any magnetic coupling between the top and 
bottorn layer. Otherwise both magnetisation directions of the top and bottorn layer will 
switch coherently resulting in a low magnetoresistance effect. Thus smoothness is also 
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required to prevent any possible magnetic pinholes, through which coupling can take 
place. 

We have chosen aluminium oxide as the harrier materiaL Aluminium is a small 
atom and has a low melting point in comparison with other often used metals. In thin 
film growth these properties make the sputtered aluminium atom highly mobile on the 
surface and will increase surface smoothness. Another property of aluminium in 
comparison with other metals is that aluminium oxidises relatively rapidly and only to a 
certain thickness, sealing the aluminium layer completely. These properties give 
aluminium oxide a high potential for making a good quality harrier and junctions with 
this harrier have been reported to show good tunnelling properties [2,6,8]. However, it 
is not said that other metals will not make good quality harriers, e.g. working tunnel 
junctions with Hf02 harriers have also been reported [12]. At this moment the record 
tunnel magnetoresistance is reported for A1203 junctions. 

Based on above mentioned information we have decided to design and construct a 
UHV chamber, which can consecutively sputter the aluminium layer and oxidise it with 
an oxygen plasma glow discharge. This UHV chamber bas been termed as the ASO 
chamber which stands for "Aluminium Sputtering and Oxidation". 

3.2.2 Design ASO chamber 

A schematic diagram of the ASO chamber is shown in tigure 3.4 and a picture in 
tigure 3. 5. The chamber is attached to transfer tube sealed by an UHV valve. The 
sample holder lies on a cart in the transfer tube. The holder is lifted from the cart by an 
xyz-manipulator with fork and is moved to its proper position in the chamber. 

pyram 
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Figure 3. 4. Schematic diagram of the ASO chamber. 
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Figure 3.5. Picture ofthe ASO chamber. 

The chamber is pumped by a turbo pump with a capacity of 1200 1/s, capable of 
bringing the pressure down to 10"10 Torr. The chamber has one gas supply sealed with 
a variabie UHV valve through which the argon gas or the oxygen gas can be inserted 
into the chamber. The tube connected to the gas valve has three sealable inputs. One 
input for the argon gas, one for the oxygen gas and one connected to a pump which 
can pump down the tube. Because the argon and the oxygen gas are subsequently used 
the tube is always pumped down first and then tilled with the appropriate gas. The 
purity used for both gasses is 5.0, which stands for 99.999%. 

To measure the pressure in the chamber two different kinds of pressure gauges are 
used, with each their own range. A pyrani manometer is used to measure the pressure 
from 1 mTorr to one atmosphere, which are the pressures used during the argon and 
oxygen plasma. An ionisation gauge is used to measure the pressures below 1 mTorr 
down to upper regions ofthe 10"11 Torr range and can be used to check the UHV state 
of the chamber. Because the pyrani manometer is not meant to be used in UHV, it is 
sealed from the chamber by a separate UHV valve. 

We use anIon Tech. Ltd. B315 two inch low pressure planar magnetron sputter 
gun, a schematic is displayed in tigure 3.6. The target (1) is placed in the head (4) just 
on top of the magnets (5). The head is mounted on a flange (9), which serves as the 
UHV seal. The feed through (22) is made of ceramic to insulate the interior from the 
exterior. The exterior (4) is grounded and on to the interior (1) a high voltage can be 
applied using the socket (15) and the electric cable (10,11). The feed through also 
contains two concentric tubes through which the head is water cooled. The water is 
pumped through the small tube, connected to (18a), towards the head and flows back 
through the large tube, connected to (18b). 
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Figure 3.6. Schematic diagram ofthe B315 sputter gun. 

A picture of the interlor of the chamber is shown in tigure 3. 7. The entire sputter 
head can he moved vertically and the head can he shielded by a hand operated shutter. 
This gives us the opportunity to vary the distance between the substrate and the target 
between 3 and 10 cm in combination with the xyz-manipulator. The shutter serves two 
purposes. It is meant to prevent that the sample is sputtered during presputtering and 
to proteet the aluminium target from mddation during glow discharge. 

· Figure 3. 7. Picture of the interior of the ASO chamber. 
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The flange also has a feed through for the high voltage conneetion for the glow 
ring. A side view of the glow ring is given in tigure 3.8 with an additional isometrie 
schematic. The outside ring covers the inside ring on three sides. The oxygen plasma, 
as illustrated by the picture of tigure 3. 7, is mostly contained between the inside and 
outside ring. Therefore the sample is shielded from direct contact with the oxygen 
plasma, by which the plasma ions would either sputter or etch the sample. By using 
this kind of glow ring the sample is now oxidised by oxygen radicals incident from the 
plasma with much lower energies due to previous collisions with oxygen gas. The 
outside ring is grounded by mounting it to the exterior of the sputter head and to the 
inside ring a high voltage can applied using the high voltage connection. The inside 
ring is mounted in the outside ring with ceramic clamps to prevent short circuiting. The 
clamps themselves are shielded by small plates, as can been seen in tigure 3. 7, to 
prevent the coating of the inner clamps with aluminium during sputtering. On the tirst 
prototype of the glow ring these plates were not installed. After a few weeks the inner 
ceramic clamps were coated with aluminium and served as a short circuit between the 
inside and outside ring. Consequently the plasma could no Jonger be initiated, because 
the necessary voltage difference couldn't be established. 

outside J' 
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Figure 3. 8. Schematic diagram of the sputter head with the glow ring. 

3.2.3 Design MBE 

A schematic ofthe MBE is given in tigure 3.9. The MBE is build around an ultra 
high vacuum chamber. Three types of evaporation sourees are installed: e-guns, 
Knudsen cells and tilaments. The flux of atoms evaporated is measured by a 
Quadrupale Mass Spectrometer (QMS). The substrate is mounted upside down in the 
chamber and can be shielded from the flux from each souree by different shutters. The 
MBE chamber is pumped by two turbo pumps with each a capacity of 2200 Vs and is 
sealed from the transfer tube by an UHV va]ve assuring base pressures in the range 
10"11 to 10"10 Torr. 
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Figure 3. 9. Schematic diagram of the MBE. 

The 'MBE has a home-made facility to grow layers at low temperatures, resulting in 
even more smooth surfaces. For this a block of copper is pressed against the sample 
holder through which liquid nitrogen is flowing to cool the substrate. After 
approximately 20 minutes it is assumed that the sample has stabilised at a low 
temperature. The exact sample temperature can not be measured. The ciosest 
temperature sensor is at approximately 5 cm distance of the sample and the sample 
holder. After 20 minutes of LN2 flow this sensor is still at room temperature. The 
block is then removed and growth is started by opening the shutters. 

A schematic of the entire system is given in figure 3. 10. The 'MBE chamber, the 
loadlock, the transfer tube and the ASO chamber are all individual pumped chamber 
separated from each other by UHV valves. The transfer tube has a cage lift, which can 
hold six sample holders. It is used to store sample holders inputted by the loadlock and 
to transport the sample holder from and to the transfer tube and the MBE chamber. 
The sample holders in the transfer tube are transported by a cart. 
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Figure 3.1 0. Schematic diagram of the entire system. 
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3.2.4 Design shadow masks 

To grow the entire junction in situ a technique must be used to be able to select the 
correct geometry for each of the three steps, viz. the bottorn electrode, the harrier and 
the top electrode. For this we use a shadow mask technique. A sample holder was 
constructed with a movable slide as depicted in figure 3 .11 . On the slide the mask plate 
is laser welded. The sample is placed on a separate copper block which is attached to 
the sample holder with screws and the slide with mask can be moved over it in order to 
select the appropriate window. The MBE has a wobbie stick, which was originally 
used for growing wedge shaped samples. With a little modification it could also be 
used to manipulate the slide. By using the wobbie stick we can now select the right 
window for each step. 

sample-holder 

window 

Figure 3.11. Schematic diagram of the sample holder with slide. 

In figure 3.12 the mask with the three windows is displayed. The strips are laser 
sparked in 50 J..lm thin steel. For a complete junction, the slide is fust positioned in 
such a way that the centre window will be right over the sample to forrn the bottorn 
electrodes. Then the open window on the right will be selected by moving the slide all 
the way to the left and the harrier is grown. The final step is to move the slide all the 
way back to the right in order to select the left window and the top electrades can be 
grown. 

~0 ..... 

m:~,----=-_-=_ -1 -1 1-1 == 
lOO~~ -==-=-

:::? =====--== I I I I 
-20x20mm 

I I \ \ 
~0..... 100 J.1111 I ~0 1Uf1 200 1Uf1 

Figure 3.12. Schematic diagram of the shadow mask. 

The bottorn electrades are 9 mrn long and have the following widths: 50, 100, 150 
and 200 J..lm. All top electrades are 4 mrn wide and vary similar in length from 50 to 
200 J..lm. These cross electrades are exactly on top of the bottorn electrades resulting in 
64 junctions per run, withjunctions areas from 2.5·103 to 40·103 J..lm2

. The roughness 
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accuracy of the laser sparkling process is about 5 J..l.m. The electredes therefore vary in 
width by about 10 J..l.m. 

Due to the complicated fabrication, viz. very high precision tolerances, of the 
shadow mask and its holder we possess only one holder. This restricts the sample 
fabrication process to a maximum of one run per day. 

3.2.5 Final process 

We use high resistivity silicon substrates which are attached toa small copper block 
with silver paint. The copper block is baked at 150 oe for approximately 20 minutes to 
eliminate as much as possible the gasses present in the substrate and in the silver paint. 
After the block has been cooled down it is mounted on the sample holder using screws. 
The slide with mask is positioned in such a way that the centre window is right on top 
of the sample. The sample holder is placed into the leadloek and is pumped down. 
After reaching a pressure below 10~ Torr the valveto the transfer tube is opened and 
the sample holder is placed in the lift stage. The valve is closed again and the pressure 
drops back again to below the 10"8 Torr. The sample holder is lifted from the lift cage 
by a fork and the valve to the :MBE is opened. The sample is moved into the :MBE and 
is clamped between two metal rings. The fork is withdrawn and the valve is closed 
returning to a base pressure less than 10"10 Torr in the :MBE. A large copper cooling 
block is pressed against the sample holder and the liquid nitrogen flow through this 
block is switched on. After approximately 20 minutes the block is removed and the 
bottorn strips are grown immediately. With the wobbie stick the open window is 
selected and the sample holder is moved to the ASO chamber via the lift cage and the 
transfer tube. The sample holder is placed into position with a base pressure around 
10"9 Torr. The chamber is filled with argon gas to a pressure of 5.0 mTorr and an 
aluminium layer is sputtered by initiating the argon plasma. The chamber is pumped 
down again to below the 10"8 Torr and is subsequently filled with oxygen gas to a 
pressure of 70 mTorr. A glow discharge at 1.6 kV is initiated and the oxygen plasma 
oxidises the aluminium layer. The chamber is pumped down and the sample holder is 
again moved to the :MBE. Here the final window is selected and the top electrode is 
grown. The growth run is now finished and the sample holder is moved to the 
loadlock. The leadloek is brought to atmospheric pressure by letting in nitrogen gas 
and is opened to retrieve the sample holder. This entire procedure can be successfully 
done in 4 to 5 hours. 

3.3 Characterisation 

In order to study the properties of the grown samples, several analysis techniques 
were used. The thickness of the samples was measured by using X-Ray Diffraction 
(XRD), X-Ray Fluorescence (XRF) and Rutherford Backward Scattering (RBS). 
Information on the surface smoothness of the samples was obtained by u~ing 

techniques like Scanning Electron Microscopy (SEM) and Scanning Tunnelling 
Microscopy (STM). 
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3.3.1 XRD 

XRD is a method to detennine the structure of a materiaL The sample is exposed to 
X-rays emitted by a Cu souree (2=1.541838 Á) at an angle 8with the substrate plane. 
The X-rays are reflected by the sample and detected at an angle 28 with the incoming 
X-ray beam, see tigure 3.13. The X-rays reflected at different crystal planes, at 
different layer interfaces and at the bottorn and top of the film will interfere 
constructively ifthey match the conditions ofthe Bragg law, given by 

2dsin(8) = n...t (n = 1,2,3, ... ) (3.1) 

where dis the distance between subsequent crystal planes or the top and bottorn of the 
film. A normal XRD measurement consists of a scan of the intensity versus angle 8. 
Constructive interference shows up as a peak in the intensity. The acquired scan ofthe 
interference pattem gives information about the crystal orientation and thickness of the 
samples. In this research project we used XRD primarily for thickness measurements 
to detennine and calibrate growth rates. 

X-ray 

sample --L 

Figure 3.13. X-Ray diffraction geometry. 

3.3.2 RBS 

In principle, RBS spectra can be obtained when a beam ofmonoenergetic low mass 
i ons, usually 4He +, is directed onto the sample. A small part of the i ons impinging on 
the solid is elastically scattered back on the atomie nuclei and is collected by a 
detector. An RBS spectrum will result, consisting of a plot of the number of detected 
back scattered particles as a function oftheir energy. 

The energy of the back scattered ions can be calculated using classical laws of 
conservation of energy and momentum. If the angle of detection is fixed and the 
energy ofthe projectHes is known the RBS spectrum can be converted toa mass scale. 

The RBS spectra also contain depth information. Apart from the small fraction of 
the impinging ions which are scattered at the surface, the vast majority of the ions 
penetrates into the solid. These ions can subsequently be scattered by atoms deeper in 
the solid. Ions back scattered at depth, do not only lose energy during the atomie 
colli si on, but also along their path traversed through the solid. Consequently these ions 
appear at slightly lower .energies in the RBS spectrum. For a specific element the 
energy scale can thus be converted into a depth scale if the electronic stopping power 
and the atomie density are known. In this research project we used RBS todetermine 
both the layer structure and the thickness of our samples. 
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3.3.3 SEM and STM 

SEM is the technique used most frequently to study surface morphology by rnaicing 
an image of the surface. In this technique highly accelerated electrons are aimed at the 
substrate. In the substrate these electrons scatter and secondary emission electrons are 
emitted. These are detected resulting in an image of the surface structure. It is noted 
that only conducting substrates can be imaged with this technique. 

STM is a method to investigate the surface topology of a material. A very fine 
atomically sharp tip is brought close to the surface of a material. By applying a 
potential electrons can tunnel between the surface and the tip. The tunnel current will 
depend on the ion density of states at the surface. By scanning the surface an image of 
the surface topology can be obtained and thus the film roughness can be obtained. 

3.4 Resistance measurements 

The magnetoresistance experiments are performed by means of a four-probe 
measuring set up. All measurements were done at room temperature, typically 300 K. 

The four-probe measuring technique is, in principle, an adequate technique for 
measuring solely the resistance of a tunnel junction without contributions of the 
contacts leads and electrodes. One top and one bottorn contact serve as current leads, 
while the two remaining contacts are used to measure the voltage difference. The 
current flows from the t contact through the junction to r contact and the voltage 
difference is measured between the V contact and the V contact as discussed in 
section 2. 7. The resistance is determined by dividing the measured voltage difference 
by the applied current. 
The four-probe technique can also be used in a current-in-plane geometry to measure 
the sheet resistance of the film. The four contacts are placed in one line on the sample 
as shown in tigure 3.13. The outer contacts serve as current leads, while the voltage 
difference is measured between the middle two contacts. This technique was used to 
measure the sheet resistance of planar aluminium films. 

Figure 3.14. Measuring geometry in the four-probe set up. 
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3.4.1 Magnetoresistance measurements 

The sample with the tunnel junctions is placed between the two poles of a magnet 
The magnetic field that can be applied varles between -2 kOe and +2 kOe. The 
electredes are contacted in the four-probe geometry. A small DC bias current is 
applied, which can be set by hand from 1 pA to 1 mA, and the voltage difference is 
measured with a Keithly 2000. The Keithly 2000 and the magnet are controlled with a 
computer. The computer makes a magnetic field sweep while measuring the voltage 
difference resulting in a Tunnel MagnetoResistance (TMR) measurement. 

To detennine the switch fields ofthe top and bottorn electrode the same scheme is 
used to measure the AMR of the top or bottorn electrode. The probe is now used in a 
current-in-plane four-probe geometry and the same scheme is repeated to measure an 
AMR.curve. 

3.4.2 IN characteristics 

The measuring scheme for I/V characteristics is almost identical as the last scheme. 
The difference is that now a fixed field is applied and the computer makes a bias 
current sweep while measuring the voltage difference. As discussed in sectien 1.2 the 
I/V characteristic of a tunnel junction is non-linear and therefore a proof to separate 
tunnel behaviour from ohmic behaviour. 
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4 Results & Discussion 

In this chapter the experimental results win be shown and discussed. The results can 
be roughly classified into three categories. First an overview wiJ] be presented of the 
experiments done to characterise the aluminium layer and its oxide grown in the ASO 
chamber. Secondly an Ç>Verview is given of the characterisation of the MBE grown 
layers in combination with use of the shadow masks. The final part contains the 
characterisation of the tunnel junctions including a detailed discussion of the 
parameters involved. 

4.1 ASO chamber 

As discussed insection 3.2.2 the ASO chamber was designed to grow aluminium 
layers by means of sputtering and oxidise these layers by an oxygen glow discharge. 
For this newly designed VIN chamber first the effect of a variatien of the sputtering 
parameters was studied. This study was meant to obtain the right set of parameters to 
grow a 2 run aluminium layer. Subsequently the oxidation process was studied to find 
the right settings for the oxygen plasma to coherently oxidise the aluminium layer. 

4.1.1 Aluminium layers 

The ASO eh amber permits the variatien of three parameters in conneetion with the 
sputter process, viz. the argon pressure during sputtering, the power applied to the 
sputter gun and the distance between the target and the substrate. These parameters 
were varied in order to determine which parameters yield the smoothest surface and 
the most coherent structure. This was done by taking SEM images of the aluminium 
surface. The growth rate was determined by determining the thickness of the grown 
aluminium layer by means ofXRD. 

Based on the experience for other sputter guns at Philips Research the following 
starting-point was chosen: a power of 54 W, an argon pressure of 3 mTorr and a 
distance of 4.5 cm. These parameters yielded an argon plasma with good typical argon 
colour and resulted in the deposition of an aluminium layer on the substrate. 

It was observed that the distance between the target and the substrate has little 
influence on surface smoothness. However, the distance did have an influence on 
growth rate and thickness uniformity, as was described in the sputter gun prospect. 
The final distance between the target and the substrate was chosen to be 7.0 cm 
providing a reasonably good thickness uniformity and a reasonably stabie growth rate. 

A varlation in both argon pressure and sputter power leads to a change in the 
energy of the aluminium partiel es, which impinge on the substrate. Depending on the 
energy of the aluminium atoms different types of growth wiJ] take place. An increase in 
pressure wiJ] lead to more collisions ofthe aluminium particles with the argon gas. This 
results on average in a decrease in energy of the aluminium partiel es. Another effect of 
a higher pressure is that the aluminium layer will have more argon impurities. An 
increase in sputter power will lead to a larger energy available for the Ar+ i ons 
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accelerated towards the aluminium target. The aluminium particles will then be 
sputtered with a higher energy. 

PAr= I mTorr PAr= 3 mTorr 

PAr= 5 mTorr PAr= 7 mTorr 

PAr= JO mTorr 

Figure 4.1. SEM images of aluminium layers with a typtcal thickness of 40 nm. 
The sputter parameters are: a .fixed di stance of 7. 0 cm, a .fixed sputter power of 60 W 

and an argon pressure between I and 20 mTorr. 
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After initial experiments with different combinations of argon pressure and sputter 
power we optimised these parameters for a maximal smooth aluminium growth by 
fabricating two sample series. In the photo-series of tigure 4.1 the surface images of 
the aluminium layers with a typical thickness of 40 nm are shown. The argon pressure 
was varled between 1 and 10 mTorr, at a fixed distance of 7.0 cm and a fixed sputter 
power of 60 W. It is clear that with a pressure of 5 mTorr the surface seems most 
smooth. The grains varyin diameter from 50 to 65 nm. The photo-series in tigure 4.2 
shows the surfaces images of the aluminium layers fabricated using different values of 
the sputter power. The sputter power varled between 10 W and 90 W, at a fixed 
distance of7.0 cm and a fixed argon pressure of 5 mTorr. These images show that low 
values of the sputter power lead to separate grains and high values to a fiJrther 
enhancement of surface roughness. The grains vary in diameter from 20 to 90 nm. The 
smoothest surface and most coherent structure is found for a sputter power of 60 W. 
Based on these data the final sputter parameters are set at an argon pressure of 5 
mTorr, a sputter power of 60 W (at 360 V) and a distance between the target and the 
substrate of7.0 cm. 

With the use of XRD the thickness of the aluminium layers was measured and 
cross-checked with the data obtained by using an alpha-step. In order to measure the 
thickness the aluminium layer was partly covered with a protective coating. 
Subsequently it was placed in a K-Hexa Cyanoferrate solution, which etched the parts 
of the aluminium layer not coated. The height difference between the aluminium part 
with the substrate equals the thickness of the aluminium film. By using an alpha-step 
the depth of these edges could be measured. A typical result is shown on the left in 
tigure 4.3. By using both XRD as wellas this technique the growth-rate of aluminium 
was determined at 4 Ais. The alpha-step was also used to present an image of the 
surface roughness as shown on the right in tigure 4.3. The average roughness over a 
distance over 40 Jlm was 3 nm. 

It has to be noted that this set of sputter parameters does provide the best quality 
layers with thicknesses over 20 nm; smaller thicknesses are very hard to measure 
precisely. The assumption was made that the same set of parameters will also yield the 
best quality for the layers of 1 to 3 nm thick. 
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Figure 4.3. Typical alpha-step measurements of a 38 nm aluminium edge (left) 
and of the surface of the aluminium layer (right) . 
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Figure 4.2. SEM images of aluminium layers with a typical thickness of 40 nm. 
The sputter parameters are: a .fixed di stance of 7. 0 cm, a .fixed argon pressure 

of 5 mTo" and a sputter power between JO and 90 W. 

34 



4.1.2 Aluminium oxide layen 

In view of the success of the wor~ published by Moodera et al. [2,8, 11] it was 
decided to use a similar set of parameters for the oxygen glow discharge. The oxygen 
pressure is set at 70 mTorr and a voltage difference of 1.6 kV is applied to the glow 
ring using 32 W power. This set of parameters yielded a well coloured oxygen plasma. 
A few samples exposed to the glow discharge were cross-checked with samples not 
exposed. Resistance measurements showed that the planar aluminium oxide layers 
formed in the oxygen plasma did not change in resistance, while planar aluminium 
layers did increase in resistance over time due to further oxidation in air. It was 
therefore concluded that the oxygen glow discharge completely covers the aluminium 
layer with aluminium oxide. The thickness ofthe aluminium oxide layers can, however, 
only be determined experimentally by using RBS or theoretically using the Simmans 
theory [5]. This will be discussed insection 4.3 . 

4.2 MBE chamber 

As discussed in section 3.2.3 the MBE is used to grow the bottorn and top 
electrodes. The bottorn layers are made of cabalt and the top layers are made of 
cobalt-iron. The new home-made feature to grow thin films at low temperatures was 
used and its effect on surface roughness was studied. The shadow masks were also 
tested and electrades grown through the shadow masks are studied. 

4.2.1 Cobalt layers 

In order to see the effect of low temperature growth on the surface roughness two 
samples were grown. Both samples are cabalt layers on a silicon substrate. One sample 
was grown on a substrate at room temperature and the other one was grown at a 
substrate that was caoled befare growth. Of both samples an image was made of the 
surface with STM, which is shown in tigure 4.4. The right image shows the surface of 
the sample grown at room temperature and the image on the left shows the surface of 

Figure 4. 4. STM surface images of two cobalt layers grown at a low 
temperature (left) and at room temperature (right) . 
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sample grown at a low temperature. It is clear to see that with low substrate 
temperatures the surface is much smoother without the distinct peaks. At room 
temperate the average surface roughness is 1.5 _nrn and at low temperatures 0.9 nrn. In 
order to obtain a bottorn electrode as smooth as possible, necessary for preventing 
pinholes, lowering the substrate temperature is worthwhile. 

4.2.2 Shadow masks 

The shadow masks were used in the MBE in order to grow the bottorn electredes 
of Co and the top electredes of CoF e. In order to test how well detined the electredes 
are, a Co sample of 3 0 nrn was grown through the shadow mask and measured with 
the alpha-step. The alpha-step diagram on the left in tigure 4.5 shows the width of a 
150 f.lm electrode and the right edge of the electrode is displayed enlarged in the 
diagram on the right. As can been seen from both tigures the electrode doesn't have a 
discrete block-form. Apparently during growth the cobalt layer is spread out resulting 
in a sloping edge. The slope is about 25 f.lm wide, which means that a 50 f.lm electrode 
wilt not have a plateau but will consist of two 25 f.lm slop es put together. 
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Figure 4.5. Alpha-step diagram of an entire 150 J..D1I electrode (left) 
and the right edge of the same electrode enlarged (right). 

As discussed in sectien 3 .2.4 the electredes vary in width due to the roughness of 
the strips ofthe shadow mask themselves. In tigure 4.6 a picture of a tunnel junction is 
shown to illustrate the about 10 f.lm varlation in width ofthe electrodes. 

The shadow mask was also used in the ASO chamber to grow electredes of 
aluminium, but these sputtered electredes were even more diffused ( approximately 
1 mrn), becoming unusable. The ditfusion is due to a large distance of 0.5 to 1.0 mrn 
between the substrate and the shadow mask. With MBE growth the particles impinge 
under a tixed angle on to substrate resulting a reasonable discrete electrode. With 
sputtering, however, the particles come from all directions resulting in a very ill
detined electrode layer. 
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~ -----------------

Figure 4. 6. Picture of a 100 x 100 pm2 tunnel junction. 

4.3 Tunnel junctions 

During this research project we have successfully grown 18 samples resulting in 
more than 400 werking tunnel junctions. We have varied a number of growth 
parameters enabling a study on the influence of the harrier thickness and the coercivity 
of the electredes in order to find the recipe for the highest tunnel magnetoresistance 
(TMR). In this paragraph the current-voltage and magnetoresistance measurements of 
the tunnel junctions at room temperature will be discussed. An overview of the 
junction parameters is given in table 4.1 at the end ofthis chapter. 

4.3.1 IN Characteristics 

In general the junctions had resistances varying from 0.1 to 200 kn. The junction 
electredes had typical sheet resistances of 5 to 10 OIO. In order to prove that 
tunnelling is the main souree of conductance, 1/V characteristics were measured of 
several junctions. Figure 4. 7 shows a typical 1/V curve of a Co/ Ah03/CoF e junction at 
room temperature. At low bias the current is nearly linear with the junction voltage,· 
showing ohmic behaviour. At higher bias, however, the current shows a more 
parabolic dependence. This is what the Simmens theory [5] prediets and confirms that 
tunnelling is the major conduction process. 
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Figure 4. 7. !IV curve of a Co/A/20 ;/CoFe tunnel junction. 
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It is noted, that when different matenals are used for the top and bottorn electrades 
the 1/V curves are asymmetrical. In figure 4.8 the closed circles represent the 1/V curve 
of a Co/Ah03/Co junction and the open squares the 1/V curve of a Co/Ah03/CoFe 
junction. As can been seen from this figure the Co/ Ah03/Co junction is more 
symmetrical than the Co/Ah03/CoFe junction. The curves do meet at the bottorn lefi
hand si de of the figure, but they end at different values at the top right-hand side. This 
is the result of a difference in harrier height of the Co electrode and the CoF e 
electrode. 
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Figure 4.8. !IV curves of a Co!Al20y'Co (•) and a Co/A/20 / CoFe (DJ tunne/junction. 
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The I/V curves were fitted with the Simmons theory of tunnelling. This enabled us 
to derive the harrier height ffJ en harrier thickness w of the junctions from these curves. 
The harrier height ranges from 0.5 to 2.1 eV and the harrier thickness ranges from 1.4 
to 3. 0 nm. These harrier parameters are similar to the values found by others [2, 11, 13 ], 
albeit that the values found for the harrier height are somewhat smaller. These values 
are, however, what is typically seen for standard aluminium oxide harriers [14,15]. 
Table 4.1 at the end of this chapter shows typical values for the harrier height and 
harrier thickness of 200 x 200 J.1m2 junctions. 

The fitted values must be carefully interpreted because the fit procedure is rather 
cru de; the computational error by itself is already about 10%. As can be seen from 
table 4.1 the fitted val u es of the thickness of the harrier do not correspond with the 
expected values based on the sputter growth rate. Moreover, the variation in the 
expected values is not reflected in the fitted values. We expect that by measuring dlldV 
curves directly a more reliable fit will be obtained for the slopes of a dlldV curve are 
much steeper than the slopes of an I/V curve. 

We cross-checked the expected thickness of the aluminium layer based on the 
sputter growth rate with the thickness found for aluminium oxide by RBS. A 
17 x 17 mm Col Ab03/CoFe sample was made with an initial thickness of the 
aluminium layer of 16 Aandan oxidation time of 150 seconds. RBS produced a value 
of 17 A for the thickness of the aluminium oxide layer, which corresponds with the 
expected value. However, we expected to find a somewhat larger value for the RBS 
value, because the thickness of the aluminium layer increases when it is oxidised. On 
the one hand one must realise that the RBS value is a minimum value. With RBS the 
thickness of a layer is calculated using the density of bulk aluminium oxide, which may 
well have a larger value than the density of aluminium oxide grown in our case. On the 
other hand the oxidation process can also provide for lateral 'growth', filling up holes 
in the aluminium layer. This may result in a smaller increase of layer thickness than 
expected. We nonetheless assume that the value found with RBS is reasonably reliable. 

4.3.2 Magnetoresistance measurements 

The magnetoresistance curves of all junctions measured were made using the four
probe set up. The magnetoresistance curves differ from sample to sample, mainly 
depending on the magnetic properties of the electrodes. Examples of the 
magnetoresistance curves of three different Co/ Ah03/CoFe tunnel junctions and their 
electrodes are shown in figure 4.9. 

The bottorn curve in figure 4. 9 is the tunnel magnetoresistance curve. As the 
magnetic field decreases the resistance of the junctions slowly increases. Upon 
reversing the field, the resistance begins to increase sharply, showing a peak. With 
further increase of the field, the resistance drops quickly and attains a constant value. 
The changes in the junction resistance with respect to the absolute value at the peak 
forthese junctions are 7.6%, 8.57% and 11.39%. On the whole most junctions showed 
an effect in the range of 7% to 14%. The highest TMR. value measured was 17. 7%, as 
presented in the introduction. 

The upper two curves in figure 4. 9 show the magnetoresistance curves of the 
junction electrades due to the AMR. effect. The coercive fields He are marked by the 
position of their extrema. The presence of a maximum or minimum in an AMR. curve is 
determined by the field and the current directions. A positive effect is measured when 
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the field is parallel to the current and a negative effect when the field is petpendicular 
to the current. The changes in the resistance for the full length of the electrodes are at 
the most 1.2% and 0.3% for Co and CoFe electrodes, respectively. This clearly 
indicates that the magnetoresistance intluence of the electrodes is neliligible. 
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Figure 4.9. Magnetoresistance ofthree different Co!AhOJ~'CoFe tunneljunctions 
and their electrades plotled as ajunetion ojthe appliedfield. 

We assume that the magnetic behaviour of the electcodes is indicative for the 
magnetic behaviour of the junction. In order to reach an optimised antiparallel 
contiguration between the electrodes we grew CoFe as top electrode, which is 
magnetically harder than Co. Still, with :MBE growth the switch fields of CoFe were 
rather low. We therefore trled to grow more 'dirty' CoFe in order to increase the 
switch field of CoFe, meaning we varled the structure of CoFe between a coherent 
CoFe structure and a CoFe multilayer. The junctions in tigure 4.9 differ intheir CoFe 
structure. Unfortunately the varlation in structure of the top electrode had also an 
effect on the behaviour of the bottorn electrode, indicated by the small si de plateaux in 
the AMR curves. Apparently the top and bottorn electrodes are still magnetically 
coupled in some way. 

A complete antiparallel state of the magnetisation directions of the electrodes can 
be seen from a TMR curve by the presence of a plateau. Our curves do not show such 
a plateau. This suggest that the two electcodes do not reverse their magnetisation 
directions abruptly and separately. A complete antiparallel state is thus never reached 
and the value found for the TMR effect is stillless than the maximal value attainable. 

We have also measured TMR curves at several angles ofthe field with the junction. 
In tigure 4.1 0 the geometry of the measurement and the accompanying TMR curve is 
displayed. In the left diagram the field applied is parallel to the top electrode as usual. 
In the middle qiagram the field makes an angle of 45° with the top electrode and in the 
rlght diagram the field is perpendicular to the top electrode. Each orlentation of the 
field gives a different TMR value. It is expected that tunnel junctions, which do show a 
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plateau in their TMR. curve, will not have this angle dependence. Both top and bottorn 
electrode experience the same field, thus such large differences as seen in figure 4. 1 0 
are not expected. This also suggest that the electredes do notswitch separately. 
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Figure 4.1 0. Tunnel magnetoresiatnce of a Co!Al20yCoFe tunnel junction plottedas 
a function of the applied field at different angles with the junction. 

4.3.3 Voltage bias measurements 

The measurement of a tunnel junction is a very delicate process. We experienced 
that junctions broke down immediately after being contacted. Usually the junctions 
break down when a bias voltage of over 300 mV is applied. Aftera break down the 
junction has a few ohms resistance, showing ohmic behaviour without TMR.. 

We have investigated the effect of a de bias voltage applied to the junction. Figure 
4.11 shows the typical course of the magnetoresistance as a function of the bias 
voltage. For several junctions TMR curves were measured using different de currents 
through the junction. Up to about 50 m V the peak position as well as the peak width is 
independent of the bias and the TMR is nearly constant. However, at larger biases the 
TMR decreases significantly. 
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Figure 4.11 .. Tunnel magnetoresistance plottedas a Ju netion of the de bias voltage 
applied toa Co!Al20y'CoFe junction. 
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The decrease of TMR with de bias is not fully understood at present. lt cannot be 
understood by the simpte Julliere model. The Slonczewski theory prediets a decrease in 
the spin polarisation with harrier height, but not to this extent. Many other causes may 
also contribute to this effect such as the creation of magnons, density of states effects 
in the ferromagnet and the increase of inelastic tunnelling at higher biases. Only very 
recently Zhang et al. [16] have proposed a theory descrihing the bias dependenee of 
tunnel magnetoresistance. 

4.3.4 Resistance measurements 

We have investigated the influence of the duration of the oxygen glow discharge 
and the thickness of the aluminium layer on the junction resistance. 

Varying the oxidation time results in basically three types of harriers. If the 
oxidation time is too short not all the aluminium is oxidised, resulting in an All Ah03 
harrier. lf the plasma is maintained too long, all the aluminium is oxidised and also a 
part of the bottorn electrode, resulting in a CoO/ Ah03 harrier. Only the correct 
ox.idation time will result in a pure Ah03 harrier. 

In order to get a rough idea of the ox.idation rate of cobalt we have grown a 
Co/CoO/CoFe junction (table 4.1; TNL10). The resistance of this junction was in the 
order of a few ohms proving that the oxidation rate of cobalt is much lower than of 
aluminium. This shows that the exact value of the oxidation time will not be too 
cri ti cal. 
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Figure 4.12. Average junction re si stanceplottedas a junction of the oxidation time. 

We expected that the resistance would show the following dependenee on the 
oxidation time. The resistance will first rise with a certain slope, deterrnined by the 
oxidation rate of aluminium, to a certain point, where all aluminium is oxidised. 
Subsequently the resistance will rise with a smaller slope deterrnined by the oxidation 
rate of cobalt. Figure 4.12 shows the resistance, averaged over the four different 
junctions areas of four different samples, as a function of the oxidation time. 
Surprisingly, the resistance does not rise continuously, but decreases after an oxidation 
time of 150 s. It is still not clear what is causing the decrease of resistance after a 
certain ox.idation time. An explanation could be that due to possible direct contact with 
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the oxygen plasma the aluminium layer may be etched after the entire layer is oxidised. 
The oxygen particles will then no Jonger oxidise the aluminium, but will in effect 
decrease the thickness of the aluminium oxide layer and therefore the junction 
resistance. 

Another surprising effect is displayed in figure 4.13, in which the average resistance 
is plotted as a function of the thickness of the aluminium layer with an oxidation time 
of 150 seconds. The resistance decreases with the thickness, whereas one would 
expect the resistance to remain constant. The group of Prof. Freitas [13] has also seen 
a decrease in resistance with harrier thicknesses over 2 nm, but is also unable to 
explain this. 
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Figure 4.13. Average junction resistance plottedas ajunetion 
of the initia/ aluminium thickness. 

4.3.5 Small overview 

In table 4. 1 the main characteristics are given of 200 x 200 J..lm2 Co/ Ah03/CoF e 
junctions in which tAl is the nomina) thickness of the aluminium layer based on the 
sputter growth rate, llfoxi the duration of the oxygen glow discharge, R the resistance 
of the tunnel junction, rp the harrier height and w the harrier thickness. The latter two 
have a computational error of approx. 10%. The table shows the different parameters 
we have used so far to characterise and to optimise the tunnel junctions. We have 
varled the initial aluminium thickness between 2.2 and 3.0 nm, the oxidation time 
between 100 and 200 s and have tried to grow different CoFe structures in order to get 
a larger coercive field. 
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Table 4.1. Main characteristics of 200 x 200 pm2 Co!AhO!CoFe junelions 
(*TNL 06: Co!Al20ICo; **TNL JO: Co!CoO!CoFe), 

the parameters are described in the text. 

TNL# tAl (Á) ~loxi_(~_ R (k!l)_ TMR(%) Jl>(eV) w(Á) 

06* 16 150 22.7 0.34 0.7 26 
09 16 150 27.3 0.11 0.5 30 

10** - 150 -1 n - - -
11 22 150 9.1 8.79 0.8 24 
12 26 150 4.9 11.0 1.34 18.8 
13 26 150 5.5 6.42 1.41 19.2 
14 30 150 0.47 7.72 1.71 15.2 
15 26 100 0.17 5.68 1.66 14.4 
16 26 200 1.44 6.33 1.60 14.5 
17 22 200 1.54 9.53 2.01 14.6 
18 26 125 0.50 10.8 1.75 15.0 
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5 Conclusions & outlook 

In this section, the most important conclusions of this project will be summarised 
and some general comments will be made. Also suggestions for future research will be 
presented. 

We have successfully set up a program to produce ferromagnetic tunnel junctions. 
The fabrication process developed allows us to grow the entire tunnel junction in situ. 
The completion of the fabrication process mainly involved the following steps: the 
design and construction of the ASO chamber, the application of MBE growth at 
cooled temperatures and the utilisation of the shadow mask. 

The ASO chamber has following possibilities. By using UHV seals and a turbo 
pump the chamber can reach pressures in the 10"10 Torr range. A sample can be moved 
freely to any position in the chamber in all directions using the xyz-manipulator. 
Pressures can be measured from 10"10 Torr all the way up to atmospheric pressure, 
including the pressures used for argon and oxygen plasma. Argon and oxygen gas can 
belet in separately. 

With the ASO chamber we have optimised the growth of aluminium oxide layers 
and in combination with the MBE we have successfully grown reproducible tunnel 
junctions showing tunnel magnetoresistance above I 0% at room temperature. Our best 
result up till now is a TMR of 17.7%, which is currently, as far as we know, the 
highest value for TMR in Europe. However, at the moment we only stand at the eradie 
of a mature fabrication process of tunnel junctions and the road to maturity is stilllong 
for there are still many opacities. 

The TMR curves do not show a plateau, which means that the magnetisation 
directions of the electrades do not reach a complete antiparallel state. Thus the 
maximum value for the TMR effect is never achieved, despite having experimented 
with different structures of the CoFe top electrode. In the future we will grow a bias 
layer, probably FeMn, on top of the top electrode, which will pin the magnetisation 
direction of CoFe in one direction. It is to be hoped that a complete antiparallel state 
will then be reached. 

We found a discrepancy between the values for the harrier thickness obtained by 
fitting the IN curves with the Simmons theory and the values given by the sputter 
growth rate. We assume that this discrepancy can be cleared by measuring dVdV 
curves directly for these curves can probably be fitted more accurate. 

The final decrease in resistance with oxidation time may be due to direct contact 
with the oxygen plasma. This can be checked experimentally by fabricating samples 
with a fixed layer thickness and a varlation in oxidation time. The resulting thickness is 
measured with RBS and is interrelated to the oxidation time. lf this is the cause, it can 
be resolved by makinga modification to the glow ring. For instanee the glow ring can 
be inverted, so that the opening is on the outside. It may also turn out to be a desirabie 
effect for it could be used as an alternative method to set the harrier thickness. The 
decrease in resistance with initia) aluminium thickness remains unexplained, although it 
also seen by others. 

At the moment a new measuring system is being developed, which will enable use 
to investigate the temperature dependenee of the TMR. Another possible method of 
investigating more precisely the operation of a tunnel junction is to insert very thin 
layers of nonmagnetic matenals {1-4 run) between the harrier and one electrode. It 
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might also give more insight in the de bias dependenee of the TMR, which is still 
barely understood. 

Given the good results of this project we hope that this project will give the starting 
signal to a much larger investigation in this most interesting and promising research 
field of tunnel junctions. 
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6MRAM 

A high potential application of the MR. effect is a Magnetoresistive Random Access 
Memory (MRAM) cell. Figure 6.1 displays this potential in relation to other types of 
storage. The basis ofthis cellis a trilayer MR. structure (FM-NM-FM), which can have 
two storage states, viz. a "0" and a "1" state, determined by the magnetisation 
directions ofthe magnetic top and bottorn layer. Since these magnetisations keeptheir 
direction without power supply this type of memory is nonvolatile, which is a major 
advantage over currently used memory types, such as DRAM and SRAM. 
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Figure 6.1. Comparison ojvarious slorage devices {21). 

Originally, designs of MRAM structures involved the use of the AMR or GMR 
effect. More recently the attention to MRAMs has increased due to the results of 
ferromagnetic tunnel junctions. The latter have a higher MR. effect and larger 
resistances resulting in higher outputs and are suitable for smaller cells teading to a 
higher bit density. 

Although groups werking in the field of spin dependent tunnel junctions often refer 
to MRAMs as a high potential application, there are very few papers giving an 
overview of detailed eperation and design of MRAMs. This stimulated us to collect 
information on the current MRAM designs and cernparethem with each ether. The 
result ofthis study will be presented in this chapter. 

Basically there are three different kinds of MRAM cells. The first kind is based on 
the AMR effect. Due to the necessary large bit sizes and sense currents, the relevanee 
of MRAMs based on this effect has decreased and will not be discussed bere. The 
secend kind, Giant Magnetoresistive RAM (GMRAM), is based on the GMR effect 
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and will be explained in detail [17-24]. The third kind ofMRAM cellis basedon a spin 
tunnel junction and is hence called a Spin Tunnel RAM (STRAM) cell [25-27]. 

All kinds of MRAM cells have in common that during the read operation the MR 
effect is used to distinguish between a "0" and a "1" state. During the operation two 
magnetic field are generated by two lines in order to select the right cell. Depending on 
the mutual relation of these magnetic fields and their magnitude a cell is read or 
written. The addressing of the cells can be accomplished by an array configuration, 
which will be described. Once the working principles are discussed the main issues and 
problems of GMRAM and STRAM will be addressed. This chapter will be concluded 
with a small comparison with competitor RAM devices and a smalllist of applications. 

6.1 GMRAM 

Basically there are three types of MRAM cells based on the GMR effect. These 
three types have been named the "Spin Valve" type [22], the "Weakly Coupled" type 
[21,23] and the "Pseudo Spin Valve" type [17] -in chronological order. For clarity 
reasons the "Weakly Coupled" (WC) type is explained in detail first, secondly the 
"Pseudo Spin Valve" (PSV) type and thirdly the "Spin Valve" (SV) type. 

6.1.1 "Weakly Coupled" type 

In figure 6.2 a schematic WC MRAM cell is given. As can been seen the 
nonmagnetic conducting interlayer, through which most of the sense current flows, is 
sandwiched between two magnetic layers. The easy axis, the preferred axis of the 
magnetisation direction, is parallel to the short axis, which means that the magnetic 
fields contained by the layers tend to be oriented perpendicular to the length of the cell. 
The layers are weakly magnetostatically antiparallel coupled, so that the top and 
bottorn layer are magnetised in opposite directions. In figure 6.3 the basic memory cell 
shows both possible memory states; the left cell represents a "0", the right cell 
represents a "1". 

Magnetic layers .....----. 

Non Magnetic 
Conducting lnterlayer 

r----------=~-===~====~ 

Figure 6.2. Schematic diagram of a "Weakly Coupled" MRAM cel/. 

In MR.AM architecture a chain of these memory cells are connected together in a 
so-called sense line, usually by using Ag or AlCu leads connecting the cells. The cells 
are operated in two operation modes: the read operation or the write operation. In the 
next paragraph the write operation will be explained followed by the explanation of the 
read operation. During the operation of an MRAM cell the current flows through the 
sense line in order to measure the resistance and to generate a magnetic field affecting 
the magnetic state of the cell. To select one specific MRAM cell, however, two 
magnetic fields are required. The second field is generated by an additional word line. 
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Figure 6.3. The two potential statesof a WC MRAM cel/. 

The word line is situated above and perpendicular to the sense line and is insulated 
from it. A schematic figure of an elementary MRAM device would look like figure 6.4. 
A combination of word line current and sense line current is used to select any memory 
cell in an array, simply by using an X-Y selection scheme as illustrated in figure 6.5. 
This simpte array architecture is a principle advantage of MRAM above all silicon 
memory architectures. 

Sense line 

l,erue 

Figure 6.4. Schematic diagram of an elementary MRAM device. 

As stated in the previous paragraph the two orthogonal currents are needed for 
generating the cantrolling magnetic field for the proper read and write operation of an 
MRAM cell. During the write operation a forward line current is applied. The direction 
of the sense line current will determine which state the memory cell will be written to. 
In figure 6.6 a schematic ofthe write "I" operation is shown in four steps. The initial 
state ofthe cellis a "0" (first diagram) and a forward word line current is applied. This 
produces a magnetic field in positive Y -direction and rotates the magnetisations in the 
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1,.",. -

word lines 
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Figure 6. 5. Schematic diagram of the MRAM array configuration. 
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Diagram 1 Diagram 2 

Diagram 3 Diagram 4 

Figure 6. 6. Write operation of a WC MRAM cel/. 

same direction (second diagram). Subsequently a forward sense line current is applied 
providing opposite magnetic fields in the top and bottorn layer. The top layer 
experiences a field in the positive X-direction and the bottorn layer a field in the 
negative X-direction boosting the effect of the field of the word line. As a result the 
angle between the magnetisations is decreased (third diagram). The forward sense line 
current provides a streng enough magnetic field to flip the magnetisations into a near 
"1" state and, when in the final stage both word line as sense line current are turned 
off, the cell will automatically turn to the "1" state (fourth diagram). 

It is clear to see that if the initial state would be a "1" state the forward sense 
current in the third diagram would rather reinforce the "1" state than rotating the 
magnetisations towards the "0" state. In order to write a "0" a reverse sense line 
current is used, but all other parts ofthe write eperation remain unchanged. 

Unlike the write operatien the read eperation does use the GMR. properties ofthe 
cell. Normally the top and bottorn layer are magnetostatically coupled in antiparallel 
states and the resistance of the cell is high. When an external magnetic field is applied, 
it tends to decrease the angle between the magnetisations and the resistance of the cell 
is lowered. Figure 6. 7 shows the left cell in a relatively high resistance state, in which 
the magnetisations are reasonable antiparallel, and the right cell in a relatively low 
resistance state, in which the magnetisations are close to parallel. Depending on the 
state the cell originally is in, the read eperation will turn the cell into a near parallel or 
antiparallel state. The original state is now distinguished by the relatively high or low 
resistance of the cell. 
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High resistance state Low resistance state 

Figure 6. 7. The two potential states of a WC MRAM cell during read operation . 

The read operatien always uses a reverse word line current and a forward sense 
current. In tigure 6.8a the memorycellis in the "0" state and in tigure 6.8b in the "1" 
state both before read operatien (first diagram). As in the write operation, a 
combination of word and sense line currents is used to address the right eelt. In the 
second diagram a reverse word line current provides a magnetic field in the negative 
Y -directions tuming the magnetisations away from the easy axis in the same direction 
as the magnetic field. Next in the third diagram a forward sense line current is applied 
and produces a magnetic field in the positive X-direction in the top layer and a field in 
the negative X-direction in the bottorn layer. Depending on the initial state of the 
memory cell these two fields will either increase or decrease the angle between the 
magnetisations. In tigure 6.8a the initial state was of the cell was a "0" and the effect 
of the forward sense line is that the angle between the magnetisations is increased. So 
the magnetisations are tumed further away from the original state resulting in a 
relatively low state of resistance. Figure 6.8b shows the same eperation fora cell with 
initial state "1" and now a forward sense line current tends to reinforce the initial state 
increasing the angle between the magnetisations. So the magnetisations are close to the 
original state resulting in a relatively high resistance. In this state the resistance of the 
cell is read and the word line and sense line current are tumed off After which the 
magnetisations returntotheir original state (fourth diagram), because now in contrast 
to the write operatien the fields are insufficient to flip the magnetisations. 

When a cell is read either a relatively high or low resistance is measured and 
peripheral circuitry will interpret this as a "1" respectively a "0" and will output it 
accordingly. This scheme of reading the state of a memory cell is called a 
nondestructive readout, because the state ofthe memory cell doesn't change when it is 
read. This results in fast readout times, which is very desirabie for many applications. 

Summarised the operatien of the WC MRAM cell is as followed. The state of the 
cell is determined by a clockwise or counterclockwise orientation of the magnetisation 
directions of the magnetic layers. When the cell is read these orientations lead to a 
relatively low or high resistance. 

6.1.2 "Pseudo Spin Valve" type 

In a PSV type MRAM cell the easy axis is parallel to the long axis as shown in 
tigure 6.9. For the proper operatien of this type of cell the coercivity of the bottorn 
layer must be higher than the coercivity of the top layer, which makes the bottorn layer 
magnetically hard and the top layer soft in comparison with each other. 
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Figure 6.8. Read "0" operation (a) andread "]" operation (b) of a WCMRAM cel/. 
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Figure 6. 9. Schematic diagram of a "Pseudo Spin Valve "MRAM cell. 

This is called a "Pseudo Spin Valve", while in the "Spin Valve" the bottorn layer is 
antiferromagnetically biased as in the GMR spin valve sensors. This is done by either 
using a thicker bottorn layer (as illustrated in figure 6.9) ofthe samematerial or using a 
different material for the bottorn layer with a higher coercivity than the material used 
for the top layer. Both layers are still magnetostatically antiferromagnetically coupled 
and both possible memory states are shown in figure 6.1 0. Now the read operation is 
explained first to make the 'trick' used with this type ofMRAM cell more clear. 

4 G 
É 

.. G 
"011 "1" 

Figure 6.1 0. The two potential stat es of a P SV MRAM cell. 

The GMR effect is again used in the read operation. Normally the top and bottorn 
layer are magnetostatically coupled in antiparallel states and the resistance of the cell is~ 
high. When an extemal magnetic field is applied, it tends to decrease the angle between 
the magnetisations and the resistance of the cell is lower. Figure 6.11 shows the left 
cell in a relatively high resistance state, in which the magnetisations are reasanabie 
antiparallel, and the right cell in a relatively low resistance state, in which the 
magnetisations are almost parallel. 

High resistance state Low resistance state 

Figure 6.11. The two potential statesof a PSV MRAM cell during read operation 

The read operation of a cell in a "0" and a "1" state is illustrated in figure 6.12a 
respectively in figure 6.12b. Both first diagrams show the cell in its initia) state. In the 
second diagram a reverse sense current is applied to 'scissor' the magnetisation 
directions apart~ in fact to uncouple the coupling between the two layers. The reverse 
sense line current induces two opposite fields in the top and bottorn layer. In the top 
layer the magnetic field points in the negative X-direction and in the bottorn layer in 
the positive X-direction and pushes the magnetisation directions in their direction. 
Subsequently in the third diagram, a stage called "auto-zero", a reverse word line 
current is applied and produces a magnetic field in the negative Y -direction in both 
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Figure 6.12. Read "0" (a) and read "1" operation (b) of a PSV MRAM cell. 

54 



layers. If the cell was originally in the "I" state the magnetisation direction of the 
bottorn layer will be forced into its original direction, while the magnetisation direction 
of the top layer will be forced in the opposite direction of its original direction. Now 
the cell is in a near parallel state having a relatively low resistance. If the cell was 
originally in the "0" state, the magnetisation direction in the top layer will be forced 
into its original direction. The magnetisation direction of the bottorn layer, however, 
will not make a full turn, because it is magnetically harder. Now the cell is in a near 
antiparallel state having a relatively high resistance. In the fourth diagram a forward 
word line current is applied, which will produce in both layer a field in the positive Y
direction. The effect of the forward word Iine current is exactly the opposite effect of 
the reverse word line current in diagram 3. Now the cell, originally in the "I" state, will 
be in a near antiparallel state and the cell, originally in the "0" state, in a almost parallel 
state. These are the exact opposite states of the cell in the third diagram. This means 
that in the transition from diagram 3 to diagram 4 the cell with initial state "0" will go 
from a relatively high resistance state to a relatively low resistance mode, resulting in a 
negative M. The transition of the cell with initial state "I", however, will re sult in a 
positive .6R. 

Writing the cell is very similar to the first three stages of reading the cell. Again the 
reverse sense line current is applied to scissor the magnetisations directions apart. 
Subsequently a word Iine current is applied and its direction determines the state of the 
cell. To write a "0" a forward word Iine current is applied, as in diagram 4, but now a 
much higher current is used so the magnetisation direction in the bottorn layer will 
point in the positive Y -direction. When the currents are switched of the magnetisation 
in the upper layer will turn to state in which it is antiparallel with the bottorn layer. The 
same scheme is used for when an "I" is written, but now using a reverse word line 
current, as in diagram 3. 

Unlike the WC type the readout is now a shift in the resistance and not the 
resistance itself, but still it is a nondestructive readout. It is electronically easier to 
measure a change in signal than an absolute value. This leads to a much simpter and 
more reliable peripheral circuitry. This also accounts for faster readout times, despite 
the extra step needed to perform the "auto-zero". To acquire a desirabie signal-to
noise ratio, absolute values have to be read for a certain period of time. With signal 
changes this is not the case resulting in a shorter readout-time . 

Summarised the operation of a PSV MRAM is as followed. The state of the cell is 
determined by the magnetisation direction of the bottorn magnetic layer, which is 
magnetically harder than the top layer. When the cell is read the magnetisation 
direction of the top layer is switched from one fixed direction to the opposite 
directions resulting in a positive or negative change in the resistance, depending on the 
initial state ofthe bottorn layer. 

6.1.3 "Spin Valve" type 

A SV type cell closely resembles the PSV type cell, but now the bottorn layer is 
pinned in a certain direction as shown in tigure 6.I3. The magnetisation direction of 
the top layer determines the bit state ofthe cell (figure 6.I4). Todetermine the state of 
the cell only the resistance bas to be measured and a relatively high or low resistance 
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Figure 6.13. Schematic diagram of a "Spin Valve "MRAM cel/. 

wilt indicate that the eelt was in a "0" respectively a "1" state. Writing the eelt can be 
done by applying a word line current and the direction of the current determines the 
state of the bit. A reverse word line current produces a field in the negative Y -direction 
and the result a "0" state; a forward word line current results in a "1" state. 
Historicalty this was the first type ofMRAM eelt designed, but the problem ofthis type 
of eelt is that this scheme of writing and reading only works for one cell. It doesn't 
altow the selection of one specific eelt in the array. This problem was solved, but 
resulted in a destructive readout. This means the state of the bit was altered during 
readout and had to be restored after being read. This is a very time consuming process 
and requires complex circuitry, alternative solutions were found as described in the 
previous two sections. 

G--+·7 

"0" "1" 

Figure 6.14. The two potential stafes of a SV MRAM cel/. 

6.2STRAM 

As stated in the introduetion of this chapter STRAM celts are based on spin tunnel 
junctions. The storage timetion of a STRAM cell uses very similar techniques to the 
GMR PSV MRAM cell as described in section 6.1.2. A STRAM cell is shown in tigure 
6.15, which functions are very much like the PSV cell, except the readout mechanism 
uses TMR rather than GMR. A good conductor under the tunnel junction provides one 
contact to the cell and the top contact is made through a contact cut in the insulator. 
The bottorn contact fortheSTRAM cellis run between celts in a row. This means that 
in the array contiguration two sense lines, one for the bottorn contacts and one for the 
top contacts, are neerled to read a STRAM cell. So two additional word lines are 
required for writing a STRAMcelland for selecting one specific eelt in the array. 

In his paper Daughton discussed two important parametersforSTRAM celts [27], 
namely the intrinsic RC time constant and the signal-to-noise ratio. The RC time 
constant is important, because the voltage across the cell can change instantaneously, 
but the sense amplifier cannot detect the change instantaneously. For a 1 x 1 1J.m2 

tunnel junction with a 2 nm aluminium oxide harrier Daughton found a value of 
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0.035 pF for the capacitance C. The junction resistance R bas a typical value of 104 to 
109 n~m2 meaning that the RC time for STRAM cells would be between 0.35 and 
3.5·104 ns. lt is, thus, very importantfora STRAM cell to have a resistance at the 
lower end ofthe resistance range in order to allow fast read access times. 

Comparing a string of GMRAM cells with a string of STRAM cells, both based on 
the PSV MRAM design, Daughton found that the GMRAM cells strings are three 
times better in signal to noise than the STRAM cell strings. This allows GMRAM 
design to conneet nine times the number of cells to a sensing circuit. 

Daughton arrived at the following conclusions: (1) STRAM bas a potentially 
higher speed than GMR.AM, (2) STRAM bas no area advantage compared with 
GMRAM and (3) risks with STRAM include attaining sufficiently low junctions 
resistances to get a satisfactory signal-to-noise ratio and the integration of the STRAM 
cells fabrication with the integrated circuit processes. 

Current In 

Figure 6.15. Schematic STRAM cel! with sensing connections. 
The drive /i nes for writing are not shown. 

6.3/ssues 

One ofthe fust qualities ofMRAM compared toDRAM and SRAM that stand out 
is its nonvolatility. Another advantage is its inherent radiation hardness, because the 
information is stored magnetically. Also MRAM bas thusfar proven to have no 
wearout mechanism (over 1015 cycles). The cell itself is very compact (< 1 x 1 J.Lm2

) 

and larger bit densities (>0.1 Gbit/cm2
) can be achieved. The switch fields are low 

enough (1-20 Oe) to be generated on an integrated circuit and the output signals ofthe 
cell are relatively high. · 

One of the problems concerning MRAM cells is the magnitude of the write line 
current. An experimental chip design was made by Nonvolatile Electronics lnc. with 
"Pseudo Spin Valve" GMRAM cells [17]. The cell is a sandwich composition of 
NiFeCo/CoFe/Cu/CoFe/NiFeCo and each cell was 0.4 ~m wide and 2.2 ~m long. The 
switching threshold ofthe relatively hard layer is in the range of 50 to 75 Oe. This field 
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must be generated by the word line current. An estimation of the word line current is 
given by the following simpte formula 

Bind::~: (6.1) 

with Bind as the induced field, Iw the word line current and w the width ofthe word line 
over the cell equalling the length of the cell. A necessary field of Bind = 75 Oe = 
6 kAlm and w = 2.2 JJ.m leads to Iw = 26,3 mA, which is an enormous current 
compared with a normal current in IC's. A large current requires very large transistors, 
reducing the effective compatibly of a GMRAM cell. Another si de-effect of very large 
current is a the heat development on the IC. 

MRAM has also to compete with a range of other nonvolatile memory designs, 
which are Jonger under development and some of them are Silicon based structures. 
There are EEPROM, Flash EPROM and FRAM. The first two have very slow read 
and write times and have a finite number of access times. They are already used in a 
small range of applications like smart cards. FRAM, however, is the direct concurrent 
of MRAM. It has potentially larger bit sizes and slower access times, but is already 
commercially produced. MRAM does have an one unique feature that all other 
memory types Jack and that is its radiation hardness. 

6.4 Outlook 

MRAM may prove to be an alternative for normal DRAM and SRAM, because of 
the compactness and still fast write and read times (1-20 ns). Relatively high output 
signals contribute to low power consumption, which makes MRAM very suitable for 
portable applications. lt can be used as an alternative low density memory for TV, 
autos, smartcards and many other 'portable' applications. 

Microprogram control or individual memory devices are ranked by some estimates 
to have the greatest market potential. Examples ofthis are: BIOS and operating system 
on a chip, allowing instant boot up and updatability; fonts for printers; updatable 
control and storage in instrumentation; and 'smart' instruments. 

Radiation hardened applications, especially in the case of satellite purposes. 
Solid state 'disks' as a reptacement for rotating magnetic hard disks. Potentially a 

large market, but very price sensitive and costs of solid state memory are projected to 
be always three to five times the price per megabyte of rotating magnetic memory. 
However, in some or perhaps many applications of small hand held computers, the 
small size, the shock resistance, and the nonvolatility will be of primary importance, 
which results in large markets. 

At the moment a number of groups and companies are working on GMRAM and 
STRAM designs. They include Nonvolatile Electronics Inc., Honeywell Inc., USA 
NASA, IBM Inc., Hitachi Inc., Tohoku University and Kyushu University. Hitachi has 
released its first commercial FRAM chip of256 kbit (=32 kByte) in the first quarter of 
1997. Honeywell has promised to release it first commercially GMRAM chips in the 
first half of 1997. IBM, NVE and Honeywell are now concentrating on making 
commercial STRAM designs and say to have solved all mayor problems. 
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