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We demonstrate that it is possible to deposit a wide range of magnetic features, using photoassisted
selective area organometallic chemical vapor deposition. Large arrays of identical micron-scale Ni
features were deposited on gil) wafer by this method. Their magnetic properties were studied

by alternating gradient force magnetometry as well as magnetic force microscopy. Our
morphological and magnetic measurements show that the structures are spatially well defined, and
the magnetic properties are related to the structural shapes of the features. This method can be
adapted to the fabrication of smaller-scale magnetic and electronic device$99® American
Institute of Physicg.S0021-897806)04515-X

INTRODUCTION (light in the UV), a variety of magnetic features can be di-
rectly deposited over a wide range of size and shape.

‘The dependence of magnetic properties of a small mag-  ap important issue in the ferromagnetic feature fabrica-

netic feature on both its size and shape is of ConSIderablﬁon in device applications is the fabrication speed. In our

fundamgntal interest Several approaches to fabricating work, the film deposition time is typically approximately 4 h
such micron- and submicron-scale metal features have been

undertaken, including organometallic chemical vapor depo-Or a film thickness of several microns. .Thls can be signifi-
sition (OMCVD) “writing” using scanning tunneling mi- cantly reduced to less thal h byusing higher metallocene

croscopy(STM)®% and UV photolysisi~2° as well as the ~Vapor pressure and higher light intensity. Thus, this method
more conventional electron beam lithogragdny/ may be suitable for fabrication of small-scale devices.

We have been able to develop the photolysis of organo-
metallic compounds beyond the simple fabrication of mag-
netic multilayers® to deposit micron-scalmagneticpatterns
on semiconductor substrates. The photoassisted selective
area OMCVD method has advantages not shared by marfgXPERIMENT
other techniques. The deposition rate is a few orders of mag-
nitude faster than the STM techniques. The deposition can be Figure 1 shows a schematic of the deposition apparatus.
performed in ultrahigh vacuufUHV); thus, with an appro- The deposition was performed in a UHV chamber described
priate choice of source molecules, chemical contaminatiolsewheré?® The incident radiation for photolysis was sup-
can be minimized not only within the growing film but at the plied by a commerciaiMolectron pulsed lasefat 15 Hz in
surface as well. As noted elsewhere, this technique is undethis work) with an output in the near ultraviolet region at 337
taken at relatively low temperatures so that unusual magnetigm, which corresponds to a photon energy of 3.69 eV. For a
multilayers can potentially be fabripatéﬂ?l’his method can  gyjtable light intensity and large illumination area, the laser
yield deposition over a large area in a single-step depositioBe,m was deliberately placed off focus at the substrate sur-

process. Since there 1S now er!OUQh material fqr an appresce plane. Quartz lenses were used for the optics. The area
ciable signal, magnetic properties can be studied by most . . :

. ; o of the deposition was typically 3 nfmA metal grid was
magnetometry techniques including situ measurements,

such as magneto-optical Kerr effect. Utilizing a range ofused for diffraction of the incident light and as a mask in

masks, diffraction, and relatively short wavelength light rder to produce the desired pa;terns. The dimension of the

squares in the grid was 2@20 um-. The organometallic va-

) o por source, nickelocene, was sublimed from through a vari-

dpermanent address: Intel Corporation, 2200 Mission College Blvd., P. O, .
Box 58119. Santa Clara. CA 95052-8119. able leak valve. The nickelocene vapor pressure was kept at

P Author to whom correspondence should be addressed. 3x107° Torr during deposition.
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FIG. 1. A schematic of the ultrahigh vacuum deposition apparatus. The
substrate is transferred by the loadlock. The UHV chamber is also equipped
with Auger electron spectroscopy and thermal desorption spectroscopy ca-
pabilities. The inset shows the thermodynamic cycle of nickelocene taken
from Ref. 12. All numbers in the inset are in units of eV/molecule.

DEPOSITION

This work is based upon the characterization of the en-
ergetics of nickelocene, KGsHs),, decompositiort? The en-
ergetics of nickelocene decomposition taken from Ref. 12
are shown as the inset of Fig. 1. A single photon process can
result in the separation of Ni atoms from cyclopentadienyl ' o '
gandsiCaH,~Cp) inthe metallocene molecules at surface, 5,7 (1 551 age S ey st e n o st
since the energy needed to achieve ligand—metal Cleavagea{ array of distinc{8”-shaped) Ni features on an oxidized Si substrate.
1.69 eV, i.e., NiCp),(surfi—Ni(surf+2(Cp)(gas, is lower
than the photon energy of ,Naser. The dissociation of Ni
atoms from the cyclopentadienyl ligands for the gas phasgions between the square features. We can conclude that the
metallocene requires an ener@y4.5 eV) higher than that of  nickel is indeed spatially localized.
the N, laser, and two-photon events are unlikely. Thus, pho-  This is certainly consistent with previously photolytic
tolysis of nickelocene can be used to define the deposition tdecomposition studiéSand more recent deposition studies
the illuminated surface regions, and to transfer the illumi-of material from ferrocenéFe(C;Hs),} using a scanning tun-
nated regions into a Ni pattern on the substrate. neling microscopé.It may be that for the very most selective

Figure 2a) shows the scanning electron microscopyarea chemical vapor deposition, passivation of the silicon
(SEM) image of the array of nickel features deposited onsurface is required, as has been recently undertaken in an
silicon with its native oxide film. The nickel array consists of organometallic chemical vapor deposition study using a
an array of features, 2020 um?. The 20<20 um? squares scanning tunneling microscopé.Complexes of ferrocene
are slightly distorted due to small distortions of the gi@d  with silicon are indeed knowh and anticipated for nickel-
close contact magk At higher magnification, each feature ocene. Thus, the adsorption and desorption of the complete
shows a series of fine lines. The fine structure of a typicahickelocene molecule may not be as simple as indicated by
square is shown in Fig.(B). The fine structure spacing and surface science studies of the similar organometallic, fer-
width is about 2um. All the Ni fine structure is connected at rocene, on single crystal metal surfacks.

a finite thickness. It is worth noting that, as shown in the

gray scale, the outermost fine structure lines may be rather

thin. The spatial distribution of the Ni in these patterns WajAAGNETIC CHARACTERIZATION

further examined by energy dispersive x-ray spectroscopy. Figure 3 shows scanning force and magnetic force mi-
Both Ni and Si peaks are detected within the observed feaeroscopy(MFM) images of a sample taken after a few days
tures. In contrast, only the Si peak appears in the dark reexposure to atmosphere. A commercially available micro-

1868 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Welipitiya et al.
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FIG. 3. (a)A 141x141 um? area showing the surface features utilizing the
tapping imaging mode. Thescale is 4um dark to light.(b) Cross-sectional
cut through the previous image as showr). Magnetic image of(a), ac-
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FIG. 4. Magnetic hysteresis loops measured by using an alternating gradient
force magnetometefa) shows a loop measured from the Ni array as shown
in Fig. 2@). (b) was measured from the pattern as shown in Fig).2

scope with magnetized tips was utilizétllanoscope |lI,
Digital Instruments The topographic image of the surface
was acquired using the standard tapping mode. Magnetic im-
aging was performed by monitoring the shift in the phase of
the resonating cantilever that is scanned at a predetermined
height above the sample surface. During the rastering of the
image, alternating topographic and magnetic strips of data
were acquired. The tapping response image of the surface is
shown in Fig. 8a). This 141x141 um? scan shows a 45
array of the fabricated nickel features. The dimensions are
less than 2820 um?, i.e., slightly smaller than the SEM
images in Figs. @ and Zb). This smaller size may be a
result of the edge structure dominated by nickel silicides, and
contamination. Figure (B) displays the typical height
through the features and the location of the cross-sectional
cut. In the corresponding MFM image of FigcB the nickel
features appear to be weakly ferromagnetic, as expected, and
are seen to be spatially well separated. Also, the integrated
volume of the particles is in rough agreement with the mag-
netization measurements, discussed below. Interference
fringes are also visible between the nickel structures and are
instrumental in origin, resulting from optical interference of
the laser with the surface structures.

Figure 4a) shows an in-plane magnetic hysteresis loop
from the array of nickel squar¢figs. 2a) and 3. The loop
was measured by a commercial alternating gradient force
magnetometer. The saturation field is about 1 kOe, and its
coercivity is approximately 50 Oe. The ratio of the rema-
nence to the saturation magnetization is 0.18. The hysteresis

quired at the same time, with a probe lift-height of 50 nm. The phase|00ps in both the in-p|ane and perpendicu|ar Conﬁgurations

contrast range is5°. The bright spots indicate attraction between the mag-
netic tip and the deposited material.

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996

are nearly identical. This may be because the demagnetiza-
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