Rapid serial prototyping of magnet-tipped attonewton-sensitivity
cantilevers by focused ion beam manipulationa)

Jonilyn G. Longenecker, Eric W. Moore, and John A. Marohn®
Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853

(Received 5 January 2011; accepted 24 March 2011; published 10 May 2011)

The authors report a method for rapidly prototyping attonewton-sensitivity cantilevers with
custom-fabricated tips and illustrate the method by preparing tips consisting of a magnetic nanorod
overhanging the leading edge of the cantilevers. Micron-long nickel nanorods with widths of
120-220 nm were fabricated on silicon chips by electron beam lithography, deposition, and lift-off.
Each silicon chip, with its integral nanomagnet, was attached serially to a custom-fabricated
attonewton-sensitivity cantilever using focused ion beam manipulation. The magnetic nanorod tips
were prepared with and without an alumina capping layer, and the minimum detectable force and tip
magnetic moment of the resulting cantilevers was characterized by cantilever magnetometry. The
results indicate that this serial but high-yield approach is an effective way to rapidly prepare and
characterize magnetic tips for the proposed single-electron-spin and single-proton magnetic
resonance imaging experiments. The approach also represents a versatile route for affixing
essentially any vacuum-compatible sample to the leading edge of an attonewton-sensitivity

cantilever. © 2011 American Vacuum Society. [DOI: 10.1116/1.3581102]

I. INTRODUCTION

The development of attonewton-sensitivity cantilevers'?
has opened up exciting new approaches for characterizing
materials. Attonewton-sensitivity cantilevers have been used
to detect electron spin resonance” and nuclear magnetic
resonance,”® to observe near-surface dissipation due to dop-
ants in semiconductors’ and dielectric fluctuations in
polymers,g’g to characterize switching and fluctuations of fer-
romagnetic domains in individual magnetic
nanoparticle:sz’lo’11 and individual magnetic vortices in super-
conducting rings,12 and to measure persistent currents in nor-
mal metal rings.m’14

These applications require functionalizing the tip of the
attonewton-sensitivity cantilever with, for example, a bio-
logical samplef’ a magnetic nanoparticle or nanorod,” 101!
a metal coating,&9 or a superconducting ring.12 A few ap-
proaches have been demonstrated for functionalizing the tip
of an attonewton-sensitivity cantilever. These include blanket
evaporating a metal film on the cantilever’s leading edgew’9
or sidewall,'® or by manually affixing a sample,“_6 followed,
in some cases, by focused ion beam (FIB) milling. "
Attonewton-sensitivity  cantilevers have been batch-
fabricated with magnetic tips defined near the leading edge
of the cantilever using optical15 and elecron beam (e-beam)”
lithography. Recently, Hickman et al.'® demonstrated the
batch fabrication of 100 nm diameter nickel nanomagnets
that overhang the leading edge of an attonewton-sensitivity
cantilever. The tip-functionalization approach demonstrated
in Ref. 16 overcomes the size and time limitations of serial
attachment and focused ion beam milling. Moreover, the na-
nomagnet overhang improves the spatial separation between

“This article was presented at the AVS 57th International Symposium and
Exhibition held in Albuquerque, NM, 17-22 October 2010.
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trapped charge on the cantilever and electric field fluctua-
tions in the substrate. The resulting batch-fabricated nickel
nanorod tips exhibited a record-small force sensitivity of 10
aN at a tip-sample separation of 3 nm.'¢

While the tips fabricated by Hickman et al. exhibited
record-small force sensitivity near a surface, their fabrication
was problematic. In Fig. 1, we present scanning electron mi-
croscope (SEM) images of magnets fabricated using the pro-
cess presented in Fig. 2 of Ref. 16. The nanomagnets were
damaged extensively by process incompatibilities during the
38 step (approximately 2 weeks) fabrication process, result-
ing in extremely low yields and damage layers on intact
magnets in excess of 15 nm. Less than 1% of the magnets
remained intact [Fig. 1(b)] after processing, whereas most
magnets were either completely absent after processing [Fig.
1(c)] or, we surmised, formed a silicide with the underlying
silicon substrate and were no longer magnetic [Fig. 1(d)]."”
The mechanism leading to this extensive damage was ex-
tremely difficult to explore since, to avoid physical and (it is
thought) oxidative damage, the magnets were encased in ox-
ide during backside processing.l’16

In order to conduct high resolution magnetic resonance
force microscopy (MRFM) experiments, process yields must
be greatly improved and the extent of magnet damage must
be reduced, particularly at the leading edge where the force
gradient acting on the sample spins is greatest. Motivated by
the challenge of understanding the magnet damage mecha-
nism, we developed a rapid-prototyping technique for fabri-
cating overhanging magnets on attonewton-sensitivity canti-
levers. This approach enables analysis and characterization at
essentially any step in the fabrication procedure, reduces the
processing time from approximately 2 weeks to just 4 days,
and completely decouples the fabrication of the nanomag-
nets, which are particularly susceptible to heating and chemi-

1071-1023/2011/29(3)/032001/8/$30.00 ©2011 American Vacuum Society 032001-1



032001-2 Marohn, Longenecker, and Moore: Rapid serial prototyping of magnet-tipped attonewton-sensitivity cantilevers

FiG. 1. SEM images of postprocessed magnets fabricated by a problematic
batch fabrication approach, as outlined in Fig. 2 of Ref. 16. In this report, we
will discuss an alternative method that significantly improves the magnet
yield. (a) The integrated magnets of Ref. 16 overhang the leading edge of
200-um-long cantilevers. (b) Less than 1% of the fabricated magnets sur-
vived processing. Two common damage scenarios observed after processing
were (c) complete magnet absence or (d) substantial magnet damage at the
leading edge. The scale bar represents 20 um in (a) and 200 nm in (b)—(d).

cal damage, from the fabrication of the cantilevers, which
involves high-temperature reactive-ion etching steps during
backside processing.

The first step in our new fabrication technique is the batch
fabrication of silicon microchips with integrated, overhang-
ing magnetic nanorods. These microchips are freestanding
prior to the deposition of the magnets so that the chips can be
analyzed after any postdeposition processing step. The
magnet-tipped chips are serially attached to separately fabri-
cated attonewton-sensitivity silicon cantilevers using FIB
manipulation. FIB manipulation is routinely employed to im-
age sample cross sections'®" and to prepare transmission
electron microscopy (TEM) samples.zo_23 Here, we show
that the ability of FIB to mill, transfer, and adhere samples
with microscale precision makes it an ideal tool for lifting
out the magnet-tipped chips and adhering them to the leading
edge of cantilevers. The resulting magnets overhang the
leading edge of the silicon cantilever and should therefore
achieve the same exceptional force sensitivity near a surface
as the cantilevers of Hickman et al.

In Sec. II, we describe our fabrication and FIB attachment
protocols. In Sec. III, we discuss the measured yield of these
processes and the characterization of the magnets and canti-
levers via SEM analysis and cantilever magnetometry.'o’”’24
Our main findings are that the magnet-tipped chip fabrication
process is high-yield, that the magnets are consistently well-
magnetized, and that the cantilevers are not damaged by the
FIB process. In Sec. IV, we discuss additional advantages of
this combination batch- and serial-fabrication technique,
which include the ability to switch to magnetic materials
which would supply higher field gradients and the freedom
to explore magnet encasement protocols.

Il. FABRICATION

In order to increase magnet quality and yield, a novel
off-cantilever protocol for fabricating nickel nanomagnets
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that overhang silicon microchips was developed. In this sec-
tion, we describe the attonewton-sensitivity cantilever (Sec.
IT A), nanomagnet-tipped chip (Sec. II B), and FIB manipu-
lation (Sec. II C) protocols, as well as variations of the
nanomagnet-tipped chip fabrication process (Sec. II D).

A. Attonewton-sensitivity cantilever fabrication

The fabrication scheme for the cantilevers used in this
work [Fig. 1(a)] is similar to previous protocols.l’z’6 In brief,
the cantilevers were fabricated from silicon-on-insulator
(SOT) wafers (with parameters given below in Sec. I B). The
cantilever bodies were patterned by photolithography and de-
fined by reactive ion etching. Backside windows were
aligned underneath the cantilever bodies and patterned by
photolithography and were subsequently etched by through-
wafer Bosch etching. During the backside processing, the
cantilever bodies were protected by a layer of plasma en-
hanced chemical vapor deposited silicon dioxide. The canti-
levers were released in buffered oxide etch (BOE) and criti-
cal point dried to prevent deformation.

B. Nanomagnet-tipped chip protocol

Overhanging nanomagnet-tipped silicon chips were fabri-
cated from SOI wafers having a device silicon thickness of
340 nm, a buried oxide (BOX) thickness of 400 nm, and a
silicon handle wafer thickness of 500 wum. The device sili-
con resistivity is 14—-22 ) cm, corresponding to a boron
dopant concentration of (6—9) X 10'* cm™,

Lift-off alignment marks for three subsequent e-beam li-
thography steps were defined in a bilayer of 50 nm of
950 000 molecular weight (MW) (poly)methylmethacrylate
(PMMA) on top of 550 nm of 495000 MW PMMA and
were patterned using either a JEOL JBX9300FS (at 2 nA) or
a JEOL JBX6300FS 100 kV (at 1 nA) e-beam lithography
system. The marks were deposited by electron-gun evapora-
tion (CVC products SC 4500 evaporator) and consisted of
100 nm of platinum with a 5 nm chromium adhesion layer,
deposited at 2.5 and 2.0 A/s, respectively. The resist and
excess metal were removed by sonication in a 1:1 solution of
methylene chloride (CH,Cl,) and acetone.

Slits to define rectangular chip bodies, along with support
tabs halfway along the chip length to prevent postrelease
stiction, were defined in approximately 700 nm of 495 000
MW PMMA and patterned by e-beam lithography [see Fig.
2(a)]. The device-layer silicon was etched in sulfur hexafluo-
ride and oxygen (SF4:0,; Oxford Instruments Plasmalab
80), and the resist was subsequently stripped by sonication in
1:1 CH,Cl,:acetone. The chips were released by wet etching
the BOX layer in 6:1 buffered oxide etch, followed by soak-
ing the wafer in a water bath and spin drying.

Nickel nanomagnets with widths of 70, 110, and 220 nm
[Fig. 2(b)] were patterned by e-beam lithography in a bilayer
of 50 nm of 950 000 MW PMMA on 550 nm of 495 000
MW PMMA. The magnets were deposited by electron-gun
evaporation; a 5-nm-thick chromium adhesion layer was de-
posited prior to evaporating the 90-nm-thick magnets at a
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FIG. 2. (Color online) Process flow schematics (left) and the corresponding
SEM images (right) at key steps in the process used to fabricate overhanging
magnet-tipped silicon chips and attach the chips to cantilevers. The magnet-
tipped chips are fabricated by (a) etch slit definition and chip release, (b)
magnet deposition, and (c) definition of the silicon leading-edge finger. To
attach the chip to a cantilever, the portion of the chip inside the dashed line
in the schematic in panel (c) is moved and attached to the leading edge of
the cantilever (see text and Fig. 3), resulting in the magnet-tipped chip-on-
cantilever shown in panel (d). From top to bottom: the three vertical layers
in the schematics in panels (a)-(c) correspond to the device silicon, buried
silicon oxide, and handle silicon. The magnetic material is nickel. Note that
for ease of visualization, the SEM image in panel (c) has been processed by
HF vapor release. For chips released prior to the silicon finger definition,
handle-wafer silicon is also etched around the finger, as shown in Fig. 4(a).
All scale bars are 2 um.

rate of 2.0 and 2.5 A/s, respectively. After a waiting period to
allow the chamber to cool to room temperature, the wafer
was unloaded, and the resist and excess metal were removed
by sonication in 1:1 CH,Cl,: acetone, followed by spin dry-
ing. To protect against postprocessing oxidation, some
samples were coated with approximately 6 nm of alumina
prior to resist removal. The alumina was prepared via atomic
layer deposition (ALD) using trimethlyaluminum and plasma
oxygen precursors at 110°C (Oxford FlexAL).**°

In order to achieve overhanging magnets, as shown in
Fig. 2(c), the silicon under the magnet was removed by de-
fining a U-shaped “etch pit” 50 nm from the leading edge of
the magnet and etching the silicon using a calibrated isotro-
pic etch.'® Simultaneously, the leading edge of the chip rod
was removed, providing a well-defined chip leading edge.
The etch pit was patterned by e-beam lithography in approxi-
mately 700 nm of 495 000 MW PMMA and was etched by a
carefully timed isotropic etch in SF4:0O,. After the etch, a
silicon “finger” was defined at the leading edge of the chip
that was 2—5 um long and had a reduced width of 1 um.
The magnets overhang this finger by 300-400 nm. The resist
was removed by sonication in 1:1 CH,Cl,:acetone, followed
by spin drying.

Overall, the magnet-tipped silicon chip fabrication proto-
col requires 17 steps and can be completed in 4 days. This
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FIG. 3. (Color online) Ion-beam side-view [panels (a)—(e)] and SEM top-
view [panel ()] micrographs detail the magnet-tip liftout and cantilever-
attachment procedure using a dual-beam focused ion beam instrument. The
inset in panel (a), which includes the chip device layer from Fig. 2(c),
indicates the chip orientation and the box details the visible region in the
subsequent images. The process includes the following: (a) the probe tip is
adhered to the magnet chip by FIB deposition of platinum; (b) the chip’s
support tabs are milled and the chip is lifted out; (c) the chip is positioned
over the cantilever’s leading edge and is brought into contact with the can-
tilever; (d) platinum deposition is used to adhere the chip to the cantilever;
(e) the probe tip is milled and removed; and (f) the completed chip-on-
cantilever. The serial attachment process takes 1.5 h per fabricated chip-on-
cantilever assembly, with an additional 0.5 h for sample loading and unload-
ing from the chamber. All scale bars are 5 um.

factor of three improvement in processing time, compared to
the integrated magnet-on-cantilever fabrication protocol of
Ref. 16, enables rapid prototyping.

C. Focused ion beam liftout and attachment to
cantilevers

FIB processing was conducted on a dual-beam FEI Strata
400 STEM FIB system, with ion beam and e-beam imaging,
ion beam milling, and platinum deposition capabilities, as
well as a probe with a 1-um-diameter tip (Omniprobe) for
transferring samples. The liftout and attachment process is
detailed in Fig. 3, and in order to prevent gallium ion im-
plantation damage, the magnets are off-screen in all ion
beam images. The ion beam imaging time of the magnets
and the cantilever bodies was carefully limited to less than
3 s of the total exposure. All ion beam processing was done
at 30 kV with a nominal ion beam current of 28 pA.

To attach the overhanging magnet-tipped silicon chip to
the probe, the probe tip was first brought into light contact
~5 pm from the base of the chip and adhered to the silicon
chip using platinum deposition to join the two components
[Fig. 3(a)]. For all adhesions, approximately 1 um of locally
deposited platinum was achieved by ion beam induced
decomposition of methylcyclopentadienyl(tri-
methyl)platinum(IV) precursor gas. The chip base and sup-
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port tabs were subsequently milled [Fig. 3(b)] and the chip
was gently raised from the substrate and moved near the
cantilever’s leading edge.

Before the chip was brought into contact with the canti-
lever, the chip and cantilever were aligned horizontally by
rotating the stage (and mounted cantilever) as needed. The
chip was softly brought into contact with the cantilever [Fig.
3(c)]. Since the cantilevers naturally bend downward at a
slight angle, the probe was retracted slightly to pull the can-
tilever upward and improve vertical alignment between the
chip and the cantilever. Once the vertical alignment was con-
firmed, platinum was deposited on the sides of the chip and
cantilever to adhere them together [Fig. 3(d)]. The probe tip
was milled and the probe was lifted away from the cantilever
[Fig. 3(e)]. Additional platinum-deposited contacts were
made along the side and top of the cantilever. The completed
chip mounted on the cantilever is shown in Fig. 3(f).

D. Variations on the nanomagnet-tipped chip
fabrication protocol

The protocol outlined above involves the fabrication of
magnets that were deposited on prereleased silicon chips and
subsequently underetched to produce an overhanging mag-
net. Two alternative procedures were also considered in
which (1) the chips were released by HF vapor after the
overhanging magnets had been defined and (2) nonoverhang-
ing magnets were fabricated near the front edge of the silicon
chip. The differences between the three procedures can be
understood by considering the SEM images of representative
silicon chips presented in Fig. 4. The nanomagnet in Fig.
4(g) was coated with ALD Al,O5, whereas the nanomagnets
in Figs. 4(b), 4(d), and 4(f) were not capped.

Release of the chips by HF vapor instead of by BOE wet
etching was considered in order to increase chip stability
during processing. Since nickel has been reported to not be
etched by HF Vapor,27 whereas nickel is readily etched by
BOE, the chips could be released using HF vapor at the end
of the process. The main potential benefits of this approach
were device stability during processing and shorter overall
processing time (reduced by six steps and 2.25 processing
hours) since the etching of the silicon and the underetching
of the magnet could now be accomplished in a single step.
The chip and nanomagnet shown in Figs. 4(c) and 4(d) were
released at a rate of 500 A/min using HF vapor in nitrogen
and ethanol carrier gasses (Primaxx uEtch Single Wafer Pro-
cess Module).

In order to assess the magnet integrity immediately after
deposition, a simplified protocol for preparing nonoverhang-
ing magnets was developed. The main alteration and benefit
in this process was that the silicon chips were defined such
that one end was freestanding past the support tabs. After the
magnetic material was deposited and the resist liftoff com-
pleted, no additional processing steps were required prior to
FIB liftout. For this process, the entire chip was defined and
etched in one e-beam lithography step, where processing was
identical to the processing for the slits in Sec. II B, and sub-
sequently released [see Figs. 4(e)-4(g)]. Although these
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FIG. 4. SEM images of the chip’s leading edge (left) and the corresponding
magnified images of the associated magnets (right) produced by three re-
lease protocols: a chip with an overhanging nanomagnet, released prior to
magnet deposition by a BOE wet etch [panels (a) and (b)]; a chip with an
overhanging nanomagnet, released by HF vapor after magnet deposition
[panels (c) and (d)]; and a chip with a nonoverhanging magnet, released
prior magnet deposition with a BOE wet etch [panels (e)—(g)]. It can be seen
in the inset in panel (d) that releasing with HF vapor damaged the magnet’s
leading edge; the arrows highlight the leading 20 nm of the magnet in which
only the chromium adhesion layer is intact. The magnet in panel (g) is
coated with approximately 6 nm of alumina prepared by atomic layer depo-
sition. The magnets in panels (b) and (f) are undamaged and uncapped. The
scale bars in (a), (c), and (e) was 1 um. The scale bars in (b), (d), (f), and
(g) was 200 nm.

chips could not be used in an MRFM experiment to detect
magnetic resonance or observe surface noise, cantilever mag-
netometry could nevertheless be conducted to measure tip
magnetization and assess the affect of the underetch step on
magnet quality.

lll. CHARACTERIZATION

In order to characterize the yield of the overall fabrication
process, we separately estimated the yields of the magnet-
tipped chip bodies, cantilevers, FIB attachment procedure,
and magnets. By analyzing 13 magnet-tipped silicon chip
dies, with each die containing 100 individual magnet-tipped
silicon chips, an average magnet-tipped chip body yield of
94.2% = 6.0% was measured. It was determined that in order
to achieve high yield, the width of the slits, the width of the
support tabs, and the length of the leading-edge silicon finger
had to be carefully chosen in order to prevent stiction. The
need for support tabs can be seen in Fig. 5(a), which shows
15-um-long chips without slits snapped into contact with the
underlying substrate. The silicon finger at the leading edge
incurred stiction and curling [Fig. 5(b)] if it was 5 um long,
but was stiction-free without critical point drying for short
finger lengths of 2 um [Figs. 4(a) and 4(b)]. Slits that were
too wide resulted in stiction, whereas slits that were too nar-
row did not provide room for lateral motion during the FIB
liftout procedure. Since stiction occurred in approximately
50% of chips with slit widths of 4 um and in all chips with
slit widths wider than 6 wm, widths of 2—3 wm were cho-
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FiGg. 5. SEM images of unsuccessful alternative dimensions for the support
tabs, slit widths, and silicon finger length. It was observed that (a) no sup-
port tabs, (b) long silicon fingers, and (c) wide slits and narrow support tabs
all failed to prevent stiction-induced collapse of the leading finger support-
ing the tip’s overhanging magnet. For comparison, freestanding chips have
an observable gap between the finger and the substrate, as shown in Fig.
4(a). All scale bars are 2 um.

sen. Likewise, support tabs that were too narrow also re-
sulted in stiction [Fig. 5(c)], whereas support tabs that were
as least 4 um wide remained stiction-free and did not even
require critical point drying.

The cantilever yield was 90.5%, with 190 out of 210 po-
tential cantilevers remaining intact. Yields for similarly pro-
cessed wafers have ranged from 50% to 90%. The FIB liftout
and attachment procedure yield was 90%, with only 1 failure
out of 11 attempts (caused by a crack in the chip silicon that
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propagated during liftout). After FIB manipulation, the can-
tilever quality factors remained high, implying that the can-
tilevers were not damaged by the FIB processing. Cantilever
quality factors were measured between 41 000 and 94 000 at
4.2 K and 10™® mbar, consistent with the previously reported
values for non-FIB processed cantilevers (Table 1).216

The magnets were analyzed by visual inspection and mag-
netometry. The nanomagnets were imaged by a scanning
electron beam (Zeiss Ultra) in order to determine the yield of
intact nickel nanomagnets and check for damage resulting
from, for example, silicide formation [Fig. 1(d)]. It was de-
termined that both the overhanging nanomagnets on the stan-
dard prereleased chips and the nonoverhanging magnets on
the control chips were present on nearly 100% of the corre-
sponding chips. We conclude that neither set of magnets
showed any appreciable silicide damage since the nickel
grain structure was clearly visible [Fig. 4(b)]. The nickel
nanomagnets on the HF vapor released chips had approxi-
mately 20 nm of nickel missing at the leading edge [Fig.
4(d)] and were not characterized further.

Six nickel nanomagnets were analyzed by cantilever
frequency-shift magnetometry.10’11’16 The magnets had
widths of 120 and 220 nm and were either nonoverhanging
or had an overhang of ~300 nm (Table I). Magnetometry
experiments were conducted on a custom-built probe operat-
ing at T=4.2 K and P=10"° mbar. Changes in the cantile-
ver frequency were measured as an external magnetic field
applied along the long axis of the magnet was swept between
—4 and +4 T. Cantilever motion was monitored using a
fiber-optic interferometer (wavelength A=1310 nm and
power P~3 uW). During the measurement, the cantilever
was forced to self-oscillate to a rms amplitude of ~90 nm
by using it as the frequency determining element of a
proportional-integral-controlled-gain positive feedback cir-
cuit that drove a piezoelectric element located under the can-

TaBLE I. Summary of cantilever and magnet properties. All values were measured at a field of 0 T, unless
otherwise indicated. All of the cantilevers studied had dimensions of 200 um X4 umX0.34 um and un-

loaded resonance frequencies of f,=~9000 Hz.

Quantity C1 Ie) c3 C4 cs C6 Unit
fo 6631 6053 5054 6486 5351 4838 Hz
0@o0T) 67900 74 400 41 000 86 700 43 200 94 000 (Unitless)
0@sT) 68600 75 500 39 600 84200 41 600 (Unitless)
k 780 500 563+ 63 780 780 703+52 X107 Nm™
r 275 177 432 221 537 246 X107 Ns m™!
Foin 8.0 6.4 10.0 72 112 76 X107"8 N
I, 1500 1500 1500 1500 1500 1500 nm
Loverhang ~300 ~300 ~300 ~300 0 0 nm
Wi 220 120 120 220 220 220 nm
f 90 90 90 90 90 90 nm
A0, 0 0 0 0 5.6 56 nm

Mhsat 9.71+0.98 450090 3.21+0.30 9.08*=1.36 9.05*1.43

1172127  X1075 Am™?

moMy 0412004 035+0.07 025+0.03 0.38+0.06 0.38+0.06 0.49=0.08 T
AN 081+008 051  093%0.10 099=0.15 0.86*+0.15 0.40=+0.10 (Unitless)
ominal 14.18 7.73 7.73 14.18 14.18 14.18 10715 A m™

“For this fit, AN was calculated from the magnet shape as described in the text.
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FiG. 6. Easy-axis frequency-shift cantilever magnetometry for the 220-nm-
wide nickel nanomagnet on cantilever C1. Upper: data (solid; black) and
best-fit to Eq. (1) (dotted; gray). Middle: fit residuals, shown for an applied
field ranging from —4 T to +4 T. Lower: magnified view of the hysteresis
present near the zero field, indicating single-domain switching with a coer-
cive field of H.~0.05 T.

tilever base. The cantilever frequency was determined by
digitizing the interferometer output and using a software fre-
quency demodulator.”® Spring constant changes Ak were
computed from frequency shifts Af using Ak=2kAf/f,,
where k and f; are the cantilever spring constant and reso-
nance frequency, respectively. Cantilever dissipation was in-
ferred from either the cantilever ringdown time or by follow-
ing the gain control of the positive feedback loop. The
magnetic moment of the tip magnet was extracted by fitting
the spring constant shift versus magnetic field data to' 1124

Ak g @\* BAB
_=h( ) (1)

Kk~ k \1) B+AB’

where ., is the saturated magnetic moment, a=1.377 is a
constant dependent on the cantilever mode shape, [ is the
cantilever length, B=puyH is the applied magnetic field, and
AB=pyp, AN/ V, where AN=N,—N,, is the difference in de-
magnetization factor along the cantilever’s thickness and
length, respectively. The volume V of the tip magnet was
computed from estimates of the magnet’s lateral dimensions
(obtained from SEM micrographs) and thickness (measured
for one representative sample using atomic force micros-
copy). Fractional cantilever frequency shift as a function of
the applied magnetic field is shown for the magnet on canti-
lever C1, which had a 200-nm-wide overhanging magnet, in
Fig. 6. The parameters ug, and AN were obtained from a
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nonlinear least-squares fit of the frequency-shift data to
Eq. (1), and the tip magnetization uyM, was computed us-
ing oM = potsat/ V. Fit results are shown in Table I, and
the nominal saturated magnetic moment x"o™™ which was
calculated for fully magnetized nickel particles of the same
measured dimensions, is provided for comparison. For one
magnet, indicated in the table, the fit was too poor to accu-
rately obtain all three parameters from the frequency-shift
data; in this case, AN was calculated from the estimated
length and thickness using demagnetization factors obtained
by Aharoni for a rectangular plrism,29 and was obtained by
fitting.

Analysis indicated that the net magnetization of the 220-
nm-wide nanomagnets was significantly higher than for the
120-nm-wide nanomagnets. Two magnets with widths of 120
nm were studied on chips C2 and C3 and were between 47%
and 70% magnetized and 37% and 47% magnetized, respec-
tively, when compared to the saturation magnetization of
bulk nickel (uyM,=0.6 T). In contrast, the four 220-nm-
wide nanomagnets were all more than half magnetized; the
average magnetization range was 53%—73%, and the best-
magnetized magnet (on C6) was between 68% and 95%
magnetized. No significant differences in magnetization were
observed between overhanging (C1-C4) and nonoverhang-
ing (C5-C6) magnets, implying that the processing steps re-
quired to define and etch the U-shaped “etch pit” did not
cause damage to the nickel nanomagnets. The cantilever
quality factor was not measured to have a strong dependence
on the applied magnetic field; representative shifts in an ap-
plied field of 5 T are reported in Table I.

IV. DISCUSSION AND CONCLUSIONS

The primary result of this study is the demonstration of a
high-yield, rapid-prototyping protocol for fabricating well-
magnetized nickel nanorods on silicon chips and serially at-
taching them to the leading edge of attonewton-sensitivity
cantilevers. Since the magnet chip fabrication protocol has
no high-temperature steps—as required for SiO, encapsula-
tion and Bosch through-wafer etching, for example—the fab-
rication of the nickel nanomagnets is decoupled from almost
all damage-inducing processing. Moreover, the serial-
attachment protocol demonstrated here does not compromise
the cantilever quality factor.

The concept of using FIB manipulation to attach a prepre-
pared sample to a fragile, high-sensitivity cantilever can be
extended to many other applications as well. Samples that
require heat-intensive growing conditions such as carbon
nanotubes®’ or samples that cannot tolerate the high-heat
processing steps in cantilever fabrication such as supercon-
ducting rings12 could all be adhered to cantilevers by this
technique without extensive process integration challenges.
This combination batch- and serial- fabrication process could
also be used to attach a custom-fabricated magnetic tip onto
the end of a commercial cantilever. Furthermore, FIB could
be used to cross section, liftout, and attach spin-cast samples
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onto the leading edge of cantilevers used in sample-on-
cantilever MRFM experiments, which would significantly in-
crease the number of available samples.6

Other key benefits of the magnet-tipped chip fabrication
process arise from the flexibility of fabricating the magnets
independently from the cantilevers. Since most damage-
inducing chemical and heat-intensive processing steps were
eliminated, switching the magnetic material from nickel to
cobalt, which has a significantly higher saturation magneti-
zation, should be straightforward. In contrast, Hickman et
al.'® reported that cobalt was incompatible with the inte-
grated magnet-on-cantilever protocol due to silicidation and
etching by hydrofluoric acid. Likewise, with some process-
ing alterations, the magnetic material could also be switched
to sputter-deposited permalloy or iron platinum since any
processing steps to remove the excess sputtered material
such as chemical mechanical polishing or ion beam milling
would only damage the chips and not affect the quality factor
of the high-compliance cantilevers. The magnet-tipped chip
protocol also provides an ideal template for the incorporation
of barrier layers. A substrate other than silicon could be
implemented to prevent silicidation such as SiO,, silicon ni-
tride, or tantalum. To prevent oxidation, ALD or other thin
films could be blanket-deposited on the chips. This kind of
blanket deposition could probably not be done on integrated
cantilevers without significantly reducing the cantilever qual-
ity factor.

As described here, a magnetic chip must be attached to an
independently fabricated cantilever to determine its magnetic
moment. Further engineering of the magnetic chip to allow
free oscillation would permit high throughput screening of
potential magnetic nanorods without serial attachment. Such
chips are also potentially much more sensitive of magnetic
moment sensors than attonewton-sensitivity cantilevers be-
cause a shorter cantilever is better optimized for high mag-
netic moment sensitivity such that the minimum detectable
magnetic moment a,;, scales with /32!

The chip-on-cantilever protocol enabled the characteriza-
tion of nanomagnet quality immediately after nickel deposi-
tion and on overhanging nanomagnets that had additional
e-beam lithography and isotropic plasma etching steps. The
effects of adding a postprocessing alumina oxidation barrier
were also assessed. Cantilever frequency-shift magnetometry
of 220-nm-wide magnets indicated that magnets were gener-
ally one-half to three-quarters magnetized, and that magneti-
zation was unaffected by the fabrication steps required to
produce both overhanging magnets and the oxidation barrier.
Magnets that were 120 nm wide were less magnetized and
ranged from roughly one-third to two-thirds magnetized. The
decreased magnetization for smaller magnets is consistent
with the presence of a uniform-thickness damage shell since
such a shell would consume a larger percentage of the
smaller magnets.

The damage seen in the as-deposited nanomagnets is
frankly puzzling. Both processing steps that were previously
hypothesized as the sources of magnet damage—
encapsulation with SiO, and Bosch through-wafer etching—
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were eliminated in the magnet-tipped chip protocol. Nickel
oxidation seems unlikely since nickel oxide does not form in
excess of 1-2 nm near room temperature and atmospheric
pressure.:‘szf35 Damage due to silicide formation during the
evaporation of hot nickel onto the substrate also seems un-
likely since the native oxide layer has been shown to be
sufficient to prevent nickel silicidation.*® An additional hy-
pothesis is that the nickel reacted with the liftoff solvent
CH,Cl, during sonication. This hypothesis is not supported
by energy dispersive x-ray spectroscopy or electron energy
loss spectroscopy (data not shown), which showed no peaks
corresponding to the presence of chlorine contamination on
the magnets. The FIB attachment procedure is also not indi-
cated to be a source of magnet damage. In addition to mini-
mizing exposure to the gallium ions during processing,
frequency-shift cantilever magnetometry characterization
was conducted on a seventh cantilever (C7 data not included
in Table I), which was coated with 10 nm of evaporated
platinum in the same vacuum cycle as the nickel evaporation
and had the same magnet dimensions as C1. The saturation
magnetization of C7 was 0.37£0.03 T, which is compa-
rable to the other magnets with the same dimensions and
indicates that coating with a protective layer does not reduce
the damage to the magnet. Alternately, if the damage was due
to ion beam exposure at 30 kV, the maximum damage depth
for gallium implantation would be approximately 30 nm, and
a significant portion of the damage would be contained
within the top 10 nm; in this case, a 10 nm protective coating
of platinum should significantly reduce the damage. How-
ever, for completeness, a second test-case experiment should
still be conducted in which the magnets are coated with at
least 100 nm of platinum prior to FIB processing. In standard
FIB processing for TEM sample preparation, the samples are
coated with similar thick platinum layers to prevent gallium
implantation. By determining the saturation magnetization of
a magnet prepared by this method, the FIB attachment pro-
cess would be completely eliminated as a damage source. Of
course, a magnet with such a thick platinum layer could not
be utilized in an MRFM experiment due to the significantly
compromised tip-field gradient.

In order to develop magnets for subnanometer resolution
proton imaging by nuclear magnetic resonance MRFM, the
magnetization loss seen here will need to be further miti-
gated, likely by optimizing magnetic material deposition.
The yield of 50%—75% magnetized tips has been improved
from sub-1% to greater than 90%, and the protocol demon-
strated here is well suited for rapid prototyping and analysis.
The attonewton-sensitivity cantilevers with overhanging
magnetic nanorod tips shown in Fig. 3(f) can supply field
gradients high enough for single-electron detection by elec-
tron spin resonance MRFM and could therefore be used to
simultaneously localize the positions of multiple nitroxide
spin radicals on uniformly labeled proteins to rapidly deter-
mine their tertiary structure.
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