Formation and microstructural analysis of co-sputtered thin films
consisting of cobalt nanograins embedded in carbon
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Cobalt—carbon thin films were deposited with a carbon concentration ranging from 27 to 57 at.% at
different substrate temperatures. The morphology and phases of as-deposited films were
investigated by transmission electron microscopy and x-ray diffraction. The effect of annealing on
the microstructure is reported. Under particular conditions of substrate temperature, carbon
concentration, and subsequent annealing, a granular morphology consisting of nanocrystalline
cobalt grains embedded in graphitelike carbon was obtained. The cobalt grains were uniform in size.
The particle size could be controlled in the range from 4 to 7 nm by varying the carbon
concentration. The cobalt phase was found to depend on the carbon concentration and substrate
temperature. The hexagonal close-packed cobalt phase was observed only via the formation of the
metastable carbid&’ - Co,C and its subsequent decomposition upon annealing. Otherwise the cobalt
phase has a heavily faulted close-packed structure or a random stacking structut®97©
American Institute of Physic§S0021-8977)04417-4

I. INTRODUCTION plates relative to the ion beam center, thus the target area
exposed to the ion beam determines the surface ratio of Co to

Films with a nanogranular morphology have receivedC The chemical i  the fil db
much attention partly due to their potential applications as_* € chemical compositions of the Tiims were assessed by

high-resistive soft magnetic materidlé, hard magnetic Auger glectron speptroscopy. In this study, the carpon con-
materials$™ and materials with giant magnetoresistancecent.ratlon was varied from 27 to 57 at. %. Sputtering was
propertie’” The granular morphology is generally obtained cKarrlfed Oui under gn argon pressureggé gtzr? QT.OW' A
via co-deposition of two nonmiscible materials, one mag- autmann-type lon beam source was usednd the Ar ion

netic and the other nonmagnetic, e.g., Co—Cu and Fe—A eam had an energy of 1.5 keV and a diameter of 30 mm.

Under particular deposition conditions, magnetic grains em- 88 oéuk;_sr:ratde temtperature W?S varied betwe_end 10(')F T)Td
bedded in a nonmagnetic matrix can be obtained. The Co-— - 1€ deposition parameters are summarized in 1able

system has also been tri&d! Until now, Co—C film phases .
Y P Glass and NaCl cleaved in air were used as substrates.

have been studied, and metastable carbide phasq% I bstrat | d orior to d ition by b
reportedi®?213 Magnetic properties have also been ¢ 9'ass substrales were cleaned prior to deposition by be-

reported®®' However, data on the film morphology in con- ing dipped into a supersonic bath with ethanol, then metha-
junction with the film phases is lacking. In this article, we nol, and finally exposed to methanol vapor. Before the depo-

report on the microstructural properties of co-depositeas't'cl;n of|Co—C f'lmj and _ctiu(;mg trlljetsr,]amebn:n, an almorpgous
Co—C thin films. The insulation of the magnetic grains i CAroon fayer was deposied on both subs righs cleave

their nonmagnetic matrix and the crystal structure of the;\IaCI ar;_d gltz;s)s Thfe purpos;t_of th'sf(iﬁrbt?; undt)er:ay/tertwas )

magnetic grains, which are particularly important for further 0 €quaiize the surface condiions of the two substrate types,
o : indeed on a NaCl substrate, epitaxial growth could be ob-

applications, are described. d. Th h b derl d that the t
The experimental part of this work is reviewed in Sec. jj, Served. Thus, ne carbon underiayer ensure at the two

The results concerning the microstructure of as-depositeglpes of substrates had films with the same microstructure. It
films are reported in Sec. lll as a function of the Carbonalso provided a clean surface for further deposition. The car-

concentration and substrate temperature. Also, the modific&’-On underlayer was amorphous ar6 nm thick.

tion of phases and morphology as a result of annealing are Co—C thin films deposnf;d on cleaved NaCI were floated
studied in Sec. IV. in pure water, and the resulting free-standing thin films were

put onto a holey carbon film supported by a copper mesh.
The free-standing thin films together with their holey carbon
Il. EXPERIMENT film and copper mesh were used for transmission electron
Co-C thin films were prepared by the co-deposition ionmicroscopy(TEM) observations. A Hitachi H9000 with an

beam sputtering method. The geometry of the sputtering sysxcceleration voltage of 300 kV was used. Selected area dif-
tem is shown in Fig. 1, together with the Co—C target ar-fraction (SAD) patterns were recorded; differences in the
rangement. The carbon concentration of the deposited filmghase due the deposition conditions and changes in phase
can be varied by moving the boundary between the Co and @ith subsequent annealing of the samples were observed.
X-ray diffraction (XRD) patterns were measured on glass
substrates; a glancing angle of 1° was used and the direction

@Electronic mail: jean@ilab.ntt.co.jp

BAlso with NTT Science and Core Technology Laboratories Group. 260 was scanned. CK a radiation was used, and the average
wavelength was taken to be 1.5418 A. The estimated preci-
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TABLE |. Sputtering conditions.

Co plate

Targets Co plate, 99.9% purity, 60 mB0 mm

control of the C plate, 99.9% purity, 60 mx60 mm

C concentration Substrates 0211 Corning glass, cleaved NaCl
Target-substrate distance 50 mm
lon beam Ar iong99.9999% purity, 1.5 kV, 10 mA
Base pressure 18 Torr
Total pressure 0.2 mTorr
Substrate temperature 100-300 °C

Ton Beam Film thickness 30-40 nm

FIG. 1. Deposition chamber geometry, together with the Co—C target and o . . .
ion beam arrangement. The target is moved across the ion beam, thus vadjicreased by a 50 °C step; the first annealing temperature

ing the Co/C geometric ratio which changes the carbon concentration of thevas Ta=300 °C. The subsequent annealings were all car-
film. ried out on the same sampléwot on different pieces of the

same samplgs

sion on 2 was +0.04°, whereas the accuracy was about); RESULTS OF AS-DEPOSITED FILMS
+0.1° due to the nonresolved, andK,, radiation. The .
accuracy on the calculated lattice parameters was theﬁ' Effect of the carbon concentration
+0.005 A. Three films were deposited with carbon concentrations
The grain morphology of the free-standing films wasof 36, 46, and 57 at. %, having a deposition rate ranging
studied with TEM. Annealing of the samples, on glass subfrom 2 to 3.5 nm/min; the other parameters were kept con-
strates and on copper meshes, was performed in a lamp fustant at 200 °C fofTs and 35 nm for the film thickness.
nace under vacuum with a pressure of less tharP Trr. Figure 2 shows bright-field TEM plane views of the as-
The time sequence of the annealing treatment was as fotleposited films, together with their SAD patterns.
lows: 1/2 h to reach the annealing temperaftiee followed In the case of 36 at. % carbon concentratiche film
by a plateau b1 h at Ta. For each new sequencEa was had a crystalline phase, as can be seen from the diffraction

== 10 nm

——(002)hep or (111)fee

—(002) graphite (?) —— (002) graphite

FIG. 2. TEM plane views and SAD patterns of as-deposited Co—C films with carbon atomic concentrations of 36, 46, or 57 at. %. All film thicknesses are
within 355 nm; Ts=200 °C. In the diffraction pattern, the rings are indexed whtlkI] o, and (kl), for the orthorhombic carbide and the hexagonal
cobalt, respectively.
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pattern of Fig. 20). By reviewing the Co—C system, it was improved by increasing the carbon concentration from 36 to
possible to index this diffraction pattern as the MS |l phase46 at. % at this substrate temperature.

found by Konno and Sinclal® This metastable phase is At 57 at. % carbon concentratigrihe diffraction rings
composed of an orthorhombic cobalt carbid& { Co,C) of Fig. 2(f) were narrower than those of Figid. They also
and hcp cobalt. The easily recognizable rings of the carbiddiffered from the 36 at. % C case: the (14@)ring was
are the innermost (011),, the (110), and the missing and the innermost ring shifted toward a larder
(111),4, the latter having the strongest reported intensity.spacing valugfrom 3.2—3.4 A. The innermost ring position
As for the hexagonal cobalt, the (1¢@)and (101),rings  corresponds approximately to tt@02) graphite ring, and the
can be indexed; but the (0Qg) is too close to the center of the second broad ring of the pattern corresponds to
(021)y, to be clearly distinguished. All rings of the diffrac- the (002}, or (111} of the cobalt phase.

tion pattern could not be indexed precisely, but there is an The TEM plane view of Fig. @) shows that the mor-
overall agreement with the MS Il pattern for this carbonphology was granular, with an estimated grain size of 4 nm.
concentration. The grain boundary was2 nm thick. In the high-resolution

The TEM observation of Fig. (@) reveals that the film image in the inset, lattice images of the grains can be distin-
has a granularlike morphology : the grains being defined byuished. These had a spacing ©0.2 nm, which corre-

a difference in contrast in the image. The darker areas indisponds to the broad cobalt ring in the diffraction pattern. The
cate a highz element-rich phase. The grains have a cobaltlattice images also show that the grains had a poor crystal
rich phase and are separated from the neighboring grains gerfection. In the boundary region, lines with a much larger
a boundary layer of a carbon-rich phase. In the inset of thépacing can be recognized; these correspond to the innermost
TEM plane view, a higher magnification image shows latticefing of the diffraction pattern, the position of which was
images. In this inset, the observed grain region, which iglose to the(002 graphite. Thus, the film mainly consisted
dark, has lattice images corresponding to (14¢) Thus,  of cobalt-rich grains with poor crystal perfection embedded
with the results of electron diffraction and lattice image ob-in graphitelike carbon.

servation, we conclude that the grain phase included the In conclusion, it can be stated that increasing the carbon
5'—Co,C carbide and the hexagonal cob@¥S Il phas¢.  concentration changes the film phase and morphology. The
The bright area of the inset corresponds to a grain boundarjhase changes from a crystalline MS Il phaésep Co plus
found to have a larged spacing than that of the grains, ¢ —Co,C carbide to a cobalt-rich phase plus graphitelike
roughly corresponding to (013,),, which has al spacing of carbon(the results on the observed phases are summarized in
3.18 A1° The boundary thickness is too small to ensure thatf @ble 1). A granular morphology with a uniform grain size

its contribution to SAD has been correctly detected in thishas obtained for a carbon concentration larger than 46 at. %
case. Indeed, the main contribution to the SAD comes front TS=200 °C, and the grain size decreased with increasing
the grain; so the diffraction rings of the boundary phase mayhe carbon concentration.

overlap with thes’ —Co,C and may not be distinguished
(e.g., if the boundary phase is graphitk is therefore diffi-
cult to reach a conclusion for the boundary phase.

At this carbon concentratiofFigure 2a)], the cobalt- Next we varied the substrate temperatligewhile keep-
rich grains were not well insulated from their neighbors bying the other parameters constant; i.e., the carbon concentra-
the carbon-rich phase. Some of them were large withoution was fixed at 27 at. %, the deposition rate was 15 nm/
clear boundaries. Roughly, the grain size ranged from 5 to 2¢hin, and the film thickness was fixed at 30 nm. Three films
nm and the boundary layer was2 nm thick. were deposited afs= 100, 200, and 300 °C. Figure 3 shows

When the carbon concentration was increased to 46TEM plane views of the as-deposited films, together with
at. %, the diffraction rings of[Figure 2d)] became very their corresponding SAD patterns.
broad, indicating an amorphouslike phase. The innermost For the sample deposited at ¥400 °C, the diffraction
ring corresponded roughly to tH@02) ring of graphite, but  rings of the SAD shown in Fig. () are too broad to be
had a low contrast. The second ring was very broad and mayndexed precisely. However, the diffraction pattern has some
consist of several unresolved rings. In this case, the filnresemblance to the MS Il phadé&ig. 2(b)]: there is a
phase cannot be described precisely. However, this will be¢110),, ring and a brighter ring at the (11g) or
come possible upon annealing the sangke Sec. Y. (002)¢, positions. But the innermost ring is shifted toward a

From the TEM plane view of Fig.(2) and the atomic smallerd spacing compared to that of the MS Il phase.
number effect, we found that the morphology of the flmwas  The TEM plane view of Fig. &) reveals small grains
granular, although the separation between the grain and itsaving a regular rounded shape with a diameter of 5 nm. The
boundary was not well defined. Thus, the film was composedispersion of the grain size was small. Also, the separation
of cobalt-rich nanograins, separated by carbon-rich boundsetween the grain and its boundary was not very well de-
aries. fined. The inset of the TEM view shows lattice images from

The high-resolution image in the inset of FigcPshows  a grain of this film. No lattice image could be observed in the
grains with imperfect lattice images having am0.2 nm  grain boundary region.
spacing and boundaries with 0.3—0.4 nm spacing. The grains Hence, the observed broadening of the SAD rings must
were nearly round and the average diameter of the grains wde due to the crystallite size effect. Therefore, the film phase
estimated to be 7 nm. The uniformity of the grain was clearlycontained a crystalline carbide close to the MSII phase. The

B. Effect of the substrate temperature
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TABLE Il. Summary of crystallographic data as obtained from SAD. Graphitelike carbon is abbreviated in graphite.

Carbon
concentration Grain size As-deposited
(at. % (nm) Ts=200°C Ta=300°C Ta=350°C Ta=400°C
36 at. % 5-20 grain: MS Il phase grain: MS Il phase grain: hcp Co grain: hcp Co

(8’ —Co,C+hcp Co) (8’ —Co,C+hcp Co) boundary: graphite boundary: graphite

boundary:(?) boundary:(?)
46 at. % 7 amorphouslike grain: heavily faulted grain: heavily no data
Co faulted Co
boundary: graphite boundary: graphite
+little carbide

57 at. % 4 grain: poor Co crystal grain: poor Co grain: crystalline Co grain: crystalline Co

boundary: graphite crystal boundary: graphite boundary: graphite
boundary: graphite

film consisted then of crystalline carbide and/or cobalt graingemperatureT s<200 °C, the crystallite size was governed
embedded in an amorphous boundary. Thus, lowefisg py the temperature dependency of the nucleation density;
expands the C concentration region found in Section Il A that is, the crystallite size increased wifls. '®

Ts=200°C andC=46 at. %, for which a granular mor- The sample deposited at F800 °C, had a SAD pattern
phology can be obtained. [Fig. 3(f)] that can be indexed as hcp Co, fcc Co, and a rather

~ AtTs=200 °C, the diffraction patteriFig. 3d)] canbe ;551 graphité002 ring. The rings indexed as belonging to
indexed as the MS .” phase. The film morphology, 85 IMhe cobalt phase had the following characteristics:
ferred from the TEM image of Fig.(8), was polycrystalline.

In this case, crystallites were not separated by a boundar@) the ring with the strongest intensity was (0Q2)in-
region of a different phase with a significant thickness. The stead of (101),,, which in a randomly oriented hcp
crystallite size ranged from 20 to 40 nm. At the substrate phase is the strongest,

Ts = 100C Ts = 200°C

AR

= 10 nm

(112)hep/ (311) fee
f) (110) hep/ (220) fec

(200) fec
(101) hep
(002) hep
(100) hep

(121)orth

(101) hep weak
(021) orth/ (002) hep
(111)orth
(100) hep
(002) orth
(101 orth (?)
(110) orth
(011)orth

(111) orth/ (002) hep
orth
(011)orth (?)

(002) graphite

FIG. 3. TEM plane views and SAD patterns of as-deposited Co—C films with substrate tempeFatafd90, 200, or 300 °C. All film thicknesses are within
305 nm; the C concentration is 27 at. %.
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FIG. 5. Schematic diagram dfs vs the C concentration, recapitulating the

conditions for the fabrication of the nanogranular microstructure.
FIG. 4. Small-angle x-ray diffraction pattern of Co—C film deposited at
Ts=300°C and 27 at. % C concentration. Arrows indicate the positions of
the diffraction peaks with their Miller indices. The film thickness was 60

nm. graphitelike carbon. The grain-size distribution was broad,

and in some places the boundaries were not well defined.
Most of the grain sizes ranged from 5 to 30 nhm. Some par-
ticles a few nanometers in size were also detected.

To summarize the effect of the substrate temperature,
two types of granular microstructures have been found:

(b) two broad rings at (103}, and (200).. were obtained,

and

(c) the (102), and (103), rings were missing.

(1) with a low Ts deposition, the granular morphology had a
small grain-size dispersion and the grain phase was a
carbide;

0(12) with a highTs deposition, the granular morphology had

a broad grain-size distribution and consisted of cobalt
grains with a random stacking structure embedded in
graphitelike carbon.

This film was further investigated by XRD taken at a glanc-
ing anglefd=1°; the measured XRD pattern is shown in Fig.
4. This pattern has one diffraction peak close to (6@2
plane of the hcp Co structure, and other peak intensities
(100)cp, (101)cp, and (200y, are very low but were de-
tected. The (002),, peak position corresponds talaspacing
of 2.035 A, which is in agreement with that of the standard
data for hcp CqRef. 18 within the measurement accuracy. The results of the influence of the carbon concen-

An examination of both diffraction results shows that thetration andT s on the film morphology are outlined in Fig. 5.
most intense (002), diffraction found in both patterngig. ~ As regards the film phases, highs (=300 °Q promoted
3(f) and Fig. 4 cannot be explained by the existence of athe formation of cobalt grains with a highly faulted/randomly
crystallographic texture, since the two patterns were meastacked close-packed plane structure, whereas in the case of
sured using two different geometries. The SAD patterndow Ts (<200 °Q a metastable carbide and an amorph-
missing the (103),, and (103), rings indicate a heavily ouslike phase were obtained. In the following, an investiga-
faulted hcp phase; generally thé,k,1) rings with h—k  tion of the effect of subsequent annealing of the films depos-
=3 n*1, wheren is an integer andl is not 0, are broadened ited atTs=200 °C(the previous carbon concentration series
or even eliminated by the presence of a high density of stackef Sec. Ill A, for which a metastable carbide and an amor-
ing faults!® Finally, all of the above characteristics can be phouslike phase were founis reported. Phase and morphol-
explained by a random close-packed phase; that is, a phasgy changes are described.
having a random stacking of close-packed planes: e.g.

ABABCBABC.. instead of thd BAB sequence for hcp, or

ABCABCsequence for fcc. In the random stacking case, al%v' RESULTS OF ANNEALED SAMPLES

intense reflection was found at the (OQ2)position, and two The films shown in Fig. 4, which were depositedTat
broad reflections were observed at the (1g1and (200j. =200 °C with a carbon concentrations of 36, 46, or 57 at. %,
positionst’ The inset of the TEM image of Fig(8 provides ~ were annealed &ta= 300, 350, and 400 °C. The TEM plane

a direct illustration of an almost random stacking sequence iniew images and SAD patterns of the annealed films are
the film; it shows the details of a cobalt grain having stackingshown in Figs. 6 and 7, respectively.

faults every three to six stacking planes. Therefore, the film For a C concentration of 36 at. %annealing of the
consisted of a cobalt phase with a structure of nearly ransample affa=300 °C did not change the phadé&sg. 7(a)]
domly stacked close-packed planes plus graphitelike carbomr the morphologyFig. 6(a)] of the as-deposited filifFigs.

The TEM plane viewFig. 3e)] shows that the structure 2(a) and Zb)]. That is, the film consisted of grains having the
obtained at this substrate temperature had particles that wekS |l phase not perfectly embedded in a carbon-rich phase.
not well insulated. Combining the diffraction and lattice im- However, in the SAD pattern of the annealed film, the rings
age results, it can be concluded that this film consisted oforresponding to the hcp Co were more intense than those of
cobalt grains with a random stacking structure embedded ithe as-deposited film; this means that #le- Co,C carbide

2204 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Delaunay et al.
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== 10 nm 36 at. %

57 at. %

= 300°C

Ta

= 350°C

Ta

= 400°C

Ta = 400°C
Ta

FIG. 6. TEM plane views of Co—C filmsT(s=200 °C) with an annealing temperatufa of 300, 350, and 400 °Cexcept for 46 at. %C for whicia was
500 °C instead of 400 °C The carbon concentration is shown in the figure.

phase started to decompose at this annealing temperatutbe cobalt grains coalesced to form larger grains and that the
When annealing was performed Ba=350 °C, the phase boundary layer thickness increased in some places.
changed to hcp Co and graphitelike C as indicated by the For this C concentration of 36 at. %, XRD patterns were
innermost(002) ring [Fig. 7(b)]. The carbide was completely observed to ensure the lattice parameters of the hcp Co; we
decomposed at this temperature since no carbide diffractiog|so tried annealing the sample at higher temperatures. XRD
ring can be found in the SAD. With regard to the COba"patterns measured &ic=400, 500, and 600 °C are shown in

phase, the most intense ring was (1) followed by  Eig g and the corresponding results are reported in Table
(002)qcp and (100),, was unlike the random stacking case |~ ror Ta=400°C, the peak positions were in general

that occurred when depos_itedTas= 300 °C[Fig. 3(f)]. Also agreement with the hcp Co powder standard Hahich
the (102}, and (103), rings can be seen, whereas theyconfirms the SAD results. Whefa was increased to

were absent in the random stacking case. These properti%a0 °C, the peak positions were not affected. Probably no

indicate that a pure hcp Co phase was obtained. However &ase transitiohcp Co—fce Cotook place at these anneal-

small intensity (200). ring was also detected in the SAD of . o .
Fig. 7(b), and few stacking faults can be observed in the'"9 temperatures, l:_>ecause the austenitic ter_npergture, which
TEM image. Thus, the cobalt phase mainly consisted of hc es around 440 °C in the case of pure bulk €s shifted to

with few stacking faults, and probably short sequences of fc@ Nigher value in the Co-C systér?nThe. full width at half

can be found locally. The TEM image in Fig(s shows that MaXimum(FWHM) of the (101}, peak increased witfia
the grains have a lattice spacing eD.2 nm, whereas it is 1om 0.75° to 1°. Other hcp peak FWHMs were not signifi-
0.3-0.4 nm for the boundary regions. Thus it can be conc@ntly changed. The broadening of the (1@} peak is re-
cluded that the grains have a hcp Co phase and that thdpted to the presence of staking faults in the hexagonal close-
boundaries are graphitelike C. The morphology was changepacked structuré? Also the integrated intensity of the
by annealing in that the grains became better insulated frort002),¢, peak is increased witiTa relative to the other
each other by the graphitelike C boundaries. Subsequent apeaks; this is also in agreement with the presence of an in-
nealing atTa=400 °C, also changed the morphology of the creasing number of stacking faults as observed in the ex-
film [Fig. 6(c)], but not the phasd&ig. 7(c)]. It is found that treme case of a random staking structure.
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36 at. % 46 at. % B 57 at. %

(112) hep/ (311) fee

(110)hep/ (220) fee
/ (200)fec

(101) hep

(002) hep
~——(100) hep

(110)orth (2)

(002) graphite

(112) hep/ (311) fee
(110) hep/ (220) fee

(002) hep/ (111) fee
—— (002) graphite

= 300°C

Ta

(112)hep
(103) hep
(110)hep
(102)hep

(200) fee
(101) hep
(002) hep
(100) hep
{002) graphite

Ta = 350C

400°C
500°C

Ta =
Ta =
Ta = 400°C

FIG. 7. SAD patterns of Co—C filmsI(s=200 °C) with an annealing temperatufa of 300, 350, and 400 °Qexcept for 46 at. %C wher€a was 500 °C
instead of 400 °C

At 46 at. % carbonthe film phase was changed by an- The broadening of the diffraction rings caused by the small
nealing atTa=300 °C. The SAD pattern of Fig.(d) is the  size of the cobalt-rich crystalliteé~4 nm) rendered the
same as the pattern obtained B$=300 °C [Fig. 3(f)], phase determination difficult. However, these patterns cannot
which represents a cobalt random stacking phase plus lae explained by one of the carbide phases reported in refer-
graphitelike carbon phase. An additional ring was observed
at the position corresponding to the (13@)ring of the &’
—Co,C carbide. AtTa=300 °C the film phase included a
carbide, presumablys’—Co,C. The carbide ring disap-
peared at the higher annealing temperature of 350 °C, as c: Ta =600 C
be seen from the corresponding SAD of Fige)7 Thus at
Ta=350 °C, the film consisted of a cobalt phase that was ¢
heavily faulted close-packed structure or had a random stacl
ing structure of close-packed planes, plus a graphitelike cal
bon phase. Since the lattice images of the grains had
smaller spacing than that of the grain boundaries, the filn .
microstructure al a= 350 °C consisted of cobalt grains with
a random stacking structure embedded in graphitelike C
Further annealing ata=500 °C drastically altered the mor-

Ta =500 C

Intensity (Arbitrary Units)
FE

. . § § § Ta=400C
phology: the grains coalesced to form larger particles ant = = -
were separated by a graphitelike region of unequal dimen z g 2
sions. ] 4|2 4'4 4le 4I8 5|0 5|2 514
For 57 at. % G the SAD pattern of Fig. (§) taken at 26 (degrees)

Ta=300°C had two more rings, whose positions corre-

sponded to (11%P/(220)fcc and (112)\09/(311)@' The FIG. 8. Small-angle x-ray diffraction patterns of the Co—C film deposited at

SAD patterns were not significantly changed by annealing & s— 200 °c and 36 at. %C. The data were obtained after annealifig:at
a higher temperaturd,a=350-400 °(Figs. 1h) and qi)]. =400, 500, and 600 °C.
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TABLE lIl. Results of XRD pattern analysis of Co—C thin films, deposited at a carbon concentration of 36
at. % andTs=200 °C, with annealing temperatures &= 400, 500, and 600 °C. The lattice parameters and
integrated intensities of hcp C@=2.505A andb=4.060 A) and fcc Co(a=3.5447 A) are taken from
Powder Diffraction StandardsAngular positions 8, d spacings, FWHNE), and integrated intensity ratios
iy /1 nrkr1y O Bragg peaks are given. A Cudkaveraged wavelength of 1.5418 A was used and the accuracy
of the calculated! spacings is=0.005 A.

Phases and 20 d spacing FWHM Integ. intens.
Miller indices (deg A) (deg ratio (%)
Co hC[f hCF(lOO) 41.72° 2.165 | (100)“ (101~ 0.2
hcp(002) 44.63° 2.030 I 02/ (101)=0-6
hcp(101) 47.61° 1.910
Co fcé fec(112) 44.25° 2.047 I 200)/1 (112)= 0.4
fcc(200) 51.57° 1.772
C: 36 at. % hcfLo0) 41.7° 2.165 0.8° I 200)/! (101)= 0.4
Ta=400°C hcii002) 44.6° 2.030 0.7° I 002)/! (101)=0-8
hcp(10) 47.6° 1.910 0.75°
C: 36 at. % hcfL00) 41.8° 2.160 0.8° I 200/ (101)=0-4
Ta=500°C hci002) a4.7° 2.030 0.9° I oz/1 (rony=1.1
hcp(101) 47.6° 1.910 0.9°
C:36at. % hcpL00) ~41.7° 2.165 ~1° I 200)/! (102=0.7
Ta=600°C hC[ﬁOOZ) 44.6° 2.030 0.7° | (002)/' (101~ 1.3
hcp(10) 47.7° 1.905 1°
%See Ref. 18
ences 10,12 and 20. Furthermore, the (1Q0)(002),c,, =200 °C and &36 at.%. Although Konno and Sinclair

(101)cp, (111),, and (200y. SAD rings were not re- reported that films become amorphous as soon as the carbon
solved for this crystallite size, making it impossible to deter-concentration exceeds 5 at.Yhis difference is very likely
mine the phase of the cobalt-rich grains. Also the latticeto be due to the difference in the substrate temperatures: in
images of the cobalt-rich grains became clearer after anneahe quoted reference, samples were deposited at room tem-
ing at Ta=350 °C, as seen in the inset of Fighf Thus, perature, whereas in this work, whefes=200 °C, Ts acts

the film most likely consisted of crystalline cobalt grains as a driving force for crystalline phase formation. Gudaal.
embedded in graphitelike C at this annealing temperaturehave reported that Co—C films have an amorphous phase for
On the other hand, the granular morphology was not changeg=5 at. % when deposited dts=160 °C8 However, this

by annealing a a=300-400 °C{Fig. 6g)—6(i)]. It should  conclusion was based on the broadening of the XRD peak,
be noted that the behavior of the film on its mesh and on thguhich also depends on the crystallite simet reportedl Fur-
glass substrate might be different, particularly regardingher, the film phase is most likely to be a metastable carbide,
stress and the grain coalescence caused by annealing. HoWhich has many diffraction peaks that are difficult to resolve
ever, it was possible to demonstrate that the coalescence gf, XRD in the case of small crystallites. Therefore, it is
grains takes place on the glass substrate as well, by obseryifficult to be sure that these films have an amorphous phase
ing the changes in XRD. The crystallites in this sample wergp, the 5-20 at. % C range by using XRD only.

too small to be observed by XRD; but a diffraction pattern  concerning the formation of the metastable carbie

similar to Fig. 4 was observed_ after .annealing B&  _Co,C under the conditionds=200°C and 2%C<36
=500 °C. Thus, the cobalt crystallites rapidly grew in size aty o and its decomposition into hcp Co plus graphitelike C
Ta>500°C. at Ta~350 °C, the present results agree well with Ref. 10.

To summarize this section, the.annealing influence ORelatively low formation temperatured €500 °C) for the
the phase changes and morphology is found to depend on theai4staple carbide€Co,C and CqC) are also reported in
carbon concentration. F@a C concentration of 36 at. %, the sferences 8. 9. 12. and 13.

MS II phase of the as-deposited sample transformed UPON  \wjthin the ranges off's and C concentration that were
annealing af a=350 °C into hcp Co plus graphitelike C. At o, 51yated, the hcp Co phase was obtained only via the de-
46 at. % C, the phase_s became a heawly fa_ulted close-pack%gmposition of the' — Co,C carbide. When the metastable
Co or a random stacking Co, plus graphitelike C. The resultg, ije was not formed due to the C concentration and/or the
of the phase changes are shown in Table Il. The granulafg peing too high, the cobalt phase resulted in a heavily
morphology was m?mtamed after annealingTd is Iowe.r faulted close-packed structure or a random stacking struc-
than 400 and 500 °C for 36 and 57 at. % C, respectwelyture, which were stable at room temperature. The presence of
When Ta exceeded these_ values, th? grains coalesced ar%\fjlarge number of stacking faults was possible because they
the morphology was drastically modified. induced a small variation in the free energy. Indeed, only a
small variation in the free energy is necessary for the phase
transition from hcp Co to fcc C& In the case of bulk Co,
The as-deposited films had a crystalline phesg., Ts  the metastable cubic phase is often present in samples at
=200 °C and 36 at. % or an amorphouslike phas&s  room temperatur& It should be possible to avoid the for-
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mation of stacking fault§equivalent to short sequences of The metastable carbideS’—Co,C was formed at

the fcc phaseto some extent by alloying cobalt with a ma- 27<C<36 at. % and 108 Ts<200 °C. Thes§’ — Co,C de-

terial that will increase the temperature of the phase transicomposed into hcp Co and graphitelike CTa= 350 °C. At

tion from hcp to fcc(e.g. rheniur®? or ruthenium. the C concentrations anfls values used, the hcp Co phase
The metastable carbid® — Co,C has been found to de- was obtained only via the formation and subsequent decom-

compose into hcp Co plus graphitelike C, as reported in Refposition of the metastable carbide— Co,C. Graphitelike C

10, which further stated that the formation of a graphitewas formed at the grain boundaries through the decomposi-

phase is possible only via a metastable carbide phase form#en of the metastable carbide, but it was also formed when

tion. However graphitelike C was also found in the film with no carbide phase was fourf@s=200 °C and C-46 at %,

a C concentration of 57 at. %I'6=200 °C), for which no and Ts=300°C and G27 at. %. In the latter case, the

carbide phase was found. The graphitelike C may form viagraphitelike C may have formed through cobalt-mediated

cobalt-mediated crystallization of the carbon phase. Alsarystallization of the carbon phase.

graphitelike C was formed ats=300 °C with 27 at. % C. A detailed investigation of the magnetic properties of the

At this substrate temperature, Co and C segregate and a Quvestigated thin films is now being prepared.

crystalline phase and a graphitelike phase are obtained.
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