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Surface smoothing and crystalline reorientation in thin cobalt films

H. T. Shi and D. Lederman
Physics Department, West Virginia University, Morgantown, West Virginia 26506-6315
(Received 5 March 1998; revised manuscript received 20 April 1998

Epitaxial cobalt films in the thickness range of 3.9 to 8.6 nm were depositedzﬁ)g[AIlEO] substrates by
dc magnetron sputtering at a substrate temperature of 31 °§itu annealing was performed in a vacuum
after which the samples were rapidly quenched to room temperature in order to preserve the high temperature
structure Ex situatomic-force microscopy revealed that surface roughening takes place during annealing and
reaches a maximum when the annealing temperafyres equal to a critical temperatufe;~500 °C. We
discovered that iff ,> T the surface becomes smooth again, although large rectangular pits that go down to
the substrate also appear. X-ray-diffraction data show that unannealed samples are oriented along the
hcd 0001] direction. Upon annealing samples transform to a preferentialid 1d¢ orientation forT,<T.,
and subsequently to a f@01] orientation forT,>T. We show that surface or interface oxidation cannot be
the sole cause of this effect. We speculate that an increasing interface strain at higher temperatures or a surface
reconstruction of the substrate are possible mechan{$0463-18208)50128-3

There is much interest in the study of Co thin films be-pressure of 4107 Torr. The Ar partial pressure was 3.0
cause of the ease of epitaxial growth on several types ofyTorr. A 99.9% pure Co target was mounted approximately
substrates its uniaxial magnetic anisotropy at room temperarg cm pelow the substrate holder. Up to five substrates were
ture, and its phase transformation from a high-temperaturg, , ;e on a rotatable stainless steel plate. Each substrate
face-centered-cubi¢fcc) structure to a hexagonal closed- . S

was independently heated by placing it under a heater above

packed(hcp) structure at a temperature415 °C?* A signifi- . :
cant portion of the Co film research has focused on the del® SPuttéring gun. The growth rate, nominally 0.04 nm/s,

pendence of the crystallinity, surface characteristics, and/as controlled by a calibrated quartz crystal monitor. Sub-
magnetic properties on the growth temperature on differengtrates were degreased in trichloroethylene acetone, and
types of substrates including monocrystalline,@J,2°>  methanol, and then etched in a mixture of sulfuric and phos-
MgO.f and Cu’® These studies have revealed that Co filmsphoric acids before being loaded in the chamber. The sub-
thicker than 10 nm deposited on 2@3[1130] at approxi- Strate surface temperature was determined by bonding a 0.5
mately 300 °C are smoother than if grown at higher temperamm diameter thermocouple thermometer to apQ3lsub-
tures. Similar surface roughening occurs in a number of difstrate using a graphite compound. The heater’s temperature
ferent systems including semiconductdrS, Ag[115],'*  sensor was calibrated against the thermocouple bonded to the
Ag[111],** and Ad100].*? Other group¥~*° have investi- substrate. All of the temperatures referred to here correspond
gated the phase stability and phase transformation of Co fing the actual surface temperature. Before growth substrates
particles, where the fcc phase is stable only at high temperagere heat cleaned at 566 °C in vacuum for 15 min. The
tures. While the origin of this behavior in Co particles re- growth temperature for all the samples was 315 FCsitu
mains ambiguous, few studies have been performed on t%nealing was carried out in vacuum at a pressdrk5

role of the thermal treatment processes for Co films in the, -6 Torr, immediately after growth for 15 min. An-

thickness range of 10 nm. . nealed samples were rapidly quenched to room temperature
Here we report on the effeq C.)f thermgl apneahng on th y turning off the heater and rotating the sample holder away
surface roughness and crystallinity of epitaxial Co thin filmsg. ) 'iha heater. The root-mean-squéRS) surface rough-
grown on ALO51120]. EX situ atomic-force microscopy ness was determined from AFM images performed in air at
(AFM) and x-ray diffraction(XRD) were employed to char- room temperature. The diameter of the AFM $ifip was
acterize the surface roughness and structural evolution. The40 nm. Because the lateral size of the islands formed at
samples were quenched to room temperature after annealifggher temperatures were on the order<§00 nm or larger
to preserve the high temperature metastable phase. For agnd the scan areas were 30008900 nm, the AFM RMS
nealing temperaturéb,< T whereT¢~500 °C is a critical  roughness represents an accurate measure of the surface
temperature, the surface roughness increases Within  roughness at the length scales of interest which are much
agreement with previous work. However, we discovered thafarger than the tip diameter. XRD was performed using a 18
if TA>Tc the surface becomes smooth once again, althougkw rotating anode x-ray generator with a four-circle diffrac-
large rectangular pits are formed which reach all the waytometer using CK, (\=0.15418 nm radiation.
down to the substrate. The smoothing of the surface coin- Figure 1 shows the AFM images for samples with a thick-
cides with a crystalline reorientation of the film from ness of 6.3 nm. The sample in Fig(al was not annealed
fcc[111] to fed001]. B while those in 1b) and Xc) were annealed at 503 °C and
All samples were deposited on &, 1120] substrates by 566 °C, respectively. Note that the surface of the sample in
dc magnetron sputtering in a high vacuum chamber at a badég. 1(b) is rougher than the surface of the other two images,
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FIG. 1. AFM images of Co films 6.3 nm in thickness when grown at 315&0s the surface of the as-grown samgi¢ was annealed
at 503 °C, andc) was annealed at 565 °C. Sampleghjpand(c) were quenched to room temperature after annealing. Iifthg®rresponds
to a sample that was annealed at 566 °C and then cooled at 20 °C/min to 100 °C.

and that the surface of the sample annealed at 566 °C is vegnannealed film. This is illustrated more explicitly in Fig.
smooth except for the rectangular pits evident in the image2(b), which shows the approximate structural coherence
Clearly annealing at higher temperatures does not alwaytengthL, calculated from the FWHM of the out-of-plane
result in a rougher surface. peak using Scherrer’s equation, as a functiom gf L in-

In order to examine the dependence of the surface rougtereases withT 5, reaching a maximum value @& ~500 °C.
ness on the annealing temperature for different film thick-For T,>T, the films become smooth again ahg de-
nesses we deposited two other series of samples with nomgreases. We conclude that the islands become on the order of

nal thicknesses of 3.9 and 8.6 nm. As shown in Fi@ 2 32-nm tall for the 6.3- and 8.6-nm-thick samples Bt
samples with different thicknesses have similar temperature< T .

dependent surface features witiz~500 °C for the three The inset in Fig. &) provides additional evidence that
thicknesses. The main difference is that thinner films are inhe samples experience smooth-to-rough and then rough-to-
general smoother than thicker films foR<Tc . smooth surface phase transitions. For the unannealed sample

A complete understanding of these surface rougheningind the sample annealed at the highest temperé6&:°0
and smoothing transitions requires a thorough knowledge dfinite-size peaks appear around the peak at0@@® and
the crystalline structure which we studied via XRD. Thefcc(002) peaks. Although the film annealed at 566 °C does
XRD measurements were carried out using three types afot have fringes as clear as those of the unannealed sample,
scans:(1) out-of-plane scans with the x-ray wave vectpr they are nevertheless evident and confirm that the surface
parallel to the growth direction2) off-specular scans, with  becomes smooth again at higher temperatures. In addition, a
g having a component parallel to the surface; d88l ¢  calculation of the film thickness based on the position of the
scans, withg kept fixed while the sample is rotated about theinterference fringes yields film thicknesses of 6.4 nm and 6.3
growth direction. nm for the hcp0002 and fc€002) reflections, respectively,

Typical out-of-plane scans are shown in the inset ofwhich are in good agreement with the nominal thickness of
Fig. 2b). The peaks at 2=37.78° correspond to the 6.3 nm and with the 6.4 nm average step height of the pits in
Al,O5(1120) reflection; peaks at @<44.4° correspond to Fig. 1(c).
the hcg0002 or fco(111) reflections; and peaks at62 Bulk Co undergoes a phonon-driven martensitic transfor-
=51.8° correspond to the f@02) reflection. AsT, in- mation from a low-temperature hcp to a high-temperature fcc
creases the fc02) reflection becomes stronger. In fact, for phase with a transition temperature15 °C*’ As-grown Co
the sample annealed at 566 °C, only thg®@2) reflectionis  films usually exist in a combination of the hcp and fcc
visible indicating that the film has undergone a profoundstructure. Therefore the peak at#&=44.4° in principle rep-
reorientational transition. This is discussed further below. resents a mixture of the h@@02 and fc¢11l) reflections.

The full widths at half maximumFWHM) of the 29  In order to determine the relative contributions of these two
~44.4° peaks decrease @g increases folf ,<T and its  phases, off-specular XRD scans of in-plane (1633) and
intensity decreases rapidly far,>T.. The decrease in the fcc(220) reflections were performed. The as-grown samples
FWHM is related to the formation of the tall structures in did not have any fd@20 reflections, indicating that the
Fig. 1(b), which are crystalline and therefore have a largerunannealed samples are mostly hcp. HoweverT asap-
structural coherence along the growth direction than theproachesl., the hcp and fcc structures begin to coexist.
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eter of 0.359 nm. Because the bulk Co fcc lattice parameter
is 0.354 nm the Co is strained in the plane and the out-of-
plane lattice parameter probably decreases to accomodate

FIG. 2. (8 AFM RMS height fluctuations for Co films with this strain. . . . .
different nominal thickness as a function of the annealing tem- At lower temperatures there is only a slight difference in
peratureT,. The error bars represent the standard deviation ofn€ free energies between the bulk Co hcp and fcc structures
measurements of several imagés.Structural coherence length, ~ Which is estimated to B8 Efec— Ency=0.06 kcal/mol. It is
along the growth direction determined from the width of the mostthis small energy difference together with phonon interac-
intense peak using Scherrer's equation. Inset: Wide angle XRmions that causes bulk Co to become fcc above 415 °C.
scans ot=6.3 nm samples. From bottom to top they correspond tol herefore, our as-grown samples usually are[®@p1] ori-
the unannealed sample, the sample annealed at 503 °C, and tRated. Increasing the annealing temperature results in a high
sample annealed at 566 °C. For clarity the scans have been dis-
placed from each other. The peak a@-24.4° corresponds to the 9
hcp(0002 and/or fc€111) reflections, while the peak at#251.8°
corresponds to the f¢@02 reflection. Additional peaks around

these two peaks are due to the interference between the top and 6
bottom surfaces of the film. The peak a#=237.78° is a substrate
(1120) reflection. 3
More interestingly whem ,>T., the Co islands change % 0 = S
their crystallographic orientation from fii11] to fed001]. S 24 |-
This transformation coincides with temperature at which the g 6 L
surface becomes smooth again. Figure 3 shows how the 1
fcc(002 peak area, which is proportional to the amount of 2 8
the fcd001] phase present in the samples, increases with 2 "
annealing temperature. A rapid increase in the peak area oc- *GEJ i N B A N

curs atTA""TC . (a)
Figure 4 showsgp scans of the three samples shown in
Figs. 1a—-1(c) which shows the epitaxial relationship be-
tween the films and the substrate. The scan in Hia. was 3k
performed at the Bragg condition for the itp13) reflec-
tion, while the scan inb) was performed at the f¢220)
Bragg condition. Both of these scans show the sixfold sym- 180190 .
metry characteristic of h¢P001] or fcd1ll] epitaxial 180-120-60 0 60 120 180

growth. From a similar scan of the &D;(2246) peak, we ¢ (deg)

determined that the orientation in the plane was Co G, 4. ¢ scans of samples with an unannealed nominal thick-
hcp11220] or fcd 101]lIAI ,O5[0001]. The scan shown in(@) | oss of 6.3 nm(a) is a scan of the hcp(1@®) peak of the unan-

was perfo_rmed at the f¢tl3 Bragg condition _for the  nealed sampletb) is a scan of the fd@20 peak for the sample
fcc[001]-oriented film annealed at 566 °C. The evident four-annealed at 503 °C; ang) is a scan of the fdd13) peak for a

fold symmetry is characteristic of a definite epitaxial rela-sample annealed at 566 °C. The peakgat—95° and$=85° in-
tionship between the substrate and the film. In this case thgicated by an asterisk, correspond to theGyl substrate(1344)
epitaxial relation is Co fdd10]IAl,O5[0001]. In addition, reflection. The film orientations afe) hc{0001], (b) fcg[111], and
from in-plane and out-of-plane XRD measurements of thegc) fec[001].

»
I
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atomic mobility, and in order to relieve the epitaxial strain, substrate undergoes a surface reconstructidr:athich fa-
the film forms large islands. Because the fcc phase is stablors the formation of fd®01] Co. However, to our knowl-
at higher temperatures, these islands arplfth oriented.  edge, the surface of ADj{1120] does not reconstruct at
The mechanism that causes the surface to become smootfs00 °C. This means that the substrate surface reconstruc-
for To>Tc is unclear. One possibility is that oxidation could tion would have to occur because of an interaction between
drive the smoothing transition. This could occur either at thehe Co and the substrate’s surface.
film/vacuum interface due to a small oxygen or water partial |n closing we note that a similar, as yet unexplained
pressure, or at the film/substrate interface, due to oxygesmoothing transition occurs in Ag fckd1] films grown at
migration from the substraté.We investigated this possibil- 130 K on GaAs when they are annealed at room tempera-
ity by cooling a sample annealed at 566 °C at a rate of 20 °C{ure?? In the case of the Ag films the smoothing transition
min to 100 °C instead of quenching. The AFM image of thisoccurs for films thicker than 1.5 nm. As in our Co films,
sample is shown in Fig.(l). The surface morphology of this rectangular pits are also formed, although the Ag pit areas
sample is reminiscent of the fdd 1]-oriented samples. In- (~2.0x2.0 nnf) are smaller. This could indicate that the ob-
deed, the XRD scan showed that the slowly cooled sample iserved phenomena is intrinsic to fcc transition metal sur-
a mixture of fc¢111] and fc¢001] orientations indicating faces.
that the smoothing transition in Co is reversible. If oxidation  To summarize the surface of epitaxial Co films grown on
did play an important role in the smoothing transition, it is Al,O; at high temperatures was studied by annealing them at
difficult to understand why the process would be reversiblehigh temperatures and then quenching them to room tem-
In any case, oxidation should be more pronounced in thgerature. We find that surface roughening occurs for
sample that is cooled slowly, which would make reversibility T, <500 °C in agreement with previous investigations. How-
even more difficult. Although we do not claim that our films eyer, we discovered that fd,>500 °C the surface becomes
do not oxidize, we believe that it is unlikely that oxidation is smooth once again with the formation of large rectangular
responsible for the reorientation of the fcc surface. pits. The smoothing transition is accompanied by &%td]
Another possibility is that the different thermal expansionto fcqd001] reorientation of the film. We find that oxidation
coefficients of the film and substrate change the strain as & the substrate or vacuum interfaces is an unlikely cause for
function of temperature. The thermal expansion coefficient this smoothing/reorientation transition. Increasing interfacial
of Al,O; between 20 °C and 600 °C is, ~7.3x10 ° K™!  gtrain at high temperatures and a substrate surface recon-
and o ~8.1x 10" ° K™* perpendicular and parallel to the  struction at the film/substrate interface are possible causes
axis, respectivelﬁ? while for bulk Co(Ref. 2]) a~14 K1, that require further investigation_
At higher temperatures the interfacial strain increases be-
cause of the difference in thermal expansion coefficients un- We are grateful to A. Manivannan for his initial help in
til a temperature is reached at which the atomic mobilityobtaining AFM images and T. Charlton for helping with the
enables the film to reorient itself to relieve this strain. Whengrowth and x-ray characterization at the initial stages of this
the film is quenched, the high temperature phase is preProject. We also thank T. Myers, J. Weaver, and Z. Zhang
served. for fruitful discussions. This work was supported by the
Finally, it is also possible that the surface of the,@d  West Virginia NASA Space Grant Consortium.
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