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A trilayer nanoimprint process was used to fabricate high-density Co dot arrays. It is shown that
choosing hybrane as the top layer resist gives better dimensional control of the replicated patterns
compared to PMMA. By adjusting the etching time in the transfer process the dot sizes could be
tailored in a wide range. The fabricated dot arrays with different sizes and period have then been
studied by magneto-optic and magnetic-force microscopy measurements. The magnetization
reversal was found to occur through vortex nucleation/annihilation. Dipolar interactions were
clearly identified both in arrays with constant dot diameter and variable period and in arrays with
fixed period and variable dot diameters. In the case of closely packed dots vortex chain structures
along the field direction can be formed as a consequence of a nucleation cascade process. ©2001
American Vacuum Society.@DOI: 10.1116/1.1421573#
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I. INTRODUCTION

Nanoimprint lithography appears as a promising low-co
high-throughput technique for fabrication of sub-100-n
scale features and has been successfully applied ‘‘for
stance’’ to fabricate ring transistors1 and ultra-high-density
magnetic storage media.2 Basically, nanoimprint lithography
involves a physical deformation of a thin layer of polym
deposited on a substrate by using a rigid mold, followed b
pattern transfer involving the complete removal of the
sidual polymer in the recessed areas of the pattern. While
imprinting process with a single-layer polymer is suitable
many applications, the so-called bilayer and trilay
techniques3,4 are preferred to obtain resist patterns w
higher aspect ratio. This is the case when magnetic dots
relatively large thickness are fabricated by metal deposi
and lift-off.

In the present work, we compare the performance
trilayer nanoimprint using as a top layer resist either PMM
or a hyperbranched polymer, named hybrane.5 Hybrane is
found to yield better size control and more uniform imprin
ing than PMMA. By adjusting the etching time in the tran
fer process the size of the patterns could be tailored. H
density arrays of Co nanomagnets are fabricated
investigated to evaluate dipolar interactions among the d
Magnetization reversal was found to take place by nuclea
and subsequent annihilation of magnetic vortices. We sh
that the vortex nucleation and annihilation fields are alte
in accordance with a simple dipolar interaction term both
arrays with constant dot diameter and variable period as
as for arrays with fixed period and variable dot diameter.
the case of closely packed dots, chain structures along
field direction can be formed as a consequence of a nu
ation cascade process.

a!Electronic mail: marco.natali@12m.cnrs.fr
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II. EXPERIMENT

A mold for imprinting was fabricated by electron-bea
lithography and reactive ion etching~RIE! from a thermally
oxidized silicon wafer. The patterns on the mold had a hei
of 15565 nm as determined from a profilometer scan. T
patterns include arrays of circular dots with diametersD
5100, 200, 500, and 1000 nm. For each dot diameter ar
with different array periodsP were present. Period/diamete
ratios ranged fromP/D51.1 toP/D53/1. Each array had a
size of 1503150 mm2. The mold is spin coated with a thin
layer of a release agent.

The trilayer resist system used consisted of a bottom la
of PMGI about 200 nm thick, a 10-nm-thick Ge middle lay
and a top layer of either hybrane—a novel hyperbranc
polymer with a glass transition temperatureTg570 °C—or
PMMA with a molecular weight of 950 kg/mol andTg

5125 °C. Imprinting was performed at 140 °C and a pre
sure of 80 bar for 30 min. At this temperature, the botto
PMGI layer is thermally stable so that deformation tak
place only in the top layer. The pattern can then be tra
ferred to the middle and bottom layers with convention
RIE techniques. We used O2 gas to remove the residue of th
top layer imprinted area with a gas flow rate of 10 sccm
pressure of 5 mTorr, and a power of 10 mW. Afterwards,
patterned top layer is used as mask for a second RIE to
Ge with SF6 at a gas flow rate of 10 sccm, a pressure of
mTorr, and a power of 60 mW. Finally, Ge is used as a m
for a third RIE to etch the PMGI bottom layer with O2 of 10
sccm gas flow rate, 5 mTorr pressure, and 10 mW pow
The imprinted resist patterns are characterized by Dek
profilometer scans and scanning electron microscopy.

Cobalt dots are fabricated by rf sputter deposition a
lift-off. Magnetic characterization was performed b
magneto-optical Kerr effect~MOKE! measurements. Hyster
esis loops in the longitudinal geometry were recorded
27791Õ19„6…Õ2779Õ5Õ$18.00 ©2001 American Vacuum Society
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2780 Natali et al. : Nanoimprint lithography of high-density cobalt 2780
room temperature. Magnetic-force microscopy~MFM! was
performed in the phase detection mode~Nanoscope Dimen-
sion 3100! using CoCr-coated Si cantilever tips. Images we
recorded at a lift height of 100 nm. A magnetic field w
applied by two small movable permanent magnets moun
on the sample stage.

III. RESULTS AND DISCUSSION

Scanning electron microscopy~SEM! images of PMGI
patterns obtained with our process using hybrane as the
layer are shown in Figs. 1~a! and 1~b!. The holes with diam-
etersD5100 nm~a! andD5160 nm~b! were obtained from
the same mold pattern by choosing different etching time
the hybrane layer. We remember that the role of the etch
is to remove the residual hybrane layer at the bottom of
embossed structures. When the etching time exceeds tha
quired to remove the residual layer, lateral etching becom
important, resulting in an increase in the pattern size,
shown in Fig. 1~c!. If the residual layer thickness of hybran
is well controlled, this effect may be used to fine tune t
size of the patterns. We found that the whole process ca
controlled reproducibly over a wide range of etching times
indicated by the scatter of data points in Fig. 1~c!.

An important issue in lithography is the ability to repl
cate patterns with different dimensions and spacings. In
2, we show the results obtained by imprinting in a single s
arrays with different dot diameters and period. The absc
gives the measured hole diameter after transfer into
PMGI layer and the ordinate the period of the array of hol
Results obtained with a top layer of hybrane are compare
those obtained using PMMA 950 kg/mol as the top lay
The horizontal lines give the pattern sizes on the mo
Clearly, a deviation of the resist pattern sizes from the m
is observed for PMMA, increasing with period as well
with nominal pattern diameter. On the other hand, for h
brane the resist pattern sizes are almost identical to the m
patterns.

To understand the origin of this difference we measu
the residual layer thickness after imprinting. A SEM ima

FIG. 1. SEM images of PMGI resist patterns obtained from trilayer nano
print: ~a! hybrane etching time 15 s,~b! hybrane etching time 45 s, and~c!
diameter of PMGI holes as a function of hybrane etching time. Differ
symbols represent results obtained with the same imprint but different
times.
J. Vac. Sci. Technol. B, Vol. 19, No. 6, Nov ÕDec 2001
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of an embossed PMMA layer is shown in Fig. 3~a! and
shows a residual layer of about 90 nm at the bottom of
holes. The embossed contrast is 160 nm and closely mat
the mold contrast. On the other hand, the total resist th
ness from Fig. 3~a! is 260 nm and is larger than the initia
thickness, which was 190 nm. The origin of this increase
be understood as follows: as the mold penetrates into
resist the latter is displaced upwards filling up the reces
parts of the mold, therefore, giving an increase in the upp
most resist level. In Fig. 3~b! we show schematically a resis
pattern for an imprinted array of finite size. It can be se
that the height enhancementDH we mentioned before may
be determined by performing a profilometer scan across
array. The residual layer thicknesshr can then be obtained
from the relationhr5hi1DH2hm . Here, hi , hm are the
initial thickness and the mold contrast and are defined in F
3~b!. We thus determinedhr for different arrays in both case
of PMMA @Fig. 3~c!# and hybrane@Fig. 3~d!#. For PMMA,
the residual layer thickness is dependent on the spacin
well as on the nominal size of the patterns. This is in contr
to the case of hybrane where an almost constant resi

-

t
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FIG. 2. Diameter of holes in PMGI resist patterns for arrays with differe
array period and nominal hole diameter~horizontal lines!.

FIG. 3. ~a! SEM image of embossed PMMA layer.~b! Schematic illustration
of a resist layer after embossing.~c! and ~d! Residual resist layer thicknes
at the bottom of embossed holes as a function of array period for diffe
mold pattern diameters: open squaresD51 mm, full squaresD5500 nm,
open circlesD5200 nm, and full circleD5100 nm.
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2781 Natali et al. : Nanoimprint lithography of high-density cobalt 2781
layer thickness is found. The different behavior ofhr can be
easily explained by considering the much different gla
transition temperature of hybrane and PMMA. The low
viscosity of hybrane at the imprinting temperature allows
polymer to escape from the patterned area into the surro
ing unpatterned region. In this case the height enhancem
DH in Fig. 3~b! tends to zero so that the residual layer thic
ness tends tohr5hi2hm535 nm in our case, in good agree
ment with Fig. 3~d!. For PMMA, however, the relatively
high viscosity prevents the evacuation of the resist so thahr

is determined by conservation of the resist volume dur
imprinting. AssumingAp , Ar as the areas of protruding an
recessed parts of the mold inside the patterned region
conservation of resist volume is expressed by

hi~Ap1Ar !5~Ap1Ar !hr1Arhm . ~1!

For dots with diameterD and array periodP: Ap5p D2/4
andAr5P22Ap . The residual layer thickness may be det
mined as a function ofP andD. The experimental data point
in Fig. 3~c! show a good match with the curves correspon
ing to Eq.~1!, proving the correctness of the above pictur

We then note that in order to transfer all patterns of
PMMA layer into the Ge and PMGI layers the etching tim
of PMMA must be adjusted to remove the thickest resid
layer in Fig. 3~c!, i.e., 140 nm. This was achieved by etchin
for 55 s with O2 plasma. By extrapolating the curve in Fi
1~c! to 55 s, this should give an increase of hole diamete
140 nm, which agrees reasonably with the maximum de
tion in Fig. 2. We conclude that hybrane permits a better s
control during pattern transfer in our trilayer system.

As an application, we fabricated arrays of cobalt dots
sputtering deposition and lift-off. It is expected that magne
dipole interactions in arrays of closely spaced dots play
important role in the magnetization reversal process. Pr
ously, dipolar interactions have been studied in square
tices of perpendicularly magnetized dots.6,7 An
antiferromagnetic-type ‘‘checkerboard’’ ground state was
served, where neighboring magnets tend to be magnetize
opposite directions. For in-plane magnetized dots a narr
ing of the switching field distribution by dipolar interaction
was observed as well as a quadratic in-plane anisotropy
lated to the array symmetry.8,9 We show here the dependen
of dipolar interactions as a function of array period and
diameter in high-density Co dot arrays.

In Fig. 4 a MOKE hystersis loop is shown for dots wi
D5500 nm andP51500 nm. The dots are in-plane magn
tized and the loop shape suggests a magnetization rev
via a flux-closure configuration: as the field is decrea
starting from negative saturation net magnetization is los
a critical field Hn and is almost zero at remanence. This
typical of flux-closure configurations where the magneti
tion turns circularly inside the dot. Indeed, MFM imag
performed for a field at point II of the loop revealed th
typical contrast of magnetic vortices,10 as shown in Fig. 4~b!
II. On the other hand, at saturation the dots are found i
uniformly magnetized single-domain~SD! state having a di-
pole like contrast, as shown in Fig. 4~b! I. As the field
JVST B - Microelectronics and Nanometer Structures
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increases towards positive values starting from point II of
loop, magnetization reappears, and finally, the vortex is
nihilated at the fieldHa . In Fig. 5 we plotHn andHa versus
the array period for dots withD5500 nm. BothHa andHn

decrease in absolute value as the distance between the
decreases. This can be understood in terms of dipolar in
actions among the dots as follows: the aligned dipole m
ments of SD states in the saturated state stabilize each o
and thus retard vortex nucleation. For the same reason
coupling between the dots induces anticipation of vortex
nihilation. To quantitatively verify this interpretation we con
sider the dipole interaction field in a square array of u
formly magnetized SD dots which is given by11

Hdip54.2MsV/P23, ~2!

where Ms51420 emu cm23 is the saturation magnetizatio
density of cobalt andV the dot volume. This field adds to th
external field, and hence, determines the observed shift oHn

and Ha . By fitting the experimental data points in Fig.
with an expression of typeA14.2mP23, with A and m as
fitting parameters, we obtainm51363310212emu, which
agrees reasonably well with the expected valuem5MsV
58.4310212emu. In Fig. 6 we analyze the dependence
Hn on dot diameter. Open circles represent samples
widely spaced dots withP53D and full circles samples with
constantP5200 nm. The latter samples were obtained
exploiting the overetching effect described in Fig. 1. In bo
cases, the vortex nucleation field increases with increas

FIG. 4. ~a! MOKE hysteresis loop of an array of Co dots withD
5500 nm, P51500 nm, and thickness 30 nm.~b! MFM images of single-
domain state~I! and vortex state~II !.

FIG. 5. Variation of the vortex nucleation and annihilation fields with arr
period for arrays withD5500 nm, and thickness 30 nm.
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dot diameter. The origin of this trend can be understo
qualitatively as follows: the driving force for vortex nucle
ation is the demagnetization field, which is formed by t
magnetic surface charge densityr5M s+n, wheren is the
surface normal to the dot border. Since the magnetic fi
due to these charges decays towards the dot center, l
dots have a smaller demagnetization field than smaller
and, therefore, nucleate vortices ‘‘later.’’ For dots with co
stant P, however, the increase ofHn with D is more pro-
nounced than for widely spaced dots withP53D. This, of
course, is again related to dipolar coupling between the d
The quantitative analysis in this case must take into acco
the superposition of an intrinsic ‘‘demagnetization’’ induc
shift and a dipolar shift. We, therefore, fit the data poin
with an expression of the typeA D14.2M (p D2t/4)P23,
whereA is obtained from a linear fit to the data points
widely spaced dots. The dot thickness ist and M is the ef-
fective magnetization density of the dots. From the fit
find M516006100 emu cm23, in reasonable agreemen
with the expected value for Co.

We, moreover, investigated the spatial distribution of v
tex and SD states during vortex nucleation by record
MFM images as a function of applied field. A sample wi
D5500 nm, P5600 nm, andt550 nm was first saturate
and then MFM images recorded after decreasing the fiel
MFM image recorded at 100 Oe is shown in Fig. 7. The fi
is applied along an array axis. SD dots are recognized by

FIG. 6. Variation of the vortex nucleation field with dot diameter for wide
spaced dots (P53D) and for dots withP5200 nm. The continuous lines
give fits to the data points and are described in the text.

FIG. 7. MFM image showing the distribution of vortex and single-doma
states in an array of Co dots withD5500 nm,P5600 nm, and thickness 50
nm. A field of 100 Oe is applied along an array axis in the plane of
sample~arrow!. The scan size is 20320 mm.
J. Vac. Sci. Technol. B, Vol. 19, No. 6, Nov ÕDec 2001
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characteristic dipole contrast with black and white en
aligned along the field direction in Fig. 7, whereas vort
dots in this low-resolution image appear without magne
contrast. It can be noted that the SD dots are aggregate
the form of chains along the field direction. Since in t
initial state all dots were in a SD state this indicates t
vortices have nucleated in the form of chains aligned w
the applied field. Such vortex chain structures were not
served for widely spaced dots, where the distribution of
and vortex states was random. The physical mechanism l
ing to such a correlation can be understood in terms of di
lar interaction as follows: starting from saturation when a d
switches to the vortex state the neighboring dots, which lie
the direction of the applied field, begin to ‘‘feel’’ a lowe
interaction field than average, due to the loss of the dip
moment of the vortex dot. Therefore, they are favored
switch to the vortex state. The process then repeats
cascade-like fashion determining chains of vortices align
along the field direction.

IV. CONCLUSION

We have shown that high-density Co dot arrays with
very high filling factor can be fabricated by using a trilay
nanoimprint technique. Using hybrane as the top layer re
gives better dimensional control of the replicated patte
compared to PMMA and permits fine tuning of the size
the patterns by adjusting the etching time in the transfer p
cess. Cobalt dot arrays with different diameters and peri
were characterized magnetically and dipolar interactio
among the dots were demonstrated as a function of b
array period and dot diameter. The magnetization reve
process was observed to occur by nucleation/annihilation
magnetic vortices. In the case of closely packed dots vo
chain structures along the field direction can be formed a
consequence of a nucleation cascade process.
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