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Large-area patterning of sub-100 nm epitaxial L1, FePt dots
array via nanoimprint lithography
Zheng Li, Wei Zhang,? and Kannan M. Krishnan®
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Seattle, WA 98195, USA

(Received 3 July 2015; accepted 13 August 2015; published online 21 August 2015)

Bit-patterned media, a promising candidate for next generation high density magnetic
recording, requires sub-100 nm dots array on a wafer scale, a high degree of pattern-
ing control of the size distribution, and a material with high perpendicular anisotropy.
In this work, large area (0.75 cm X 0.75 cm) dots array was achieved by nanoimprint
lithography and ion milling from L1, FePt thin films that are pre-sputtered at 450 °C
with both high crystalline quality and good chemical order. The sub-100 nm dots
are decoupled from each other and show both narrow size distributions and high
coercivity values on the order of 11 kOe. Our work would cast light for the application
of bit-patterned media. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4929578]

INTRODUCTION

Ultrahigh-density magnetic recording is a continuously evolving technology. For perpendicular
magnetic recording (PMR), the projected upper limit of ~1 Tb/in? is expected to be reached soon
due to the superparamagnetic effect,’ where the median grain size on the recording media becomes
unstable due to thermal fluctuation. To address this issue, several approaches have been proposed,
including heat-assisted magnetic recording (HAMR),? exchange-coupled composite (ECC)* media
and bit-patterned media (BPM).* Among these, BPM appears to be promising for ultrahigh-density
towards 10 Tb/in% For traditional PMR, a “bit” of information is stored by a collection of grains,
where the signal to noise ratio (SNR) is given by SNR = 10 x log(N) dB, with N being the average
number of grains per bit.> For BPM, however, each bit is represented by only one patterned element.
Thus, the volume of each individual bit/dot determines the energy barrier against thermal fluc-
tuation and enables much higher storage density. However, there are several obstacles, such as
synchronized writing/reading process® and air-bearing control between head/media,’ that need to be
overcome before this technology matures.

From the media point of view, there are two critical issues facing BPM. First, it requires a
magnetic material with high perpendicular anisotropy;®° L1y FePt with the c-axis as the magnetic
easy axis and normal to the film plane is promising.'® However, L1, FePt is typically deposited
under elevated temperatures (~ 800°C, for instance'') in order to achieve good chemical ordering;
but this is impractical because of large surface roughness due to grain growth at high temperature
and a nanoparticulate morphology'' which generates unfavorable boundary domain-wall pinning
sites. There have been several reports on lower temperature fabrication of L1y FePt thin films.'>""
All of them relies on either compositional change of FePt binary alloy'>!? or different types of
seed layers.'%!> Thus, lower L1, FePt growth temperature without compositional change or seed
layer is desired. Second, the top-down design and fabrication of BPM requires high quality and cost
effective lithographical patterning;'® both narrow dot size and to a lesser extent shape variations, and
large patterning area are critical for real application. With each bit represented by only one patterned
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dot, any fabrication defects would lead to amplified noise in BPM compared to the traditional PMR
media, and would be directly reflected in a higher bit-error rate (BER).!” As a result, a high quality
patterning technique is required. It has been reported that any dot shape fluctuation only contribute
a second-order disturbance and can be neglected.'” However, the dot size fluctuation is predicted to
be critical'® and narrow distribution (dot-size standard deviation, 6 < 10%) is required for densities
larger than 1Tb/in%.° One promising approach is nanoimprint lithography (NIL),'® with advantages
of high resolution, high throughput, low cost, and wafer scale fabrication.2?’ However, the NIL
patterning quality is not yet optimized at the sub-100nm length scale and few studies''?!-23 have
been reported on epitaxial L1 FePt dots array with good dot-size distribution.

Here, we describe the fabrication of L1, ordered FePt films at a lower growth temperature
(450 °C), with high crystalline quality and perpendicular magnetic anisotropy. Then, large-area
(0.75 cm x 0.75 cm) dots array is fabricated using NIL combined with Molybdenum mask-transfer
and ion milling. The sub-100 nm dots array shows high coercivity and is characterized by magnetic
force microscopy (MFM) and vibrating sample magnetometer (VSM). The magnetization reversal
mechanism is studied by d.c. demagnetizing curves.

EXPERIMENTAL METHODS

FePt films were prepared by ultra-high-vacuum ion beam sputtering (UHV-IBS)**?3 using a
FesoPtso (at.%) alloy target with a base pressure lower than 5 x 1078 torr. An epitaxial L1y FePt film
with 15nm-thickness was deposited at a rate of 1.5A/s onto MgO (001) single crystal substrate at
450°C. In situ annealing (1h) at the growth temperature was performed right after the deposition.
The samples were then cooled down to room temperature and capped with a 3nm-thick Au layer in
the vacuum chamber to prevent any surface oxidation.

Subsequent to the thin film deposition, large area patterning was carried out by nanoimprint
lithography (NIL) using a Molybdenum mask-transfer lithography process. The transparent quartz
master mold for NIL was bought from NTT-AT.? It has nanodots array, with elements 100 nm in
diameter, and a periodicity of 200 nm, on a total scale of 0.75 cm x 0.75 cm. To extend the life
of the master mold, daughter molds for subsequent NIL use were fabricated through duplication
from the master mold using Ormostamp (Microresist Tech., GmBH)— a standard procedure devel-
oped by our group, which is discussed in detail elsewhere.”’ The schematic of the NIL process
is shown in figure 1(a)-1(g).?83" First, the desired heterostructures were deposited by UHV-IBS.
Then, polymeric resist LORIA (MicroChem Corp., Newton, MA) was spin-coated onto the sample
surface for building the undercut profile, followed by thermal imprint resist 7010R (Microresist
Tech., GmBH) coating. The thickness of the bilayer resist, i.e. LOR1A (90 nm) / 7010R (120 nm),*!
was optimized for our feature size of sub-100 nm dots array. Next, the coated wafer was thermally
imprinted in a Nanonex NX-B100 compact thermal imprinter at 200 psi / 120 °C for a duration
of 60 s. Then, RIE dry etching was performed for 25 s followed by wet development (10 s) using
TMAH for selectively etching the LOR1A and achieving the undercut, as shown in figure 1(h).
Then, 20 nm-thick Molybdenum was deposited at room temperature for mask transfer before lift-off
using Remover-PG [figure 1(i)]. Then, the sample was ion-milled in Ar plasma for 25 s to achieve
isolated FePt dots. Finally, all Mo-residue on top of the dots was removed by 30% H,O,. Figure 1(j)
shows the morphology of the FePt dots array.

The crystallographic structures of both film and dot samples were investigated by X-ray
diffraction (XRD) 6-26 scan using Cu K, radiation. Magnetic measurements were performed on
a Quantum Design® physical property measurement system (PPMS) using the VSM mode. The
morphology of the samples was studied using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The magnetic microstructure was investigated by MFM using 100 nm
CoCr coated high moment probes with a lift height of 40 nm.

RESULTS AND DISCUSSION

A large patterned area, > 0.75 cm X 0.75 cm (same dimensions as the stamp), was achieved.
The microscope image [inset in figure 2(a)] demonstrates the large area patterning. Next, we
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(o) () (c)

Il Stamp
Resist-1
o Resist-2
Mo mask
EEE L1, FePt
m MgOo

FIG. 1. (a)-(g) Schematic of the nanofabrication process using nanoimprint lithography: (a) thermal imprinting, (b) RIE
dry etching, (c) TMAH wet etching, (d) Mo deposition, (e) lift-off, (f) ion milling, and (g) Mo-residual removal by H,O,.
(h) Cross-sectional SEM image of the bilayer resist undercut profile. (i) Top-down SEM of the Mo dots after resist lift-off.
(j) AFM image of FePt dots array morphology.

measured the dot-size distribution using a randomly-picked area of 10 um X 10 pwm, consisting
of ~2500 dots, as shown in figure 2(a). The mean size of the dot diameter was analyzed to be
97.7 nm with a standard deviation, o = 8.3%, that is below the 10% threshold required for high
density recording application® [figure 2(b)]. The same analysis was also performed in another
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FIG. 2. (a) SEM image of dots array before ion milling. (b) Dot size distribution with average diameter of 97.7 nm. Inset of
figure 2(a) shows both outline of the sub-100 nm dots and microscope image of the large area patterning.



087165-4 Li, Zhang, and Krishnan AIP Advances 5, 087165 (2015)
20000 T T T 300 T T T
(a) Mgo(002) (b) |[100nm dots MgO(002)
15000 | FePt(001) 1
=} — 200+ E
S S
i) 3 FePt(001)
2 10000} 13z
) = FePt(002)
2 S 100 1
= 5000 1 E
FePt(002) = Mo(111)
0 J LA 0
20 30 40 50 60 20 30 40 50 60
20(deg) 20(deg)
(C) 1.0 H cont. film] rT——_ (d)“) 100nm dots "
0.5 4 05} E
5 El
3 0.0 3 0.0
R . _
s | o g/n-plane /7 =
05} 300 : 05} 1
/J =05
-1.0 - G ngoofr -1.0 1
1 1 e 1 1
-30000 -15000 0 15000 30000 -30000 -15000 0 15000 30000
H (Oe) H (Ce)

FIG. 3. (a)&(b) XRD #-26 scan for both film/dots samples, showing clear L1 (001) and (002) peaks. Mo (111) peak was
observed only in the dot sample (b), suggesting small amount of residual Mo after removal. (c)&(d) Hysteresis loops for both
samples. An increased coercivity was observed for patterned dots array sample.

randomly-picked area, with similar results suggesting a consistency in the dot-size distribution.
Thus, our NIL fabrication process of sub-100nm dots array is suitable for high-density BPM owing
to both large patterning area and good dot-size distribution.

Figure 3(a)&3(b) shows the XRD 6#-20 scans for both film and dot samples. Clear FePt L1
(001) and (002) peaks were observed, in addition to the MgO (002) peak, indicating good chemical
ordering. The peak intensity ratio (Ipg1/Iop2), widely used as an indicator for the degree of L1g
chemical ordering,?? decreased after patterning (from 4.74 in thin film to 1.03 in nanodots), which is
attributed to the processing in the nanofabrication and will be discussed later.

Next, hysteresis loop measurements were carried out, as shown in figure 3(c)&3(d). For the
film sample, a highly-square loop is observed giving a coercivity value of Hfl'" = 5.8 kOe. The
sharp reversal process indicates a collective switching triggered by domain wall (DW) nucleation
and propagation. To further confirm this argument, we studied the domain pattern during the
switching process by MFM. After a.c. demagnetization, a maze-like domain pattern was observed
[figure 4(a)], with balanced positive and negative magnetizations, which is typical for perpendicular
magnetic anisotropy (PMA) system with strong in-plane exchange coupling.’* However, when an
external field of 6 kOe was applied and then removed after saturation in the opposite direction, an
asymmetric domain pattern with significant expansion of the domains in the applied field direc-
tion was observed [figure 4(b)]. Moreover, a close loop was observed with a saturation field of
Hgy inpt. = 75 kOe when the field was applied parallel to the sample surface [inset of figure 3(c)].
This field, along the hard axis, is often referred to as anisotropy field,** H,, and can be used to
calculate the magnetic anisotropy constant, K,. Based on H, =75 kOe and M = 1140 emu/cc,
we get K, =4.3 X 107 ergl/cc and Dyy = 1.4% = 275 nm for our thin film sample, where Dy, is

the single domain limit and A = 107 erg/cm is the exchange stiffness. These results are in good
agreement with the theoretical value of K, = 6.6 x 107 erg/cc and D, = 340 nm for bulk L1,
FePt;* thus, our film sample showing high crystalline quality in thin film form is a good candidate
for perpendicular magnetic recording (PMR). In short, we fabricated a high anisotropy L1, FePt
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FIG. 4. MFM image of the film sample at remnant states: (a) after a.c. demagnetization, and (b) when an external field of
6 kOe was applied after saturation from the opposite direction. A clear domain wall expansion along the field direction is
observed. For the dots array sample: (c) MFM image of dots array after a.c. demagnetization and (d) the corresponding AFM
image showing the morphology of the patterned dots.

film where the magnetic reversal is predominantly by domain wall motion, and indicates a strong
in-plane exchange coupling.

After NIL patterning, the sub-100 nm dots array showed almost double the coercivity, i.e.
H_.%" = 11.1 kOe in the out-of-plane direction. This increased coercivity is attributed to patterning
effect where the dots are within the single domain limit and therefore DW propagation, being ener-
getically unfavorable, would be prohibited.>® This argument was confirmed by the MFM imaging.
Figure 4(c)&4(d) show the MFM image after a.c. demagnetization and corresponding AFM image
of the dots array. The separate white/black regions indicate up/down magnetic domains, suggest-
ing isolated nanodots after ion-milling. We surmise that this isolation breaks down the exchange
coupling between dots and increases the coercivity. Next, it is worth discussing the potential inte-
gration of this sub-100 nm dots array into current recording mechanism. The head writing field
has a theoretical upper limit of 24 kOe due to the intrinsic nature of pole material.'® In practice,
owing to the head design and leakage of magnetic flux, this field could be even smaller,’” and it is
reasonable to assume the short-time head field to be 14 kOe.*® Nevertheless, the sub-100 nm dots
array demonstrated here could fit well into the current writing capability in magnetic recording.

Ion milling has been reported to damage the crystalline structure at the dot surface due to
Ar* ion bombardment,?>*" and cause a soft magnetic rim. This edge damage is expected in
our dot sample, as suggested by the decreased peak intensity ratio (Ipp;/Igg2) in the XRD data
[figure 3(a)&3(b)]. However, this damage will only contribute a very limited fraction of the soft
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phase to the high anisotropic volume and won’t affect its performance,*! given that the anisot-
ropy field for the dot sample was measured to be as high as H, = Hyu.inpr. = 65 kOe, indicating
K, =3.7x 107erg/cc. In short, without sacrificing much of the magnetic stability by the edge
damage introduced by ion milling, the high energy barrier for magnetic reversal is retained.

Additionally, it is of interest to discuss the film thickness and its influence on the magnetic
properties. First, demagnetizing energy favors thicker sample with perpendicular anisotropy since
magnetic “poles” on the top and bottom surface are further apart from each other. However, it
cannot be too thick either. In addition to the cost considerations, a too-thick magnetic media would
trigger incoherent reversal by thermally injecting a perpendicular DW into the column. Richter
argued'® that the critical thickness, Ly, is determined by E, = E,,;, ), where domain wall energy
Eg, = nD*AK, is comparable to the energy barrier for coherent rotation E,,;, = KL,(§D2)LT,
where D is the dot diameter. However, besides the domain wall energy, the incoherent rotation
would also generate another pair of magnetic poles and correspondingly increase the magnetostatic
energy, E,,. For our patterned dots with very low aspect ratio (Ly/D = 15%), it is reasonable
to assume that the out-of-plane demagnetizing factor Nz = 4m. Thus we can rewrite the formula
) as Egy+ AEus = Econ, where AE,,; = 2rtM*(2D* Ly and calculate the critical thickness to be
Ly = 8.5 nm, which means a domain wall can be thermally injected when the patterned dots are
thicker than 8.5 nm. It corresponds to an energy barrier required for a domain wall into a cyl-
inder grain: Epgrrier = (Eaw + AEms) 1,285 nm = Econlry=8.5 nm = 247 X 10~erg. This domain wall
injection is unlikely to happen for our 15 nm-thick dots array. To trigger the incoherent rotation
from a thermal activation, an energy of 2.47 x 10™%erg that equals 6 x 10*(kTp) is required, where
kp is the Boltzmann constant and 7y is room temperature; this is unlikely to happen.

To further reveal the influence of patterning on the reversal process of film samples, we measured
d.c. demag curves which, by measuring the remanence states, illustrates the direct-field demag-
netization after saturation opposite to the applied field direction.*” As a result, the departure of
the d.c. demag curve from the descending branch of the major hysteresis loop gives the revers-
ible part of magnetic switching. As shown in figure 5(a)&5(c), both thin film and NIL patterned

: : : . 2.0x10° : : : :
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FIG. 5. (a) Comparison of the descending branch of the major loop and the d.c. demag curve of the film sample and (b) first
derivative, dM/aH of the both the d.c. demag curves and the descending branch of the hysteresis loops, to illustrate the
switching field distribution. (¢)&(d) the same set of measurements for the dots array sample.
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samples show almost overlapping d.c. demag curves/major loops, indicating that irreversible switch-
ing dominates.

Next, the first derivative, 4M/an of both the d.c. demag curves and the descending branch of
major loops, was carried out to study the switching field distribution (SFD). There are two points
worth mentioning here. First, a slightly narrower SFD was observed in d.c. demag curve for both
film and dot samples: the full-width-half-maximum (FWHM) drops from 460 Oe to 415 Oe for the
film sample (9.8%) and from 4210 Oe to 3956 Oe for dot sample (6.0%). This narrowing, less than
10%, suggests a more collective behavior of irreversible switching when its complementary part, the
reversible switching, was eliminated. This small fraction of reversible switching can be attributed to
the magnetostatic interactions between dots which causes a shallower loop with broadened SFD'3
and can be partially released with the assistance of a soft under layer (SUL).*' Second, compared
to the thin film [figure 5(b)], the dots array [figure 5(d)] exhibits a very large increase in SFD;
almost ten-time larger FWHM was observed in the patterned dots. This increase in SFD is a result
of individual switching mechanism of the decoupled dots and processing-related defects, such as
dots alignment issue from patterning and edge damage from ion milling.?>**4% Additionally, the
expanded SFD could also possibly arise from the variation of K, in the film,*® which could be
extrinsically expressed if there is only one possible nucleation center per patterned dot.** In sum-
mary, even though these results are promising for BPM, the SFD for the patterned dots array should
be further narrowed down to optimize their performance. Future study, such as the introduction of
a top soft magnetic layer to establish exchange-spring behavior** and facilitate uniform switching*
within dots array, will be carried out.

CONCLUSION

In conclusion, we have fabricated sub-100 nm FePt dots array over a large patterning area.
The 15 nm-thick films showed good L1 chemical ordering. The reversal process was dominated by
domain wall expansion. Sub-100 nm dots array from the L1, FePt film with good size uniformity
was fabricated using nanoimprint lithography. A higher coercivity of 11.1 kOe with a broadened
switching field distribution were observed in dots array. Further work will be focused on enhancing
the magnetization reversal uniformity after patterning with higher dot density and transferring the
procedure onto glass substrates for BPM application.
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