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The effects of Ba content on the dynamics of the crystallization process, which ultimately
determines the grain size, were studied in barium ferrite thin films. Rapid thermal annealing was
used to crystallize the amorphous as-deposited barium ferrite films. The annealing time and
temperature dependent crystalline volumes were determined from the magnetization of the films,
and were analyzed by means of the Johnson—Mehl—-Avrami relation. Microstructural studies
showed that the films with higher Ba content had higher nucleation rates and lower growth rates;
consequently, they had finer grain size and smaller grain aspect ratio. Magnetic measurements
showed that the higher Ba content films also had higher coercivities and smaller magnetic switching
volumes. © 1997 American Institute of Physids$S0021-897607)36608-(

I. INTRODUCTION The in-plane magnetic properties of the films were stud-
i ) o i _ . led on an alternating gradient magnetoméf®M). M ¢ and
Barium hexaferrite thin film media are attractive candi-; '\yere determined from the hysteresis loops of the films.
dates for uItrahlgh de_nsny over-coat free magnetlc recording. The switching volumev,,, was obtained from the “wait-
In order to achieve this go_al, magnetic grains as sma[l as 10_919 time” measuremetby using the time dependence of
A are necessary to obtain reasonable signal to noise rat'@oercivit)/‘
(SNR) in recording at high areal density.
Barium ferrite thin films, sputtered onto substrates at 2kgT At |\ ]2
room temperature, are amorphous and nonmagnetic. The Hc(t’)zHall— TRVRY, In(0693) ] QD
H 5 H a sYsw .
amorphous-to-crystalline phase transformation to a magnetic
film is achieved by annealing at temperatures as high agheret’ is the time for the magnetization to decay to zero at
800 °C and is an important step. Many microstructural prop-an applied fieldH in the vicinity of the coercivity. The con-
erties such as grain size as well as many magnetic charactestantA is an attempt frequency taken to be’1The fitting
istics are dependent on this thermodynamic transition proparameterd/y, and the anisotropy fielth, were determined
cess. Parkeret al. studied this process in barium ferrite by fitting Eq. (1) to measurements df for a given applied
grown on single crystal sapphire substrétdn. this study, field [H¢(t")].
we have investigated how microstructure may be controlled
in barium ferrite thin films deposited on amorphous oxidized
silicon substrates. The nucleation and growth of crystalliteg|], RESULTS
were studied by using both microstructural and magnetic
measurements. The topographic grain structures as measured on the
AFM in the low Ba content barium ferrite films at a tempera-
ture of 820 °C, and at annealing times of 10 and 20 s, are
Il EXPERIMENTAL PROCEDURES shown in Fig. 1. It is observed.that the bar.ium'ferrite grains
are elongated along one of their in-plane directions. With the
Barium ferrite thin films of 1000 A thickness were de- increase of annealing time, the grains grew further along
posited from two targets having different Ba contents ontdhese directions and more grains were formed. The growth
oxidized silicon substrates. A rf sputtering power of 100 Wstopped when the neighboring grains abutted one another.
was used in a Leybold Z-650 sputtering system. Target 1
contains~18 weight percenfwt%) of BaO, whereas target 2
has ~23 wt% of BaO, determined using energy dispersive
x-ray fluorescencéEDXRF). The wt% of BaO in the depos-
ited films is 4%—5% less than that in the targets. The amor-
phous films were then rapidly thermally anneal®&TA) at
temperatures of 780, 800, and 820 °C for various annealing
times to achieve different degrees of crystallization.
The microstructure of the films was studied using an
atomic force microscopéAFM). The films were briefly
etched before the AFM measurements in order to enhanci
their topographical features. A JEOL 120cx transmission

electron microscop€TEM) was also used to confirm that the @ ” o) ""
thOQraph|Cal .feaFures measured by AFM were representaqg, 1. AFM images(3x3 um) of low Ba content films after annealing at
tive of the grain size. 820 °C for(a) 10 s and(b) 20 s.
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FIG. 3. TEM bright-field imagegabout 1.41 um) of high Ba content
films after annealing at 800 °C fda) 12 s and(b) 30 s.

FIG. 2. AFM imageg1X1 um) of high Ba content films after annealing at
820 °C for(a) 8 s and(b) 14 s. M, increases asymptotically to 280—300 emu/cc with an-
nealing time(M, t value of 1.1 memu/cA). To evaluate the

. crystallized fractions of each film at different annealing
The nucleation rat&y and the growth rat®s were mea times, the value oM relative to that after a long term an-

sured at early sta}ges of crystal!ization when the nucleatiorﬁeal was used. The curves were analyzed using the Johnson—

and growth of grains took place independently of each otherM . L .
) . ehl—-Avrami (JMA) kinetic equatiof

Ry of about 9 grains/s in an area o3 um andRg of

about 69 nm/s along their acicular directions were estimated

from Fig. 1.

The transformation in the higher Ba content barium fer-
rite films at a temperature of 820 °C is shown in Fig. 2. Thewherex(t) is the normalized crystalline volumé&; and 7
nucleation rate in these films was found to be much higheare temperature dependent kinetic constants, rans the
than in the low Ba content films, and the growth rate wasAvrami exponent, which is related to the transformation
lower as indicated by the greater number of grains in thenechanism. Tha value for a linear time dependent nucle-
same area, and by the shorter grain dimensions. The valuesion and two-dimensiondRD) growth is 3, whereas for a
of Ry andRg measured at different temperatures using thidinear time dependent nucleation and one-dimensi¢ha)
method for both sets of films are listed in Table I. The aver-growth it is 2.
age final grain size of the high Ba content films was about  Fitting the curves before they reach their asymptotic val-
500 Ax1500 A, much smaller than that of the low Ba con- ues resulted in values of of about 3 for the high Ba content
tent films, which was about 150051 um with a higher films. On the other handy=2 gave a reasonable fit to the
average grain aspect ratio of 6 to 8. TEM images of the filmgurves corresponding to lower Ba content films. The results
annealed at 800 °C for 12 and 30 s, respectively, are showof the fitting are shown in Table Il. The activation energy for
in Fig. 3 and indicate good agreement between the grain sizeansformatiomAH, is again determined from the Arrhenius
and the measured AFM topographical features. relation>’

As also shown in Table I, the activation energies for the  The annealing time dependencies lf are shown in
nucleationAHy and for the growthAHg were determined Fig. 5. The results indicate that, saturates earlier thav ¢
from the nucleation and the growth rate by means of theloes. The Ba rich films have higher firtd], values(~5000
Arrhenius  relation, Ryx exp(—AHy/kgT); Rgxexp  Oe than the low Ba content filmg~3200 Og.

(=AHg/kgT). The high Ba content films were found to have The remanent squareneSsand the coercivity square
a lower energy barrier for nucleation, but a higher energy

barrier for growth, as reflected by their higher nucleation rate

and lower growth rate, respectively.

n

: @

Xx(t)=1—expKtM=1- ex;{

The annealing time dependencies of the saturation mag- 400 e T
netization of the films at isothermal annealing temperatures
of 780, 800, and 820 °C are shown in Fig. 4. The value of 200 | . . ]
? g ] ) Pocada - v ,‘
2
TABLE I. Nucleation, growth rate, and activation energies. g 200 -
5 / e 0
Growth rateRg;  Nucleation rateRy AHg AHy 7t : ﬂ';ggog
T (°C) (nm/gy (grains/s/25um?)  (eV/atom)  (eV/atom = 100 - #1',32000 i
-0- #2,780°C
Target 1, low Ba content - $28000C
780 20 29 | e e - $2,8200C
800 37 14 171 2.98 0 O L]
820 69 o5 4568 qQ 2 3 458 {02 2 3
Target 2, high Ba content Time (s)
780 4.2 84.2
800 7.2 167 1.96 2.12 FIG. 4. Dependence dfl; on annealing time at different temperatures. The
820 17.5 390 symbols represent experimental data and the solid lines represent fits to the
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JMA equation.
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TABLE Il. Fitting parameters in the Johnson—Mehl—-Avrami equation.

22f
T (°C) M, (emu/cg n 7(S) Kt AHq (eV/atom 21 |
Target 1, low Ba content o 20r
780 300 2 878 18107 o 19
800 300 2 385 68107 4.9 T 181
820 300 2 149 4%10°° - 177
Target 2, high Ba content 18]
780 280 3.04 523 5810° 2 15[
800 280 3.03 197 1210* 75 > 14]
820 280 2.97 923 1.3710°° 13}
12p - e L
656 10 2 8 4656 102 2 3

nessS* in the fully crystallized films were 0.66 and 0.88, Annealing Time ()

respectively, in the high Ba content films. They were 0.6 andkiG. 6. Dependence of, on annealing time at different temperatures in
0.65 in the low Ba content films. the high Ba content films.
In the fully crystallized films Vg, in the high Ba content

films were found to be about 50% of those in the low Bametric BaFg,0,4, Whereas the higher Ba content films are

content films. The values a&f,, were much smaller than the about 5 wt% BaO rich. It is suggested that the reason for the

average physical grain size in all filmg,, of the high Ba  higher growth rate in the low Ba content films is that crys-

content films was seen to increase at about the same rate @slites in stoichiometric films grow more easily after nucle-

M, with annealing time, as seen by comparing Figs. 4 and Gation, whereas the growth rate in the films with Ba content
higher than stoichiometry may be limited by diffusion. On

IV. DISCUSSION AND CONCLUSION the other hand, the local Ba rich sites in the high Ba content

Barium ferrite films such as the films studied here havefIImS may provide more nucleation centers. This would ex-

in-plane oriented magnetic easy axes, which are alsathe ?Ilaln .Wh{) thf Oazcgva\t/l;)r; e“‘;?g% for gdrot\évtrtw f'n the lBat.nch_
axes of the crystallites. It is known that barium ferrite has ms IS about 9.2 eviatom higher and that for nucieation IS

slow growth along thec axis, and fast growth in thab about 0.86 eV/atom lower. The final grain size and grain
plane® It is thus expected th,at barium ferrite would show 2SPect ratio are the results of the competition between the

rapid 2D growth. However, the growth perpendicular to therucleatlor:/v?hnd tthe gr0\|/;/th. f h|gher. nuclg&ﬂog r?te anq a
film is constrained by the film surfaces. According to the ower tgrot' ra ebresu dm ltr;eré]ral'ni :‘NII shorter grain
growth rate given in Table I, only 2—3 s are required for the@SPECT ratios as observed in e Ba fich 1ms.

crystallites to grow to the film thickness of 1000 A at an _The much smal_levsw than the_gra_un size may be caused
by incoherent rotation of magnetizatidithe incoherent ro-

annealing temperature of 800 °C in the low Ba content films_ 7 =™~ . .

Such a short time is negligible in comparison to the anneaIJEatlon |s_expecteq to be more prominent in the Ia.rger and

ing time window of 60 s. The growth in the low Ba content more acicular gr_aun%q The much loweiH, ob;erved in the

films was, therefore, predominantly 1D, while that in the BaIOW Ba content films may also be due to this effelct.

rich films which grew much more slowly remained 2D. As a
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