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T
he probe-based seek-and-scan data
storage system is an ideal candidate
for future ultrahigh-density (�Tbit/

inch2) nonvolatile memory devices.1�8 In
such a system, an atomic force microscope
(AFM) probe (or an array of AFM probes) is
used to write and read data on a nonvolatile
medium. While various writing
mechanisms1�8 have been proposed for
probe-based storage, a great deal of atten-
tion has recently been devoted to the pulse
writing on ferroelectric films due to the
nondestructive nature of the write�erase
mechanism.1�5 When a short electrical
pulse is applied through a conductive probe
on a ferroelectric film, the highly concen-
trated electric field can invert the polariza-
tion of a local film volume, resulting in a
nonvolatile ferroelectric domain that is the
basis of data recording. This mechanism al-
lows for longer medium lifetime, i.e., larger
number of write�erase cycles that are com-
parable to hard disk drives, faster write and
read times,9 smaller bit size,5 and higher
storage densities.5 High data access rate,
however, requires a sliding velocity on the
order of 5�10 mm/s, over a lifetime of
5�10 years, corresponding to probe tip
sliding distances of 5�10 km. The bit size,
and thus the storage density, mainly de-
pends on the radius of the probe tip, which
is prone to rapid mechanical wear and dull-
ing due to the high-speed contact mode
operation of the system.5,10�12 This tip wear
can cause serious degradation of the
write�read resolution over the device
lifetime.

In principle, the tip wear rate could be
reduced by using hard conductive dia-
mond coatings.5 However, such coatings
are usually deposited at high temperatures
(�900 °C), which are not compatible with

integration processes of on-chip electronic
circuits.2 The diamond coatings are also
very rough and have to be sharpened by fo-
cus ion beam schemes to reduce the tip ra-
dius in order to achieve the required
write�read resolution,5 which makes it dif-
ficult for large-scale batch fabrication of
probe arrays.2,10 Carbon nanotube probe
tips, which due to their cylindrical shape can
retain their write�read resolution even
after significant wear, have also been
proposed.13,14 It will, however, take a signifi-
cant time and research effort to bring the
nanotube probes to large-scale
fabrication.2,10 Thus conventional conduc-
tive coatings with a small tip radius that can
be deposited at ambient or low-
temperature conditions, such as
platinum�iridium (PtIr), remain the best
choice at the present time.

However, PtIr coatings possess a hard-
ness H and an elastic modulus E compa-
rable to those of the Pb(Zr1�xTix)O3 (PZT) fer-
roelectric films used in this study and are
hence prone to severe mechanical wear un-
der high sliding speeds on PZT films over
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ABSTRACT Probe-based memory devices using ferroelectric media have the potential to achieve ultrahigh

data-storage densities under high write�read speeds. However, the high-speed scanning operations over a device

lifetime of 5�10 years, which corresponds to a probe tip sliding distance of 5�10 km, can cause the probe tip

to mechanically wear, critically affecting its write�read resolution. Here, we show that the long distance tip-

wear endurance issue can be resolved by introducing a thin water layer at the tip�media interfaceOthin enough

to form a liquid crystal. By modulating the force at the tip�surface contact, this water crystal layer can act as a

viscoelastic material which reduces the stress level on atomic bonds taking part in the wear process. Under our

optimized environment, a platinum�iridium probe tip can retain its write�read resolution over 5 km of sliding

at a 5 mm/s velocity on a smooth ferroelectric film. We also demonstrate a 3.6 Tbit/inch2 storage density over a 1

� 1 �m2 area, which is the highest density ever written on ferroelectric films over such a large area.

KEYWORDS: nanotribology · wear · probe-based storage · ferroelectric media.
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short (�300 m) distances, as recently reported.11 As de-

termined by the nanoindentation technique, HPtIr � 7

and EPtIr � 190 GPa, whereas HPZT � 8 and EPZT � 123

GPa. Wear reduction through conventional lubrication

cannot be used either because most common lubri-

cants are organic, which can induce carbonaceous con-

tamination build up on the probe tip during sliding

and hinder the pulse writing process (see Supporting

Information). An alternative wear reduction mechanism

is therefore required.

In this study, we demonstrate a wear endurance

mechanism which allows a conductive PtIr-coated

probe tip sliding over a ferroelectric film at a 5 mm/s ve-

locity to retain its write�read resolution over a 5 km

sliding distance. This is achieved by sliding the probe

tip at a low applied force on atomically smooth PZT sur-

faces and by modulating the force in the presence of a

thin water layerOthin enough not to form a meniscus

at the tip�medium interface. Under the force modula-

tion mode, this layer acts as a viscoelastic film, which

greatly reduces friction and wear. We also demonstrate

storage densities of 3.6 Tbit/inch2 over a 1 � 1 �m2

area, which are enabled by the atomically smooth PZT

surfaces. This is, to our knowledge, the highest density

ever written on ferroelectric films over such a large area.

The demonstrated wear endurance mechanism can

also be applied to other scanning probe-based sys-

tems, such as AFM-based lithography.15,16

RESULTS AND DISCUSSION
Ultra-High Density Writing on Atomically Smooth Thin

Ferroelectric Films. Figure 1a shows a topographic AFM im-

age of a typical PZT ferroelectric film used in the cur-

rent study. These single crystal PZT films are grown on

single crystal SrRuO3/SrTiO3(100) substrates using

metal�organic chemical vapor deposition (MOCVD)17

(see Methods Section). The roughness of these films is

controlled by varying the Pb precursor flux17 (see Meth-

ods Section). Atomically smooth films with a root-

mean-square (rms) roughness down to 0.17 nm have

been achieved with this method (Figure 1a). The PZT

films are initially polarized in an upward direction and

placed on a grounded electrode. A matrix of downward

polarization domains is written by applying a series of

short positively biased pulses to the PZT surface

through a PtIr conductive probe.

Figure 1b shows piezoresponse force microscopy

(PFM) amplitude and phase images of a 3 � 1 matrix

depicting 7.8 nm inverted domains written by apply-

ing 100 �s wide pulses of 3 V (see Methods Section).

Such single-digit nanometer domains can be written in

a checkerboard configuration to achieve ultrahigh den-

sity storage. Figure 1c shows 1 � 1 �m2 with a 3.6 Tbit/

inch2 density (see Supporting Information for proce-

dure). This density is enabled by the atomic smoothness

of the PZT surface, which allows for highly localized

electric fields to be generated underneath the probe

Figure 1. Ultrahigh density storage using probe-based nonvolatile memory devices. (a) Topographical height image of an
atomically smooth PZT film with a 0.20 nm rms roughness used as a storage medium. (b) PFM amplitude (top) and phase
(bottom) images of the PZT film surface with a 4 � 1 matrix of 7.8 nm ferroelectric inverted domains formed by applying 100
�s pulses of 3 V to the film through PtIr probe tips. (c) 3.6 Tbit/inch2 ultrahigh density storage density over a 1 � 1 �m2

area (see Supporting Information for procedure). (d) Ferroelectric domain patterns with sub 20 nm resolution written by ap-
plying a series of 5 V pulses. (e) Amplitude and phase images of a 4 � 4 matrix of 20 nm ferroelectric inverted domains writ-
ten at 5 V pulses. (f) Amplitude and phase images of the same area after erasing the inverted domains by applying �5 V
pulses.
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tip under shorter pulses. This leads to bit scaling down
to single nanometer digits (see Supporting Informa-
tion). The writing defects seen in Figure 1c are due to
electrical hot spots originating from defects in the fer-
roelectric film and not due to the writing scheme, which
includes a dual complementary metal-oxide semicon-
ductor (CMOS) switching mechanism. In these regions,
the electric field is smaller than other areas where re-
cording was obtained, which causes bits to not be writ-
ten. These hot spots with a resistance in the range of
590 k��120 M� correspond to dead spots during the
PFM readout (see Supporting Information). Since those
defects are permanent dead bits, they can be mapped
out by the storage devices during the media-formatting
operation and excluded from the data storage opera-
tion. After excluding the observed defect density in our
samples, the storage density will still be over 3.3 Tbit/
inch2. This is, to our knowledge, the highest storage
density ever achieved over such a large area. A 10 Tbit/
inch2 density has previously been reported by Cho et
al.5 but over an area of 50 � 40 nm only. We also esti-
mate the signal-to-noise ratio (SNR) from our data to be
above 10 dB in most areas. More complex patterns
with line widths close to 10 nm can also be written, as
shown in Figure 1d. Inverted domains can also be eas-
ily erased by applying short pulses of the same width
but of a reverse polarity (Figure 1e and f) or simply be
overwritten.

5 km Tip Wear Endurance Mechanism. For practical data
storage applications, the operations shown in Figure 1
have to be achieved at high access rates with sliding ve-
locities on the order of 5�10 mm/s, over a lifetime of
5�10 years, corresponding to sliding distances of 5�10
km. Over such prolonged periods of contact with the
film, the conductive probe tip will mechanically wear
off, which will degrade the write, read, and erase reso-
lutions of the storage device. The endurance of the de-
vice is therefore completely determined by probe tip
wear given that ferroelectric media possess very high
write�erase endurance cycles. This is different from
how endurance is measured in other technologies
where only the medium longevity is taken into ac-
count. If the area A scanned by the probe tip writing at
a bit pitch t, the effective number of endurance cycles
is then defined as (T � t)/A, where T is the maximum dis-
tance traveled by the probe tip beyond which data
read/write becomes unreliable. For example if T � 5
km, t � 15 nm, and A � 50 � 50 �m, the number of en-
durance cycles is equal to 6 � 104. Since a ferroelectric
medium can be directly overwritten, all these cycles
would be available for data read/write, and a large value
of T leads to high endurance.

To obtain such probe tip endurance, various me-
chanical wear regimes have to be understood. These in-
clude stick�slip, abrasive, adhesive, and fatigue wear.18

The stick�slip regime usually occurs at low speeds19

and is therefore not relevant for the current study. Abra-

sive wear occurs when the probe tip slides over a rough
surface, which can cause local plastic deformation and
fracture during tip-asperity contact even at the lightest
loads.18 It can thus be reduced by using atomically
smooth surfaces. Adhesive wear is the result of adhe-
sion or bonding that occurs when the probe tip, which
is sheared by sliding, is in contact with the surface and
can occur regardless of lubrication.18 This is the domi-
nant mechanism when atomically smooth surfaces are
used. Finally, the fatigue wear mechanism occurs dur-
ing repeated contact cycles between the probe tip and
the surface which can result in surface cracks that can
cause large debris and fragments to be removed.18 As
seen subsequently, this mechanism is not observed in
the current study.

The adhesive wear is described by the well-known
Archard’s wear model where the wear volume V is pro-
portional to the applied normal force FN, and the sliding
distance x, i.e., V � CFNx, where C is a constant.18 The
constant C depends on the nature of contact. In plastic
contact, C � k/H, where H is the hardness of the ma-
terial, and k is a nondimensional wear coefficient that
depends on the materials in contact, the surface con-
tamination, and the lubricant used.18 In elastic contact,
C � k/(E*(�/R)1/2), where E* is the composite elastic
modulus between the PtIr coating and the PZT films,
which is defined as 1/E* � (1 � vPtIr

2 )/EPtIr 	 (1 � vPZT
2 )/

EPZT. Here vPtIr (PZT) and EPtIr (PZT) are the Poisson’s ratio and
elastic modulus of PtIr (PZT). While � is the standard de-
viation of surface heights, which can be approximated
by the rms roughness, and R is the composite mean ra-
dius of curvature of the tip�surface system defined as
1/R � 1/RPtIr 	 1/RPZT. Under sliding, the transition from
elastic to plastic adhesive wear regimes occurs when
the mean flow pressure pm reaches the value H/(1 	 9
�2)1/2, where � is the friction coefficient.18

Note that in the elastic adhesive wear regime, the
wear volume is inversely proportional to the elastic
modulus, whereas it is inversely proportional to the
hardness in the case of the plastic adhesive wear re-
gime. Given that the elastic modulus of materials used
here, i.e., PtIr and PZT, is two orders of magnitude
higher than the hardness, one can reduce the wear vol-
ume by two orders of magnitude by operating in the
elastic adhesive wear regime. Therefore, we should ide-
ally operate the system at low loads using ultrasmooth
surfaces. Under such conditions, the effects of the plas-
tic adhesive and abrasive wear mechanisms are greatly
reduced, leaving the dominant wear mechanism to be
the elastic adhesive wear which, however, could still be
significant enough to cause write�read resolution deg-
radation under a constant force load, as shown
subsequently.

Modulating the normal force FN exerted by the
probe tip on the surface at ultrasonic frequencies20,21

or at cantilever resonance frequency by electrostatic
actuation19,22,23 has previously been shown to signifi-
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cantly reduce friction at low sliding speeds and ap-

plied forces under both ambient and ultrahigh vacuum

conditions. Such observations suggest that the re-

duced friction is due to lower wear rates which can sig-

nificantly reduce the friction dissipation energy.24 Previ-

ous studies have shown that tip wear occurs through

an atom-by-atom loss process without any sudden frac-

ture.12 We believe that if the elastic adhesive wear is

dominant, the force modulation will allow the probe

tip to recover elastically during sliding every time the

nominal force is reduced during a modulation cycle.

This would relax the stress level on bonds between at-

oms that are taking part in the wear process, delay

bond breaking, and thus reduce wear. In addition, the

change in contact area with normal force has been

shown to follow a sublinear relationship (two-thirds

power law).25 Therefore the number of atoms taking

part in the wear process also changes during a modu-

lating cycle.

Moreover, the insertion of an ultrathin water film

that is a few monolayers in thickness at the tip�sample

interface can also provide further wear rate reduction.

Such a thin film strongly adheres to the surface, thus

forming a liquid crystal, and is not energetically favored

to form a meniscus at the tip�sample interface.26 Un-

der force modulation of high frequency, this water film

can act as a viscoelastic material, which would further

reduce the stress level on such bonds and decrease fric-

tion and wear. Figure 2 shows the dynamic contact

model at the tip�sample interface under force modula-

tion and in the presence of the ultrathin water layer.

Moreover, water is carbon free and of high dielectric

constant, which is ideal as a clean lubricant for our sys-
tem. The high dielectric constant 
r � 80 of the water
film has also the advantage of enhancing the
tip�sample electrostatic coupling during pulse writing
on the ferroelectric film.

To verify our wear reduction analysis, we performed
wear tests in which a nominal force FN � 7.5 nN is ap-
plied on PtIr probe tips sliding at a velocity of 5 mm/s
on an atomically smooth PZT film with a 0.17 nm rms
roughness. The tests were carried out in a fluid cell
where humidity is precisely controlled from 0 to 80%
relative humidity (RH) (see Methods Section). In order
to avoid errors due to tip radius variation across experi-
ments, only PtIr-coated silicon probe tips possessing
an initial 20 � 3 nm radius were used (Figure 3a). The
PtIr coating was 30 nm thick deposited on a 10 nm ad-
hesive chromium layer. From our analysis, the onset of
the adhesive plastic wear regime occurs at FN � 60 nN
(42 nN with adhesion effects) (see Methods Section).
Therefore, we expect the elastic wear to be the domi-
nant wear mechanism during sliding at 7.5 nN. At 25%
RH, a 0.2 nm thick water film would form as determined
by elipsometry, which is about one monolayer and is
in agreement with theoretical estimations of the film
thickness.27 At this film thickness, it is not energetically
favorable for a meniscus to form.26 The nominal 7.5 nN
force was modulated sinusoidally at 200 kHz frequency
with �11 nN force amplitude (see Methods Section).
Note that the force amplitude causes the force to be
negative during the modulation cycle. However, the
tip�sample contact is never lost because the lowest
force (�3.5 nN) is much smaller than the adhesion pull-
off force between tip�sample measured to be 18 nN
for the experimental conditions used (see Supporting
Information). This is also confirmed by constantly moni-
toring the scanning frames during sliding. Note also
that the maximum force during the modulation cycle
FN � 18.5 nN is below the elastic�plastic transition
value of 60 nN.

Figure 3b and c shows scanning electron micro-
scope (SEM) images of the PtIr probe tip after 2.5 and
5 km sliding distances (corresponding to two weeks of
continuous sliding) under the conditions mentioned
above. The wear volume is estimated from SEM images
to be 3.32 � 103 nm3 after 2.5 km and 5.6 � 103 nm3

after 5 km (see Supporting Information for wear volume
determination). Figure 3d and e shows a 3 � 1 matrix
of inverted domain dots written by applying 100 �s
wide pulses of 5 V before and after 5 km sliding, with
the same domain sizes of 15.6 nm (see Supporting In-
formation for domain size determination). Although the
tip has shown a small amount of wear, the write and
read resolutions were not lost after 5 km of sliding at 5
mm/s. This is because there are various parameters that
determine the inverted domain size in ferroelectric
films besides the shape and the size of the probe tip,
such as dielectric properties, amplitude of the coercive

Figure 2. Suggested dynamic contact model during sliding
under force modulation in the presence of a thin water film;
kc, mtip, cw, kw, P, Q, and Fa are the cantilever spring, tip mass,
water layer damping coefficient, water layer spring, contact
load, tangential force, and adhesion force, respectively. The
equation of motion and friction coefficient for this model are
mtipz̈ � cwż � (kc � kw)z � P(t) � mtipg � Fa(t) � FN(1 �
� cos(�t)) � 0 and � � Q/P(t) � kLz � Fa(t) � cż.
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electric filed, depolarization, and domain-wall forces

(see discussion in Supporting Information). We also per-

formed write and read operations at various stages of

the 5 km sliding namely after 1.5, 2.5, and 4 km in which

the write and read resolutions were maintained. Note

that the write and read conditions were the same as the

sliding conditions, i.e., under 7.5 nN force and in the

presence of 25% RH, except for the scanning speed

which was reduced in order to accurately quantify the

change in domain size. Other experiments performed

under the same conditions showed no measurable

wear from SEM images after 500 m of sliding. Increas-

ing the modulation frequency to 400 kHz also did not

show any difference after 500 m sliding, suggesting a

negligible frequency effect.

On the other hand, sliding experiments performed

without force modulation while keeping other condi-

tions identical, including the 7.5 nN force and the 25%

RH level, showed a significant tip blunting after only

500 m sliding with a tip wear volume of 8.2 � 105 nm3

(Figure 3f and g). Figure 3h and i show a 4 � 1 matrix of

inverted domain dots written by applying 100 �s wide

pulses of 5 V before and after the 500 m sliding. Here

the dot size increased by 31.4 nm from the as-received

tip conditions. Therefore sliding under force modula-

tion within the elastic adhesive wear regime and in the

presence of a thin water layer greatly reduces wear.

Note that the wear proceeds very smoothly and seems

to occur through an atom-by-atom loss process, as pre-

viously mentioned. No sudden fracture was observed

in any of the experiments, which excludes the presence

of any fatigue wear.

Effects of Surface Roughness and Humidity Level. We also in-

vestigated the effects of surface roughness and humid-

ity level on wear and write�read resolution. As men-

tioned previously, the roughness of PZT films can be

varied by varying deposition parameters, namely the

Pb precursor flux17 (see Methods Section). To obtain

tangible wear volumes that are large enough to allow

quantitative comparisons of the roughness and the hu-

midity effects over short sliding distances (500 m), ac-

celerated experiments are conducted by increasing the

nominal force FN to 100 nN. Under this force, the onset

of the adhesive plastic wear regime, which was esti-

mated previously at 60 nN, is exceeded. The sliding ve-

locity and the force modulation are kept at 5 mm/s and

200 kHz with �11 nN force amplitude during the 500 m

sliding.

The study of roughness effect was performed by

sliding PtIr probe tips over 500 m distance (under 25%

RH) on four PZT films possessing an rms roughness of

0.17, 0.23, 0.31, and 0.57 nm, respectively (see Support-

ing Information for topographic AFM images). These

four surfaces are statistically equivalent and are charac-

terized by a Gaussian distribution (see Supporting Infor-

mation). Figure 4a shows the variation of the inverted

domain size and tip wear volume after sliding versus

the rms roughness (see Supporting Information for rep-

resentative PFM and SEM images). Clearly, increasing

the rms roughness increases the wear rate considerably

and degrades the write�read resolution. The increase

in wear rate is due to the fact that the increased rough-

ness initiates the abrasive wear mechanism, which be-

comes combined to the already existing plastic adhe-

sive wear. The combination of the two mechanisms

increases the wear rate considerably even under force

modulation and in the presence of a water layer. There-

fore, ultrasmooth surfaces are required for the pro-

posed wear endurance mechanism to be most effi-

cient in order to eliminate the abrasive wear.

Figure 3. Wear tests on PtIr probe tips sliding over a PZT surface with 0.17 nm rms roughness. (a�c) SEM images of as-received PtIr
probe tips prior to sliding (a), after 2.5 (b), and 5 km (c) of sliding at 5 mm/s with an applied normal force FN � 7.5 nN that is modu-
lated at 200 kHz. (d and e) PFM height (top), amplitude (middle), and phase (bottom) images of the PZT�film surface with 3 � 1 ma-
trix of 15.6 nm inverted domains formed by applying 100 �s pulses of 5 V using the probe tip prior (d) and after (e) the 5 km sliding ex-
periment. Note that the write and read resolutions did not degrade after the 5 km wear test. (f and g) SEM images of another PtIr probe
tip prior (f) and after 500 m (g) of sliding at 5 mm/s with an applied normal force FN � 7.5 nN without force modulation. (h) Height
(top), amplitude (middle), and phase (bottom) images of the film surface with 4 � 1 matrix of 15.6 nm inverted domains formed un-
der the same conditions using the PtIr probe tip prior to the 500 m sliding experiment without modulation. (i) Height (top), amplitude
(middle), and phase (bottom) images of the film surface with 4 � 1 matrix of 47 nm inverted domains formed under the same condi-
tions after the 500 m sliding experiment. The size of the inverted domains increased by 31.2 nm after sliding.
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The effect of humidity level on the inverted domain

size and the tip wear after sliding, is shown in Figure

4b. The experiments were performed on the PZT

sample with 0.23 rms surface roughness. Here we see

that both bit size and wear volume first decrease after

sliding as the RH level is increased from the dry condi-

tion, which supports our claim that adding a water layer

provides additional stress relaxation during sliding un-

der force modulation. However, as the RH level further

increases, the bit size and the wear volume start increas-

ing considerably. This is because at higher RH levels, it

becomes energetically favorable for a meniscus to form

at the tip�sample interface.26 The stress relaxation

mechanism will thus disappear. Instead, such a menis-

cus will pull the probe tip further into the surface, which

causes further tip wear, which is usually observed when

RH levels are increased.11

Note also that beyond 40% RH, inverted domains

did not retain and disappeared almost immediately

after the writing process. This is why bit sizes are only

reported for RH below 40%. This is due to the fact that

water becomes abundant at the tip�sample interface

to the point where electric field distribution underneath

the probe tip is changed, which affects the pulse writ-

ing process. Moreover, as the probe tip passes over

written bits during reading, the water meniscus bridges

neighboring domains, resulting in charge neutraliza-

tion and bit destabilization. The results also show that

the force modulation alone can moderately reduce the

tip wear under dry conditions. As discussed previously,

this is due to the stress relief on atomic bonds involved

in the wear process during a modulation cycle. This re-

duction of wear, however, is not as significant as in the

presence of a thin water film. Therefore, for the wear en-

durance mechanism to be most efficient, ideal sliding

has to occur under very low forces, with force modula-

tion, on ultrasmooth surfaces, and in the presence of

thin water films under optimized humidity.

The current wear endurance mechanism was dem-

onstrated on PtIr-coated probes, which possess about

the same hardness and elastic modulus as the ferroelec-

tric films, as previously discussed. We believe that the

modulation mechanism in the presence of a thin water

film can further be enhanced by the use of ultrahard

and more importantly ultrastiff conductive tip coatings.

Such coatings have to be smooth and be deposited at

low temperatures. Perhaps the use of boride-based

metals, such as HfB2, which possess hardness and elas-

tic modulus in the range of 40�400 GPa, can provide

such an enhancement.28 Such coatings can be depos-

ited using low-temperature chemical vapor deposition

at around 200 °C and possess 1�3 nm surface rough-

ness.28

Final Note. Note that during the preparation of this

manuscript we became aware of a related study with

similar findings from Lantz et al.29 In this study, force

modulation is shown to improve tip-wear endurance

in silicon tips sliding on a polyaryletherketone poly-

meric surface after 750 m of sliding at 1.5 mm/s and un-

der dry (vacuum) conditions. The authors attribute the

wear endurance mechanism to a friction reduction dur-

ing force modulation by performing friction experi-

ments at a much lower velocity (100 nm/s and 1 �m/s)

and under ambient conditions, which were previously

demonstrated by several previous studies.19�23 At such

low velocities the stick�slip mechanism has an impor-

tant role which is eliminated by force modulation.19,23

On the other hand, at the reported sliding velocity of 1.5

mm/s at which the wear experiments were performed,

the stick�slip behavior is not relevant given the rela-

tively high speed, and it is not obvious that friction re-

duction during force modulation alone is the cause of

the wear endurance. We suspect that the force modula-

tion is only one of the key factors that reduced the tip

wear. We think the much higher hardness and elastic

modulus of silicon compared to the polyaryletherke-

Figure 4. Effects of roughness and RH on bit size and wear volumes. (a) Effect of surface roughness after 500 m of sliding
under 25% RH. Four PZT films, possessing respectively an rms roughness of 0.17, 0.23, 0.31, and 0.57 nm, were used. (b) Ef-
fect of RH after 500 m of sliding on the PZT film with 0.23 nm rms roughness. All sliding experiments were performed at 5
mm/s with an applied normal force FN � 100 nN that was modulated at 200 kHz. Bit size increase is defined as the difference
in bit size before and after sliding. These values are averaged over 16 inverted domains written before and after sliding at
pulses ranging from 3 to 8 V, and the error bars correspond to the standard deviation of each set of bit size increase.
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tone polymeric surface, the low applied force, and the
low surface roughness also contributed to the reported
low wear of silicon tips. Moreover, the reported ap-
plied velocity and sliding distance are much lower than
actual device operational conditions.

In contrast to this previous paper, we systematically
studied multifactors including force modulation, force
load, surface roughness, and thin water-layer lubrica-
tion, which all critically contribute to the tip wear, un-
der the sliding velocity and the distance that are com-
parable to actual operational conditions of probe-based
storage devices. We demonstrated that excellent tip-
wear endurance is attainable if all conditions are sys-
tematically controlled despite the fact that our PtIr-
coated tips and the PZT films possess similar
mechanical properties (hardness and elastic modulus).

CONCLUSIONS
In summary, we have developed a wear endurance

mechanism which allows a conductive PtIr-coated
probe tip sliding over a ferroelectric film at a 5 mm/s ve-
locity to retain its write�read resolution over a 5 km

distance, which corresponds to a 5 year device life-
time. This mechanism is achieved by sliding the probe
tip at low applied forces on atomically smooth surfaces
with force modulation and in the presence of thin wa-
ter films under optimized humidity. Under the condi-
tions of low applied forces on atomically smooth sur-
faces, the adhesive elastic wear regime is dominant, and
the wear rate is decreased by orders of magnitude. In
this regime, the wear volume is inversely dependent on
the elastic modulus of the coating rather than its hard-
ness. Modulating the force in the presence of a thin wa-
ter layer, which acts as a viscoelastic film, further re-
duces the wear volume to insignificant amounts. Our
results could lead to parallel probe-based data storage
devices that exceed the capabilities of current hard
drive and solid-state disks given the ultrahigh density
capabilities demonstrated here (3.6 Tbit/inch2). It can
also allow other scanning probe-based systems, such
as atomic force microscope (AFM)-based
lithography15,16 to be competitive with the current
state-of-the-art optical and electron-beam lithography
systems.

METHODS
PZT Ferroelectric Film Growth. Single crystal PZT films are depos-

ited on single crystal SrRuO3 (SRO, 50 nm thick)/SrTiO3(100) sub-
strates using metal�organic chemical vapor deposition
(MOCVD) at a 605 °C temperature under a 5 Torr pressure with
Ti and Zr precursor fluxes of 0.07 and 0.025 mL/min. The Pb self-
regulation flux window is from 0.11 to 0.21 mL/min. By increas-
ing the Pb flux, the film rms roughness first decreases rapidly to
reach a minimum value at a Pb flux of 0.165 mL/min. At 0.165
mL/min, the rms roughness is 0.17�0.20 nm, which corresponds
to atomically smooth films. It then increases rapidly again to a
maximum value of 0.60 nm. (See ref 17.)

Data Write/Read. The write/read experiments were performed
using Asylum Research MFP-3D and Veeco Dimension 3100
scanning probe microscopes. The PtIr-coated probe tips are
used as conducting probes to write inverted domain dots on
the PZT film. To avoid errors due to tip radius variation across ex-
periments, only as-received PtIr-coated probe tips possessing
an initial 20 nm radius are used. The probe tips used were made
from silicon. The PtIr coating was 30 nm deposited on a 10 nm
Cr intermediate adhesive layer. The ferroelectric PZT film is ini-
tially polarized in an upward direction. A PtIr probe is first
brought into contact with the film surface. Positive (or negative
for erasing) electrical pulses varying from 3 to 10 V with a pulse
width varying from 500 ns to 100 �s are then applied to the PZT
surface through the conductive PtIr probe. The ferroelectric do-
mains are imaged using piezoresponse-force microscopy (PFM),
where domain walls show dark contrast in amplitude images,
and the inverted domains show 180° phase shift to the back-
ground film.

All experiments are carried out within a fluid cell which al-
lows for full environmental control. High-purity nitrogen can be
fed through to keep a clean environment within the cell in order
to avoid carbonaceous contamination on the probe tip and the
PZT sample. Water vapor from a high-purity water container can
also be fed through with RH precisely controlled from 0 to 80%.

Wear/Sliding Experiments. Wear experiments were performed
by scanning the probe tip over two 80 �m lines with a 5 mm/s
velocity under either contact or PFM mode with image data ac-
quisition enabled to monitor probe tip contact and cantilever de-
flection during sliding. The probe tip was scanned parallel to
the leveled surface. The scan was driven with a sinusoidal wave-

form to prevent scanner ringing, which would occur when a tri-
angular waveform is used.

Force modulation is obtained by performing the sliding un-
der PFM mode which operates at the cantilever resonant fre-
quency and superimposes an AC field over the constant force
mode. Experiments were carried out at the second and third PFM
frequency peaks, which correspond to 200 and 400 kHz, respec-
tively, with �10 kHz variation from cantilever to another. The
modulation amplitude was determined by monitoring the de-
flection during sliding, which was equal to 0.15 � 0.22 V with a
set point of 0.15 V. This corresponds to a force of 7.5 � 11 nN.
The same force amplitude was obtained when 100 nN forces
were applied. Bit writing before and after sliding is performed
under the same force and humidity conditions as during slid-
ing. Moreover, to avoid errors due to tip radius variation across
experiments, only as-received PtIr-coated probe tips possessing
an initial 20 nm radius are used. Note that we have tried nega-
tive and zero mean loads. However, the tip�sample contact was
lost after usually 0.5�1 km of sliding as the lowest force (�11
nN for 0 nominal force) was getting closer to the adhesion pull-
off force between tip�sample that we estimated under static
conditions to be 17.82 nN for the humidity conditions used (see
section below). The loss of contact could be due to a lowering of
the pull-off force, which, under sliding conditions, can be re-
duced by the effects of shear forces.

Determination of Minimum Transition Force from Elastic-to-Plastic
Adhesive Wear. Assuming a Hertzian contact between the PtIr
probe tip and the PZT film, the mean flow pressure is pm � FN/
�a2, where FN is the applied normal force, and a is the contact ra-
dius and is equal to a � (3FNR/4E*)1/3. E* is the composite elastic
modulus between the PtIr coating and the PZT films, which is de-
fined as 1 /E* � (1 � vPtIr

2 )/EPtIr 	 (1 � vPZT
2 )/ EPZT, where EPtIr and

EPZT are the elastic moduli of PtIr and PZT and are taken to be
equal to 190 and 123 GPa, respectively, as determined by
nanoindentation; vPtIr and vPZT are the Poisson’s ratio of PtIr and
PZT and are both taken to be equal to 0.3. Under sliding, the
transition from elastic to plastic adhesive wear regimes occurs
when the mean flow pressure pm reaches the value H/(1 	 9
�2)1/2, where H is the hardness, and � is the friction coefficient
(see ref 18). The hardness of PtIr is H � 7 GPa as determined from
nanoindentation, and the friction coefficient is estimated to be
0.5. Under these conditions, the mean pressure pm reaches the
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value H/(1 	 9 �2)1/2 when a normal force FN � 60 nN is ap-
plied. Note that the Hertzian contact does not include the ef-
fect of adhesion and therefore underestimates the contact area.
For the current contact, i.e., stiff materials, small contacts, and
long-range adhesion forces, the Derjaguin�Muller�Toporov
(DMT) adhesion model can be used. In this model the contact ra-
dius is equal to a � ((3R/ 4E*)(FN 	 2�
R))1/3. The additional
term 2�
Rrepresents the adhesion pull-off term (see ref 10),
where 
 is the energy of adhesion. Given that contact occurs in
the presence of a thin water layer, the adhesion energy can be
assumed to be that of water which is equal to 
 � 140 mN/m. In
this case, the onset of the adhesive plastic wear regime is esti-
mated to occur at FN � 42 nN.
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