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Perpendicular quantized magnetic disks with 45 Gbits on a 4 x 4cm? area

Bo Cui, Wei Wu, Linshu Kong, Xiaoyun Sun, and Stephen Y. Chou
NanoStructure Laboratory, Department of Electrical Engineering, Princeton University,
Princeton, New Jersey 08544

Quantized magnetic disks consisting of an array of single domain Ni pillars with a density of 18
Ghits/in? were fabricated using nanoimprint lithograptylL) and electroplating. The total disk
area, limited by the NIL mold, is 4cm4cm, leading to a total 45 Ghits. Magnetic force
microscopeg MFM) images show that all pillars 70 nm in diameter and 400 nm in height are single
domain. The magnetostatic interaction between adjacent pillars is fairly strong. The pillars have an
average switching field of 360 Oe and can be switched by a MFM tip with a large magnetic moment.
© 1999 American Institute of Physids50021-89789)66508-3

I. INTRODUCTION SiO, matrix consists of four major steps: substrate prepara-

The data storage density of conventional magnetic thir;“on’ patterning, electroplating, and chemical mechanical pol-

film media is limited by the superparamagnetic limit, interbit ishing (CMP).

exchange coupling, bit edge noise, and tracking. All of these In. substrate; preparatlgp, a thin metal pIatmg seed layer
S - ) : X was first deposited on a silicon wafer, then a Siiin, and,
limitations can be eliminated or alleviated if the continuous

thin film media is replaced by quantized magnetic disks, finally, a 200-nm-thick layer of polymethyl methacrylate

also called patterned media, in which each bit of information(PMMA) was spun as the NIL reS|§t._The Smaygr IS _the
. . . . o . nonmagnetic layer to embed the Ni pillars, and its thickness
is stored in a single domain magnetic island. Inside each

island, all ferromagnetic grains are strongly coupled by eXdetermmes the final height of the nickel pillars. In patterning

L : the substrate, a hole array was formed in PMMA using NIL
change and magnetostatic interaction, so that they behave ; . :
) i o : .— with a grid mold. The grid mold was fabricated by a double
collectively during magnetization reversal. Outside the is- ; . X )
X : e NIL process with a grating mold that was fabricated using
land, a nonmagnetic material completely eliminates the ex: . ; S
chanae coupling between islands. As a result. the uItima,[’lanterference lithographythe details of the mold fabrication
g Ping ' . are described elsewhefe0, reactive ion etchingRIE) was

theoretical storage density of such a medium, determined btlesed to etch the holes into the entire PMMA thickness. Then
the superparamagnetic limit of the islands, will be 6000 )
Gbits/inZ for Co. 2_0_ nm Cr was shad_ow evaporated on the PMMA as an _ad-
Previously, quantized magnetic disk@MDS) with a 35 dltlonal RIE r.nask,l since PMMA has poor etching selectivity
nm pillar dian’1eter and a density of 65 Gbitsfinvere relatlvg to SIQ. .F|naIIy, th? hole array pattern was trgns-
demonstrated.However, the disk area was limited to the ferred into the SiQlayer using RIE. The PMMA/Cr etching
' ' mask was removed after etching. During electroplating, the

order of 100um? due to the low throughput of e-beam li- . .
o current was kept constant, and the solution was stirred con-
thography. Therefore, to commercialize QMDs, a low cost,; ; . ! )
tinuously in order to uniformly fill the holes. Because Ni has

h|gh-throughput.napopattermpg technology. ”.“‘St be deveé relatively high magnetostriction coefficient and thus is sen-
oped. Nanoimprint lithograp#yis a very promising technol-

sitive to stress, we chose nickel sulfamate-based plating so-
ogy to pattern QMDs. It has demonstrated sub-10 nm resqg- . . .
lution patterning with high throughpfit. At present, Qution for its low stress property. Finally, CMP was used to

nanoimprint lithography(NIL) can replicate nanoscale pat- remove the over-plated Ni and to gain a smooth surface. The

) . . g . slurry contains 20 nm diameter silica particles as abrasive
terns ove a 4 in. wafer within a few minutes. In this article,

we will present the fabrication of large area nickel perpen—particIes and itpH can be adjusted by adding diluted nitric

dicular QMDs using NIL and electroplating, and their char- acid to the original alkaline slurry.
acterization using an atomic force microsco®&M), a
magnetic force microscop@dlFM), and a vibrating sample
magnetomete(VSM). The properties of QMDs were characterized using scan-
ning electron microscopySEM), AFM, VSM, and MFM.
Figure Xa) shows a pillar array having pillars which are 110
Il. FABRICATION OF NI PILLAR ARRAY nm in diameter, 240 nm in height, and a 190 nm period. For
this feature size, all holes are successfully filled and the pil-
The fabrication of QMDs with an array of nanoscale lars are very uniform with nearly vertical sidewalls. The sur-
high-aspect-ratio nickel pillars embedded in a nhonmagneti¢ace is very smooth with Ni pillars recessed about 3 nm from

IIl. RESULTS AND DISCUSSION
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FIG. 3. MFM image of a QMD with 18 Gbits/iAdensity. Each bit consists

v of a 70 nm diam single domain nickel pillar uniformly embedded in 400-
W Y/ -T_ 3nm nm-thick SiG. The pitch between pillars is 190 nm.
L LW EE RN NS 5x 10 " erg/cm for Ni, we can calculate the switching field
according to Aharoni’s formul4The result is 270 Oe for the
(b) current pillar dimension, which is similar to the value ob-

FIG. 1. (@) A SEM picture of a 18 Gbits/iRlarge area QMD. The SiQvas tained fr_om the.experlme_)nt. Furthermore, the shape (?f t.he
stripped in order to show Ni pillars more clearll) An AFM image of the ~ NYSteresis loop is approximately a sheared square. This is a
same QMD before stripping SiPshowing Ni pillars were recessed about 3 Characteristic of strong interpillar interactinas a near
nm below the Si@surface. square hysteresis loop is expected for an uncoupled pillar
array. To reduce the magnetostatic coupling effect, the
switching field of the pillars should be increased. This can be
the SiQ surface[Fig. 1(b)]. Since SiQ is a good polishing achieved by either reducing the pillar diameter, by increasing
stop layer, we expect that the pillar height is nearly the samée pillar aspect ratio, or by replacing Ni with a magnetically
as the SiQ thickness before CMP and the surface of theharder material such as Co.
4 cmx 4 cm disk is flat. A smooth and flat topology is essen- ~ The spontaneous formation of a single domain is critical
tial for very low flying height recording. to having each pillar store one bit information. The MFM
The hysteresis loop of the large area pillar array meawas used to determine whether the pillars were single do-
sured by a VSM is shown in Fig. 2. The pillars of this par- main or not. MFM tips were prepared by e-beam evaporating
ticular disk have a diameter of 70 nm and height of 400 nm10-35 nm Co onto silicon tips and magnetizing them along
Since all pillars are single domaiisee below, the average the tip axis. During MFM phase detection, the tip was lifted
switching field is equal to the coercivity which is 360 Oe. If 25—40 nm above the surface. No distinct poles were found in
curling is assumed to be the magnetization reversal mechdhe MFM image for a pillar array with a 110 nm diameter
nism, and if the exchange constant is assumed to be
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FIG. 4. MFM image of 4 by 4 bits of a Ni QMD in the remnant state. All
FIG. 2. A hysteresis loop of a large area 18 Ghitd/[@MD. The pillars pillars have the same polarization, indicating the switching field of each
have a diameter of 70 nm and height of 400 nm. The coercivity is 360 Oepillar is large enough to overcome interbit magnetostatic interactions.
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QMD with a MFM tip coated with 35 nm Co. Only attractive
dark poles were evident in the MFM imagdEig. 5), even
though the pillars of the disk were initially magnetized in the

1.50 opposite direction. Therefore, such a QMD could be written
by a Co-coated MFM tip.
1.00 IV. SUMMARY

Using nanoimprint lithography, electroplating, and
chemical mechanical polishing, large area quantized mag-
0.50 netic disks with a density of 18 Gbits/fn.a disk area of
4x 4 cn? and, hence, a total storage capacity of 45 Gbits
were fabricated. An AFM image of this QMD indicates the
surface of the QMD is smooth. When the pillar diameter was
pm reduced to 70 nm and the aspect ratio was increased to 5.7,
_ o . all the pillars begin to form single domains. The average
FIG. 5. MFM image of a Ni pillar array scanned with a 35 nm Co-coated switching field was 360 Oe, and curling was suggested as the
MFM tip. Only dark poles are evident. This polarity is opposite to the initial L | ’ hani Th ..
state of the pillars, indicating that the field from the tip is sufficiently strong magnetlzatmn reve_rsa n_]ec e_mlsm' e magnetostatic 'nt_er'
to switch every pillar. action between neighboring pillars was strong enough to flip
some of the pillars having relatively low switching fields.
The pillars’ magnetization could be switched by MFM tips
and 240 nm height, indicating the pillars were not singlecoated with 35 nm Co. We concluded that such a QMD

domain. When we increased the pillar height to 400 nm an@ould be written and read with a high resolution single-pole-
decreased the pillar diameter to 70 nm, a strong distinct polg/pe head.

array was observed in the MFM imag€ig. 3), indicating all
pillars are single domain. An AFM image showed there are, ) .
. . . =S.Y.Chou, M. S. Wei, P. R. Krauss, and P. B. Fischer, J. Appl. Pt§ys.

roughly one percent unfilled holes so some poles are MissiNgge73(1994.
in the MFM image. Also, it can be seen that the poles are nots. v. chou, Proc. IEEBS, 652 (1997.
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from adjacen.t p|I_Iars, keeplng in mind that the MF.M.deteCtS 4S. Y. Chou, P. R. Krauss, and P. J. Renstrom, Appl. Phys. 6&tt3114
the _f(_)rce derlv_atlve rather tha_ln the fprce on the t|p_|tself. IN" (1995; Science272, 85 (1996.
addition, despite the strong interaction between pillars, we®s. v. Chou, P. R. Krauss, W. Zhang, L. Guo, and L. Zhuang, J. Vac. Sci.
were able to find a 44 pole array with the same magneti- _Technol. B15, 2897(1997.
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Finally, to investigate the feasibility of switching the &g o samwel P.R. Bissell, and J. C. Lodder, J. Magn. Magn. Matéy.
magnetization of the pillars with a MFM tip, we scanned the 327(1992.
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