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thin films
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We have examined bilayer Co/Cu, Fe/Cu, and Ni/Cu films deposited by molecular-beam epitaxy on
hydrogen-terminatef100] silicon substrates. The magnetic metal/copper interface was examined
by atomic resolution transmission electron microscopy and compared with the surface morphology
as depicted by atomic force microscopy. The general orientation relationships across the magnetic
metal/copper interfaces were found to H&O01]Co, Nil[001]Cu; (010Co, Nil(010Cu and
[001)Fel[001]Cu; (110F€l(200Cu. The latter system is equivalent to thEl 1]Fel[011]Cu and
(110F€i(100Cu Pitsch relationship, as has been reported earlier. Furthermore, there was a general
correlation between interfacial and surface roughness, indicating that the initial interface character
is propagated throughout the film during growth. 1®96 American Institute of Physics.
[S0021-897€06)03021-9

INTRODUCTION (MBE) deposition system with a base pressure better than

The magnetic anisotropy of thin films is strongly af- 2x10 ° Torr. The evaporation ratg was approgimately. 0.05
fected by their microstructure as well as interfacial effects"M/S, based on a quartz-crystal thickness monitor, calibrated
such as roughness, strain, and interdiffusiéiRecently, the ~Using a diamond stylus profilometer. RHEED patterns were
magnetic anisotropy of epitaxial nickel, cobalt, and ironcontinuously monitored during the deposition to gauge the
films (2.5—-50 nm grown on C100/Si(100 was examined, quality and surface structure of the films. A magnetic metal
using a ferromagnetic resonance technitju&pitaxial (Co, Fe, N) film of 50 nm thickness was grown on a 150-
growth of the magnetic metals was confirmed usimgitu  nm-thick CY{100) seed layer which was deposited on a
reflection high-energy electron diffractigRHEED), with Ni  sj(100) substrate. $100) substrates were etched with a 10%

and Co growing with a face-centered-culficc) (100 struc-  hygrofiuoric acid solution prior to deposition for hydrogen
ture and Fe growing with a body-centered-cutiicc (110 termination.

structure with respect to the fcc dd00 lattice. RHEED The interface structures and orientation relationships of

patterns also revealed that the growth of the metals was prPCo/Cu Fe/Cu, and Ni/Cu bilayers were investigated by

dominantly three-dimensional, indicating a rough surface. omi lution TEM. Secti | tabricated b
In this article we examine the copper/magnetic meta@rOMIC resoiution - Section samples were fabricated by

interface, utilizing cross-sectional transmission electron miPonding two films face to face, mechanical thinning, and ion
croscopy(TEM), and compare it with the surface morphol- milling. Atomic resolution TEM was performed on a JEOL
ogy of the films as profiled by atomic force microscopy 4000EX transmission electron microscope, operating at 400
(AFM). We also present atomic resolution TEM micrographskV enabling a point-to-point resolution better than 0.18 nm.
to view the epitaxial growth and orientational relationshipsFor analysis, electron micrographs were digitized with a
between the magnetic metal and the copper lattice and conGohu series 4810 solid-state charge-coupled-de(@@D)
pare with earlier RHEED studies. Plan-view selected areégamera intoNIH IMAGE, version ]_35_” modified to incorpo_

transmission electron diffraction was undertaken on the Fe/ate g fast Hartley transforfhereafter, fast Fourier trans-
Cg/S(lOO) film to compare with earlier reported results on ¢, (FFT)] routine® Interplanar spacings of selected re-
this system. gions were determined with reference to a Fourier power
spectrum taken from a silicon standard, viewed dowd14}
EXPERIMENT direction. A plan-view Fe/Cu/$100) sample was also pre-

The growth of C(100) on hydrogen-terminated @00y  Pared and analyzed using a JEOL 2000FX TEM, operating at
and of magnetic metals on Ci00/Si(100) is described 200 kV. The surface morphology was examined by AFM
elsewheré:* Briefly, the films were grown in an ultrahigh- using a Digital Instruments Nanoscope Il Multimode AFM,
vacuum environment, using a molecular-beam-epitaxyperating in the tapping mode.
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FIG. 1. Section view electron micrographs@j Co, (b) Fe, and(c) Ni thin films deposited on a CLL00] seed layer. The substrate[i00] Si.

RESULTS AND DISCUSSION only along one direction. Along other directions, misorienta-
Figures 1a), 1(b), and 1c) depict 50 nm Co, Fe, and Ni tions arise, as illustrated in the selected area transmission

films deposited on 150 nm Cu layefall on Si (001) sub- electron-diffraction pattern depicted in Fig. 4, which encom-

strateg. The Cu/S{100) interface and details of the Cu layer passes a number of Pitsch type “variants™ of the form
have been described in detail elsewhtfewell-defined col- (11 1)FG|(OlJ>Cg and{llO}Eejl{lOQ}Cu. . .

umn structure is evident in the Fe filfRig. 1(b)], but less so Both the nlc_k_el_and iron films retained their room-
in the Co and Ni films[Figs. 1a) and 1c), respectively temperature equilibrium phaséfec and bcc structures, re-
Wavy interfaces of Co/Cu, Fe/Cu, and Ni/Cu are clearly
seen. We can estimate the interface roughness amplgude
from these images. In each case the observed lateral period
icity is ~15—-20 nm. Table | lists these results. These inter-
faces are shown at atomic resolution in Fig&)22(b), and

2(c) (interfaces indicated approximately by horizontal ar-
rows). The interplanar spacings noted are those actually mea-
sured from corresponding Fourier power spectra taken from
the region on either side of these interfa¢Efy. 3). These
may reflect slight misorientations from the zone axis orien-
tations. Nevertheless, they provide a self-consistent reference |
frame for the determination of lattice misfits, which are
found to be—3.8%,-19.6%, and—4.5%, for cobalt, iron,
and nickel, respectively. The following orientation relation-
ships between the metal deposits and Cu can be clearly de
duced from Fig. 3;[001]Co, Ni[001]Cu; (010Co,
Nill(010Cu and [001]Fel[001]Cu; (110F€i(200Cu. The i
Fe/Cu relation can be shown to be equivalent to the Pitsch i
relationship’® [11 1]F€[011]Cu and (110F€l(100Cu, as
verified in earlier work by RHEED. As described by Q16 om
Dahmar? this involves an approximately 10° rotation of the
bcc lattice relative to the underlying fcc one, and promotes a
good directional match in real space. However, this orienta-
tion relation is an approximate one, and holds exactly |

TABLE |I. Interface and surface roughness parameters. the interface
roughness amplitudécross-sectional transmission electron microsgppy
+20%; R, is the mean surface roughness amplit¢amic force micros-
copy), =10%.

s (nm) R, (nm)
Co 2.5 1.0
Fe 3.5 15 FIG. 2. Atomic resolution transmission electron section view micrographs
Ni 1.0 0.4 of (a) Co, (b) Fe, and(c) Ni thin films deposited 0f100] Cu. Interfaces are

indicated approximately by horizontal arrows.
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FIG. 3. Fourier power spectra of regions near itagCo; (b) Fe;(c) Ni; (d)
Cu interface. FIG. 5. Atomic force surface morphology images(af Co, (b) Fe, and(c)

Ni thin films deposited on §100] Cu. Full vertical scale: 25 nm.

spectively, while the cobalt grew with a fcc latticgquilib-

rium structure is hexagonal close packed.ow-ener . . o
9 pack 9 the interface is rather abrugtransition from one structure

electron-diffraction st udiéS have shown that iron deposited into another occurs within 5 nmwhereas for both the cobalt
on (100 copper retains a fcc structure for thicknesses up toan d nickel samplefFigs. 4a) and Z0)], it is best described
10—14 monolayers after which it reverts to Bé&oike and piesrigs. ’

2 o as occurring within a band on the order of 10 nm in extent.
Nastast” also report initial fcc Fe layers grown 4801 Cu, In the latter two cases, bending of lattice frinde®rtical
as do Olsen and Jessérwho claim it to be pseudomorhic ' g

. . . X arrows in Figs. Pa) and Zc)] within a highly strained(as
with the underlying copper for approximately the first 2 nm _ . . o S
of growth. In the present work, the FET power Spectrumewdenced by the strain contrast pregdrdnsition regime is

. . noted. The iron interfacgFig. 2(b)] suffers a more extensive
from the iron sample most nearly fits the bcc structure, EVelieformation; however, little strain contrast is visible at the
for the initial deposifcompare Figs. &) and 3d)]. de PR . L . ]

interface. No misfit dislocations are visible at the interface;

unlike the case of Cu/Sil11),* where the interface accom-
modates a large misfit by forming numerous dislocations.
Instead, we find regions of slight orientational variat[am
dicated by vertical arrows in Fig(B)] which may lead to the
columnar structures referred to in Figbl

The “waviness” of the iron/copper interface is not un-
expected in light of the relative surface energies of the con-
stituents involved. CO titration studi#of Fe deposited onto
(100 copper have shown that a substantial fraction of the
surface remains covered with copper for thicknesses up to
several monolayers. This is due to wetting of Fe by Cu. This
wetting or creeping of Cu onto Fe surface may be the cause
of the observed waviness in our Fe/Cu interface. From
Zangwill*® we also find that the measured liquid surface ten-
sion values change in relative increasing order for Ni, Co,
and Fe. Furthermore, Fe, Co, and Ni have much larger sur-
face tension values than Cu. This means Cu wets or creeps
more readily on Fe compared to Co or Ni. This suggests an
increase in the interface waviness in the order Ni/Cu, Co/Cu,
and Fe/Cu. This is indeed what is observed in Figs),1
1(b), and 1c).

Figures %a), 5(b), and Jc) show AFM images of Co,
Fe, and Ni films deposited on Cu. These images are viewed
at an angle of 45° to the page for clarity and are plotted with
a 25 nm full scale vertical rangée., 100% white=25 nm).
The general scale of the surface asperities can be correlated
qualitatively with the interface waviness described above.
FIG. 4. Plan-vi_ew selected area transmiss_ion electron-diffrz_;\ctiqn patterr-\l—he mean roughnesk, defined as the mean value of the
from a Fe/Cu/SiL00) sample. The innermost iron spots appearing in groups . a
of three are due to Pitsch-type variantéll1)Fel(01)Cu and surface relative to the center plane, was compiited 2.5
{11GFei{100.Cu. um square areas selected as free from obvious surface arti-

As shown in Fig. #v), for the case of the iron deposit,
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facts. Results are tabulated in Table I. The lateral periodicitynterface “waviness,” as deduced by TEM. This was seen to
is ~50-60 nm. Both the order of magnitude and the generahdopt a configuration that minimizes the total surface energy
trends ofR, are comparable to the interfacial roughness am-of the interface, and is propagated throughout the film during
plitudes cited above from cross-sectional TEM. The obsergrowth.

vation that the magnitude @, is less thars is indicative of
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