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The effect of Ta on the magnetic thickness of permalloy (NigFeqg) films
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The effect of Ta and Ta/Cu seed layers, and Ta and Cu cap layers on the effective magnetic
thickness of ultrathin permalloy (MiFe;g) was investigated for MRAM applications. The films
were deposited by lon Beam Deposition. The magnetic moment of each as-deposited permalloy film
was measured using a B-H looper and a SQUID magnetometer. The films were further annealed at
either 525 K for 1/2 h or 600 K fiol h tostudy the effect of thermally driven interdiffusion on the
magnetic moment of the permalloy film. Our theoretical calculations showed that the presence of
12% intermixing at the interface reduces the Ni moments to zero. Experimentally, it was shown that
the tantalum rather than the copper interfaces are primarily responsible for the magnetically dead
layers. The Ta seed layer interface produces a loss of moment equivalent to a magnetically dead
layer of thickness 0.60.2 nm. The Ta metal in the cap layer results in a loss of moment equivalent
to a dead layer of thickness .2 nm. Upon annealing, thermally driven interdiffusion is
concluded to have a strong effect on the(Seed/ Nig;Fe g as-deposited interface, based on the
doubling of the magnetically dead layer to 2.2.2 nm. The Ni;Fe ¢/ Ta(cap as-deposited interface
slightly increases its equivalent magnetically dead layer upon annealing to0R22nm.
As-deposited interfaces of T&eed/permalloy and permalloy/Teap are not chemically equivalent

and result in different magnetically dead layers, whereas after annealing to 600 K both interfaces
attain comparable intermixing and magnetically dead layers. It was also shown that a half-hour
anneal at the lower 525 K annealing temperature, which is closer to the actual processing
temperature, results in only slight increase of the magnetically dead layer at both
interfaces. ©2000 American Institute of Physids$§0021-897@0)73808-4

In this work, the effect of tantalum seed and cap layers (i) 5 nm Tdseed/d nm Nig;Fe;¢/10 nm Tdcap and
on the magnetic thickness of permalloy is investigated in (i) 5 nm Ta/5 nm Cu nm Nig;Fe /10 nm Cu to sepa-
detail for MRAM (Magnetic Random Access Memorgp-  rate the influence of Ta and Cu layers on the permalloy and
plications. The MRAMs employ a PSiPseudo-Spin-Valye to exclude any possible effects of the permalloy/Cu and Cu/
structure which consists of two magnetic layers of unequapermalloy interfaces, and both
thickness separated by a nonmagnetic spacer. PSVs exhibit (iii) 10 nm Tdseed/d nm Nig;Fe,/10 nm Cu, to study
the well known GMR (Giant Magneto-Resistanceffect:  the influence of the Ta seed layer;
The resistance across the trilayer film depends on the relative (iv) 10 nm Tdseed/5 nm Cu/d nm Ni;Fe /10 nm
orientation of the top and bottom magnetic films. The effec-Ta(cap to study the influence of the Ta cap layer.
tive magnetic thickness of the bottoistorage and top Physical thicknesses were calibrated based on deposition
(read magnetic layers determines the switching fields of therates. The magnetic moment of each permalloy film was
read and write events. Thinner permalloy layers are desirablmeasured using SHB109 B-H looper on a whole 6 in. wafer.
to lower switching fields and therefore currents needed td’he magnetic moments for films in seri@) and(iv) were
address a particular bit for reading or writing. Both the stor-also measured on a Quantum Design SQUID magnetometer
age and the read layers typically have permalloyg{fR8;q) for 5 mm by 6 mm pieces cut from the same wafers. These
in direct contact with tantalum. Therefore, it is of technologi- films were further annealed at 600 Krfd h to study the
cal interest to study the effects of Ta seed layers and Ta cagffect of thermally driven interdiffusion on the magnetic mo-
layers on the effective magnetic thickness of ultrathin periment of the permalloy film.
malloy (Nig;Fe,o). As shown in Fig. 2, our theoretical studies of the mag-

Experiments were designed to study the effect of the Tanetic structure of Ni-rich Ni-Ta alloys using the KKR-CPA
seed and cap layers separately, as shown in Fig. 1. The filnmethod? show that, in the ideal random alloy limit, the av-
were deposited using a Commonwealth Scientific lon Beanerage magnetic moment vanishes at 12% Ta concentration.
Deposition system, and the following structures, with per-Experimentally, as shown in Fig(& and 3b), by compar-
malloy thickness ranging frord=2 to 10 nm, were grown: ing series(i) and (ii), it is evident that the Ta interfaces are
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FIG. 1. Design of experiments to investigate separate effects of tantalum =
seed and cap layers on the magnetic moment of permalloy films used in the = 0.8 | 7]
PSV. There are two types of Ta/permalloy interfaces: the bottom permalloy ¢E’
layer is deposited on top of a Ta seed laydenoted as Ta/lyjFe,q), g 06 7]
whereas the top permalloy layer is covered by a deposited Ta cap layer =
(denoted as NjiFe,/Ta). 2 04 | .
Q .
5 As-deposited films
g 0.2 | dead layer/shift, -
along x-axis = 2
primarily responsible for the magnetically dead layers. The 0.0 L . . . .
amount of missing moment in terms of equivalent magneti- 0 20 40 60 80 100 120

cally dead layer was obtained from the horizontal axis inter- Thickness (A)

cept of the straight line dependence of magnetization as . 3. (a) Total magnetic moment of MjFe, films surrounded by 5 nm Ta
function of the permalloy thickness. Permalloy layers sur-seed and 10 nm Ta cap layddenoted as Ta/NjFe/Ta) as a function of
rounded by copper films exhibit virtually no loss of magneticthe permalloy thickness. Measurements were performed on a whole 6 in.

moment within the experimental error of 0.2 nm Whereaswafer using a B-H looper fofl) as-deposited films andl) the same films

) o annealed at 525 K for 1/2 h. 525 K temperature for this set of films was
permalloy layers surrounded by tantalum films exhibit a 1.5hosen to investigate the annealing temperatures close to actual processing

+0.2 nm magnetically dead layer. Seri@g clearly shows temperatures. The data were fitted with a linear dependence. If there were no

that the moment of NiFelg is minimally reduced due to the losses .Of momgnt at the interfaces, the I|ne_ar dependence of the moment as
a function of thickness would start at the origih0) of the graph. From an
intercept of the straight line with the thickness axis, the loss of moment can
be expressed in terms of an equivalent magnetic dead layer of thickkhess

0.8 1.5+0.2 nm for as-deposited arid) 1.7+ 0.2 nm for annealed films. Notice
' T ' ! ! T NiTa ! that upon annealing at 525 K the moment decreases by approximately 20
fec: a (Expt.) Wb which corresponds to a 0.2 nm increase in terms of a magnetic dead
0.6 KKR-CPA (ASA) _ layer. Both Ta interfaces contribute to the magnetic dead layer, sedkext.
Scalar Relativistic The total magnetic moment of )Fe,q film surrounded by 5 nm Ta/5 nm
— Cu seed and 10 nm Cu cap laygdenoted as Ta/Cu/piFe /Cu) as a
5'? 0.4 h function of the permalloy thickness measured on whole 6 in. wafers using a
= B-H looper. Ta is still used as a seed layer, but the permalloy is surrounded
E 0.2l | by Cu only. The 0.2 nm shift of the linear dependence measured along the
H ) thickness axis is within the measurement error. Error bars in magnetic mo-
E ment are smaller than symbols.
g. 0.0 ———————
e -
-0.2} . e Ta-site | . ) ) L
: L interfaces with Cu and therefore there is no significant para-
magnetic alloy at those interfaces.
O e oor  oos o1z o.is Further, as shown in Fig. (4, by studying the as-

deposited films in serie€), it was found that the Ta seed
layer interface with the NiFe g produces a 060.2 nm
FIG. 2. Spin moment versus tantalum concentration in Ni-Ta alloy. Calcu-thick magnetic dead layer. The Ta metal in the cap séiiigs

lations were done akn.,=3 using scalar relativistic KKR-CPA and the on the other hand, intermixes more readily in the as-
atomic sphere approximatioASA) method. Solid line represents alloy’s

: . eposited films, producing a ®.2 nm thick magnetic
average moment. The dashed and dotted lines show magnetic moment of Ni . .
and Ta sites, respectively. The average moment in the alloy vanishes at 1264¢ad !aye_r, see Fig.(H). Since Ta Surfacg_fr_ee energy]_-S
Ta concentration. J/n?) is higher than that of Ni2.45 J/ni),? it is not surpris-

fraction of Ta
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Ta/Ni; Fe J/Cu films as readily with Ta atoms of higher surface free energy.
250 . : - T T Therefore the two interfaces, Ta/permalloy, with 0.6 nm
= (I) As-deposited films @ dead Ia_yer, anq permalloy{Ta, yvith 1.0 nm dead layer, are
E 200 |- "dead" layer = 6 . not equivalent in as-deposited films. Note that, as expected,
3 the 1.6-0.2 nm total sum of thickness from seriés) and
£ 150 . (iv) agrees well within experimental error with the magnetic
g dead layer thickness for Ta/permalloy/Ta structures of series
E 100 | - (i) of 1.5+ 0.2 nm for as-deposited films.
% Our results for as-deposited films agree very well with
§° 50 I ' 4 the previously published studies of magnetically dead layers
s (I f(lllmg,?imcalc_d a ?&00 K at the permalloy interfaces with Q0.4+ 0.016 nm for both
0 i | ,ca a)l'er' \ interfaces in Cu/NiFe/Cu structie Ta (1.28+0.2 nm for
0 20 40 60 80 100 120 bqth interfaces in _Ta/NiFe/Ta gnd 0%8.2 nm for Ta/
Thickness (A) NiFe/Cu structuré$ in sputtered films. However, the authors
Ta/Cu/Ni. Fe /Ta films in that paper were not able to differentiate between the ef-
250 . . 8 l. 1o : | fects of bottom and top permalloy interfaces on the magneti-
N . ®) cally dead layers.
S 200 L qﬁgﬁ?‘f;’;::tidlglﬁs i As shown in Fig. 4a), upon annealing to 600 K, ther-
E mally driven interdiffusion has a much stronger effect on the
% 150 L ] origina_tlly ch_emically smooth Taeed/ Ni_glFelg as-
5 deposited interface than on chemically rough
§ NigFe o Ta(cap as-deposited interface, and produces a dou-
f 100 - ' bling of the magnetically dead layer to #*®.2 nm. As
§ shown in Fig. 4b), the chemically rougher NjFe,d/Ta(cap
@ 50 - (I1) Films annealed at 600 K | as—deposited.interface only slight'ly increases its magnetic
= "dead" layer = 12 A dead layer thickness upon annealing toA®2 nm. There-
0 ' : ' ' : fore, the chemically and magnetically different as-deposited
0 20 0 100 120

interfaces of Téseed/permalloy and permalloy/Teap
reach comparable intermixing and magnetic dead layers
FIG. 4. (a) The total magnetic moment of NFeyq film surrounded by 10  upon annealing to 600 K.

nm Ta seed and 10 nm Cu cap layédenoted as Ta/NjFe,/Cu) as a Furthermore, serie§) was annealed for 1/2 h at 525 K

function of the permalloy thickness measuredao5 mm by 6 mnpiece of e .
a wafer using a SQUID magnetometer for as-deposited films andl) the to study the effect of a more realistic processing temperature

same films annealed at 600 K for 1 h. The data were fitted with a lineaOn the Ta/permalloy and permalloy/Ta interfaces. As shown
dependence. The loss of moment can be expressed in terms of an equivalént Fig. 3(a), it was found that intermixing increases slightly

magnetically dead layer of thickneg 0.6=0.2 nm for as-deposited and  from 1.5 to 1.7 0.2 nm for both the seed and the cap Ta

(1) 1.2=0.2 nm for annealed films. Upon annealing to 600 K the moment; o o cas Therefore, it is concluded that up to 525 K an-
decreases by approximately }demu which corresponds to a 0.6 nm in-

crease of a magnetically dead layer. Only the Ta seed layer interface cofl€aling temperature the two interfaces still maintain their
tributes significantly to the magnetically dead layé. The total magnetic ~ difference in the level of chemical intermixing.

moment of N;Feq film surrounded by 10 nm Ta/5 nm Cu seed and 10 nm

Ta cap layergdenoted as Ta/Cu/blFe /Ta) as a function of the permalloy Work supported through a CRADA with Honeywell

thickness measuredhaa 5 mm by 6 mnpiece of a water using a SQUID - SSEC and Nonvolatile Electronics, Inc. sponsored by the

magnetometer fofl) as-deposited films andl) the same films annealed at . .
600 K for 1 h. The data were fitted with a linear dependence. The loss opaboratory Technology Research Program, Office of Sci-

moment can be expressed in terms of an equivalent magnetically dead lay&nce, USDOE, under Contract No. DE-AC05-96-OR22464
of () 1.0=0.2 nm for as-deposited aritl) 1.2+0.2 nm for annealed fims. ~ with Lockheed Martin Energy Research Corp.

Notice that upon annealing to 600 K the moment decreases by approxi-

mately 3.3uemu which corresponds to 0.2 nm increase in terms of a mag-

netic dead layer. Only the Ta cap layer interface contributes significantly to
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