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THE RELATIONSHIP BETWEEN DEPOSITION CONDITIONS, MICROSTRUCTURE AND
PROPERTIES OF RE-TM THIN FILMS

J-W. LEE, S-C.N. CHENG, M.H. KRYDER AND D.E. LAUGHLIN
Magnetic Materials Research Group, Camnegie Melion University, Pittsburgh, PA 15213 USA

ABSTRACT

Both TbCo and ToFe thin films were dc-magnetmn sputtered onto carbon-coated Cu grids as well as

glass subsuatu fmm a three inch mosaic Iargex using a varicty of power levels and argon pressures (Pa,). The

y (Ky) dispk i in the range of 2.5 1o 11.5 mTorr of P4, and decreased with

further increases in PA, Films dcposlted at low P, (< 11.5 mTorr) exhibit a smooth and featureless

Lorentz ek py images reveal the magnetic domains in them as black and white

dots which are characteristic of perpendicular magnetization. Ontheotherhmd.ﬁhnsdeposmduhlgherh,(>
11.5 mTorr) exhibit & rougher surface, 2 high density of mi and i domains with ripple.

A similar study was also made of the effects of deposition poweron the microstructure and domains at

Par =5 mTormr. The Ky was found 10 decrease with increasing power. The microstructure at 30, 40 and 50 watts

did not reveal any significant difference except that there was a  slight increase in surface roughness with

increasing power.

INTRODUCTION

Recently, amorphous rare earth (RE)-transition metal (TM) thin ﬁlms with perpendicular uniaxial
anisotropy (Ky) have been m!mduced s a rewritable i In spite of years of
study by large bers of ding of the ongm of Ky wmams mmnplete. although several
models have been proposed including pair ordenng.l local ani 2 h P ,.3 shape

p 4 and stress ani py. 5 We have previously shown that l.hcse films cxl'nblt magncuc propertics,
which are strongly dependent upon deposition parameters such as nrgon pressure (Pad) ® and substrate bias
volage.? Our mvesumons Ied us 10 the conclusion that is not the origin of the
perpendicular amsmropy

Recently we have shown that film-to-sub stress for up to haif the Ky in these filmsS but

other mechanisms are also clearly active. We showed that Ky depends upon the Py, used during deposition and
exhibits a peak near 10 mTorr. lnlh:spaperweshowlhallhcpeaka“cmrelamsmlhhawngadenseand

featureless microstructure in the film and that higher P, prod a ucture ining voids. It
is also shown that deposition power (P) has somewhat weaker effects on the mi and Ky. I g P
produces a slightly rougher film surface, indicative of more col and a d ing Ky.
EXPERIMENTAL
Both TbCo and TbFe thin films were dc-magncu'on spuu.ered l‘mm three inch mosaic targets onto
carbon-coawd Cu gnds for direct observauon by py (TEM). They were also
d on glass for TEM observation and torque magnetometer measurements. The

sputtering was carried out at the following Py, : 2, 5, 11.5, 20 and 40 mTorr at P = 40 watts, and P = 30, 40 and
50 watts at Po, = 5 mTorr. The nominal area composition of the targets were TbigFesq and ThygCoyg. The
nommal thickness of the films was 50 nm. TEM was performed using a Philips EM420T analyucal electron

The ic domain confi ions were observed by Fresnel mode imaging in Lorentz electron
mlcroscopy (LEM). K was d by a torque meter in magnetic fields up to 14 KQe.
RESULTS
i in Film

The measured K, of TbFe thin films deposited by DC magnetron sputtering at differeat PAr are shown
in Fig. 1. Itis seen that Ky increases as P, is increased from 3 10 12 mTorr, peaks, and then decreases as Py, is
further increased. Beyond 20 mTorr the torque curves indicate both perpendicular and in- planc anisotropy
components. Similar data were obtained for TbCo.

On the other hand, K, d with i g P. For ple in TbFe films the K decreases from
2.7 x 106 ergfem3 10 2.4 x 100 erg/em3 as P i mcreases from 40 to 50 watts with Px, = 5 mTorr. Similarly in
the TbCo films K, decreases from 1.3 x 106 crg/cm wix106 crg/cm as P increases from 30 to 40 watts
with Pa, =5 mTonm. Generally the Ky is higher in the TbFe films than in the TbCo films. This is believed to
be due to the differences in the magnetostriction of the two alloys.
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Fig. 1. Ky of TbFe as a function of Py, .
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Figure 1 shows that K, in TbFe thin films deposited on glass sub displays a i near 12
mTorr and d with further i in P,,. Here, I ch are lated with the ch inKy.
With Py, =5 mTor, the film structure is smooth and featureless, as shown in Fig. 2a. At P4, = 11.5 mTomr
(Fig. 2b), the film morphology is similar to that shown in Fig. 2a. On the other hand, films deposited with Py,
greater than 11.5 mTorr (Figs. 2¢ and 2d) exhibit a high density of microvoids which we have previously found
to be associated with columnar structure.® It is noted that the density of microvoids and surface roughness
increase with increasing Pa,.

Selected area diffraction (SAD) and microdiffraction patters of the TbFe films are shown in Fig. 3. At
low PAr (5 mTorm), the SAD pattern shows one broad halo and a weak second halo (Fig. 3a) while at high Py,
(40 mTorr) there is one broad halo and two weak halos (Fig. 3b). The microdiffraction pattemns obtained at high
Pa, (20 and 40 mTorr) reveal that the first halo contains spots arising from microcrystals. This is consistent

with our prevnous result in TbFeCo thin ﬁlms6 where it was shown that microcrystals coexist with an

phase. I g Par 10 # the number of microcrystals and/or promote grain growth.
In LEM images at lowPA,(S mTarr), mcmagmucdnmamsappeans blackandwhuedotsandsmp&
which are typical of films with strong perpendi i py (Fig. 4a). & g P4, (11.5 mTorr) alters the

domam mu:lum shghtly (Fxg 4b) and sull indicates perpendicular anisotropy. At PA, 20 mTorr (Fig. 4c), the
i npple as well as black and white dots and stripes. This indicates
that the films have a mixture of perpendlcular and in-plane magnetization. A further increase in Pa, to 40 mTorr
reveals no domain contrast (Fig. 4d). This is due to the reduction in interaction energy between neighboring
magnetic portions separated by microvoids® and possnbly oxxdauon

Similarly, microstructure and ions have been i igated in TbCo films.
Low P, (2 and 8.6 mTorr) results in films with microstructures that are smooth and featureless (Figs. Sa and b,
respectively) while high P4, (40 mTorr) produces films with microvoids (Fig..5c). This is consistent with our
previous results in TbFeCo® and TbFe thin films (see Fig. 2). Thus, as far as RE-TM thin films are concerned,
high P, always produces microvoids.

SAD patterns of TbCo films deposited at low P4, (2 mTorr) consist of two broad halos (Fig. 6a) while
SAD pattems of TbCo films deposited at high P, (40 mTorr) exhibit several broad rings as shown in Fig. 6b.
A dark field image formed by using the first halo of the SAD pattern in Fig. 6b of the TbCo film deposited at 40
mTorr is shown in Fig. 5d. It is quite evident that the film has a number of microcrystals within an amorphous
matrix. The crystallite size is less than 1.5 nm. Thus, high P, promotes crystallization in RE-TM films. On
the other hand, if microcrystals exist in films with low P, they are substantially smaller than 1.5 nm.

“Lorentz electron microscopy images of the magnetic structure in the TbCo films are generally consistent
with those of TbFe. At low P4, (2 mTorr) black and white dots and stripes which are indicative of perpendicular
magnetization are seen in Fig. 6c. However, whereas the TbFe film deposited at 40 mTorr had no observable
magnetic structure (Fig. 4d), the TbCo film deposited at 40 mTorr (Fig. 6d) reveals magnetization ripple which
is indicative of in-plane magnetization.
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Fig. 2.  Bright field TEM images of TbFe thin films as a function of P4, ; a) 5, b) 11.5,¢) 20 and
d) 40 mTorr.

a

Fig. 3.  SAD (a and b) and microdiffraction (c and d) pattems of TbFe films; a} 5, b) 40, ¢} 20 and
d) 40 mTorr.
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Bright field TEM images and representative SAD patterns of TbFe films deposited with Py, =5 mTorr
and P = 40 and 50 watts are shown in Fig. 7. The films appear to be amorphous and do not reveal any
significant difference in morphology. However, therc is a slight increase in surface roughness with increasing P
(compare Fig. 7a with 7b). Furthermore it should be noted that the SAD paticrn at 50 watts (Fig. 7d) has two
broad halos while the pattern at 40 watts (Fig. 7¢) shows onc broad halo with only a weak second halo. The
appearance of a more distinct halo at 50 watts suggests that crystallization may be more abundant at 50 watts.
LEM images of domain structure reveal black and whitc dots and stripes which are consistent with perpendicular
bubble type domains in both cases.

For TbCo films, there is an obvious difference in surface roughness between films deposited at 30 watts
(Fig. 8a) and 50 watts (Fig. 8b) as was also observed in the TbFe thin films. The corresponding microdiffraction
patterns reveal that both films (Figs. 8¢ and 8d) show weak spots within the halo. However, the intensity of
spots appears to be stronger at SO watts. These results suggest once again that the amorphous phase coexists
with the microcrystalline phase and that crystallization is more abundant with increasing power. The magnetic
domain patterns obtained at 30 watts are shown to be perpendicular stripe type with an average width of less than
1 um. The domains in the fiim deposited at 40 waus are larger, but still indictive of perpendicular anisotropy.
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Fig. 4.  Lorentz images of TbFe films: a) 5, b) 11.5, ) 20 and d) 40 mTorr.

Fig. 5.  Bright (a, b and c) and dark (d) field TEM images of TbCo films: a) 2, b) 8.6, ¢) and
d) 40 mTorr,

DISCUSSION AND CONCLUSIONS

The data presented in the previous sections make clear the fact that the sputtering conditions strongly
affect the microstructure of rare carth-transition metal alloys and, consequently, their magnetic properties. It was
shown that Ky, increases with Py,, reaching a peak near 12 mTorr, and then decreases. Observations of film
microstructure reveal that films deposited at low to moderate Pa, (2 to 11.5 mTorr) have smooth and featureless
microstructure while films deposited with high P, contain microvoids and columnar structure which are
associated with a declining perpendicular anisotropy.

Accompanying this change in microstructure and Ky is a change in the magnetic domain structure, as
observed by Lorentz electron microscopy. With low P4, the magnetic domain structure is observed to consist of
stripes and bubbles, indicative of strong Ky. As Py, is increased, the domain structure begins to show evidence
of magnetization ripple, which is indicative of in-plane magnetization. In TbFe films at very high Py, the
domain structure vanishes, probably because the film is so porous that it completely oxidizes.
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Fig. 7. Bright field TEM images and their representative SAD patterns of TbFe films as a function
of P: a) and c) 40, and b} and d) 50 watt

The reason for the change in microstructure with the change in Py, is believed to be that increasing Pa,
induces a reduction in the surface diffusivity of adatoms and causes a more random angle of incidence of sputtered
atoms onto the substrate. This in turn leads to self-shadowing and the generation of microvoids.

Studies of the changes in microstructure and anisotropy as a function of P reveal only minor changes in
the range of power examined. Increases in P produced minor increases in surface roughness and minor decreases
in Ky. Both the values of anisotropy measured and the changes in anisotropy with power of deposition were
somewhat larger in TbFe than in TbCo films.

The increases in surface roughness with increasing P are consistent with the zone model of
microstructure presented by Thornton 9, High P feads to Zone 2 microstructure which is columnar and exhibits
a rougher surface. Interestingly enough, the data indicate that this type of microstructure causes a decrease in Ky.

It is concluded that there is strong correlation between deposition conditions, microstructure, Ky and
magnetic domain structure in DC magnewron sputtered TbFe and TbCo films. Studies indicate that the films
which have maximum anisotropy and are preferred for magneto-optic recording applications are deposited with
low P4, and have featureless microstructure.
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Fig. 8.  Bright fiecld TEM images and their representative microdiffraction patterns of TbCo films:
a) and <) 30, and b) and d) 50 watt
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