Simple Near-Field Optical Recording Using
Bent Cantilever Probes
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This paper describes our high-densty near-fidd optical
recording using bent cantilever fiber probesingalled in an
atomic force micraoscope We conducted a near-field reading
of nano-scale hole patter ns with a 100 nm spatial resolution
and a 25 pm/s scan speed; thisimpliesa capability of adata
reading density of 60 Gbyirf with a 0.25 kbps data transfer
rate. In addition, we investigated re-writable near-fidd
recording on photochromic diarylethene films We
successfully recorded erasable memory bits having a
minimum width of 600 nm in awriting time as short as 30
ms We found that using a cantilever probe smplifies the
stup and operation of the near-fieddd optical recording
system and may offer multifunctional recording capabilities.
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[. INTRODUCTION

Optical data storage media, such ascompact discs and digital
versatile discs (DVD), have two advantages: they have a high
area density and are cost efficient. Recently, the data density of
optical storage devices has increased vastly, up to a few Gb/in?
in DVD technology. However, as the required data storage
continues to increase, the recording density of optical mediais
fundamentally limited by the diffraction of light. This situation
demands alternative optical storage techniques. The effort to
surpass the diffraction limit and achieve ultra high data density
has been extensively investigated [1]-[3]. Especialy, near-field
scanning optical microscopy (NSOM) offers a high spatial
resolution of afew tenths of the laser wavelength [3], [4], and
thus promises to be a good candidate for the next -generation
optical storage technique. Many studies have actively
investigated conventional materials, such as phase change
materials and organic materials, as recording media for near-
field recording [5]-[8]. The advantages of organic materialsare
low cost, easy fabrication of homogeneous films, high
resolution, and sensitivity [9].

One of the drawbacks of near-field recording techniques is
the complexity of NSOM systems where the probe must be
within about 10 nm of the recording media. This is
accomplished in most NSOM systems by using a sophisticated
shear-force detection system to regulate the gap between the
probe and the medium. Some studies suggested using
cantilever style probes as an alternative gap control mechanism
[20], [11]. These probes are normal NSOM probes that are
tapered optical fibers having sub-wavelength optical apertures,
the only difference being that they are bent near the tip to
operate as a cantilever probe. Since these probes can operate
just like normal atomic force microscope (AFM) probes, they
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offer severd advantages over ggp contraol by shear force
detection. The cantilever probe has amuch lower goring condtart,
typicaly lessthan 1 nN/m; suffersless chance of damage; offers
better managesbility; and is thus suitable for the high-speed
scanning operdion required for Sorage gpplications The
cantilever can operate in various image modes implying thet the
cattilever probe offers various writingreading modes, not
limited to the photon mode [10], [11]. For instance, gpplying an
dectricd or heat pulse to the media can generate memory bits
and the memory hits can be optically read out [12]. The higher
effidency of heat or current ddivery over light transmisson in
the writing probe can reduce the writing time and may expand
the scope of near-fidld recording mediamechaniams.

For our invedigation, we condructed a smple near-field
recording system using a bent cantilever opticd probe ingtdled
in an AFM. We successfully carried out near-fidd recording
(writing/reading) of nano-scde hole patterns as a read only
memory (ROM) type gpplication and used photochromic
materids as re-writable recording media demongrating the
clear feaghility of the practical gpplicationsof our system.

1. NEAR-HELD RECORDING SETUP

We modified a commercid AFM (PSIA, CP-Research) to

carry out the near-fidd recording. Figure 1 showsthe layout of
our near-fidd recording sysem. We inddled bent cantilever
fiber probes (Nanonics) in place of the AFM probes and usd
them as near-fidd recording probes. In most cases, commercid
bent near-field probes are directly compatible with AFMs
because the ridge of bent cantilever probes is polished for
optimized beam reflection [10], [11]. However in our AFM, the
direction of the laser beam for senging the cantilever deflection
was perpendicular to the fiber probe gem (the laser beam
comes from the sde), and the beam reflected off the probe
ridge diffracted rether than focused on the podtion senstive
detector of the AFM. To correct this Stuation, we fabricated
(100=<100>15 pm) micro-mirrors and atached them to the
ridge of the cantilever probes to improve the shape of the
reflected beam. By doing this, the laser light reflected from the
micro-mirror on the cantilever probe edge was focused and
thus provided an intensty and sengtivity comparable to those
of ordinary AFM probes. As a result, sharp mechanica
resonance peeks ranging from 80 t0100 kHz with a qudity
factor over 50 were routindy obtained even with a micro-
mirror attached; this shows that our bent near-field probe is
capable of both contact and non-contact mode imaging, i.e,
operating just like ordinary AFM probes. To minimize damage
to the probe in our experiment, we used the non-
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Fig. 1. Experimental layout of the near-field optical recording system using a bent cantilever fiber probe. The inset shows the optical
path of the deflection sensing laser and arrangement of the micromirror.
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contact (AC) mode for gap control by verticaly vibrating the
probe and monitoring the vibration amplitude.

We launched the laser light into the other end of the fiber and
detected the light transmitted through the sample by placing a
sndl (4 mm><4 mm) planar slicon photodetector under the
recording media[13]. That way, the light detection system was
quite smplified; it diminated the use of collection optics or a
high senstivity avaanche photodiode while ill alowing the
use of the tranamisson mode, the mogt efficient light collection
modein NSOM. Thisis advantageous for the desired practica
use in deta storage devices. We did not use afilter to prevent a
portion of the deflected laser beam from resching the
photodetector [13]. Although some DC dgnds were
introduced, a lock-in detection system successfully diminated
the DC component of thesignd.

1. RESULTSAND DISCUSSION

The low throughput of near-field optical probes has been
problematic in data writing, while in data reading, a high-
gpeed data transfer rate (up to afew Mbyps) has been achieved
[14]. This suggests that the read only memory (ROM) is most
feasible for near-fidd recording systems. Since the nanometric
bit sze can be written by nanc-imprint techniques [15], the
maximum data dendty of ROM media is likdy to be
determined by the spot Sze of the reading laser light. To
evauate the gpplicability of our near-field recording system to
ROM media, we conducted near-field readings of fabricated
nano-bit patterns.

Fgure 2 shows the near-fidd images of nano-hole patterns
fabricated by dectron-beam lithography. The sample is a gold
film having a series of 200 nm dep holes arranged in aregular
manner, as shown in the topography images (b, d). The laser
wavelength used for the near-fidd reading was 635 nm from a
laser diode Thefilm was prepared on aglass subdtrate to use the
NSOM transmisson mode; when the NSOM probe was above
and between the holes trangmisson was maximized and
minimized, respectivdly. Highresolution near-fidd optica
tranamission images (g ¢) and the corresponding topography
images (b, d) were smultaneoudy obtained. Opticd trans-
misson images reveded a hexagon aray of holes observed as
bright oots having spacing of 1 um. Figure 3 shows the near-
fidd optica transmisson image of ancther nano-hole pattern.
The sample has a 500 nm paced hole pattern with a hole
diameter of only 200 nm. The cross-section of the intengty
profile shows the high spatid resolution of our recording system,
which is esimated to be aout 100 nm from the digance
between 90% and 10% of peek intensity asshown in Fig. 4(b).

The noise levd of our near-field optical reading system is40
pA with a 2 pA/NV sdting in the current amplifier. Our re-
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Fig. 2. Near-field images of hexagona nano-hole patterns: (a) is
an optica transmission image; (b) isthe corresponding
topography image; (¢) and (d) are zoom-in images. The
hexagonal hole pattern is well reproduced showing a 100
nm spatia resolution.

cording probe has a light throughput of 10° and without
dameaging the probe coeting it was gble to ddiver amaximum
of 10 nW out of a laser input power of 5 mMW. Assuming a
respongivity of the photodiode of 05 AW, this sgnd
corresponds to about a 100:1 sgnd-to-noise ratio (SNR). The
experimentaly observed SNR was around 20:1, which is high
enough for Smple data reading with ROM media. We éttribute
the additiond loss of the SNR to dray light from the probe.
Because the typica scan speed was 25 umv's and the observed
spatid resolution of the optical image was 100 nm, a deta
trandfer rate of 0.25 kbps should be achievable with our system.

Next, we used photochromic materias for the re-writable
near-field recording media. Diarylethene-based photochromic
materids have been extensvey studied as re-writable organic
recording materids[9]. We used acetyl subgituted diarylethene
(DABTF6) as the photochromic materia because of its high
thermd gtability plus its high photochromic efficiency in solid
métter. In addition, DABTF6 is one of the few diarylethenes
that can be processed to an opticdly transparent film with sub-
micron thickness by smple vacuum deposition. DABTF6 was
synthesized from 2,3-bis(2-methylbenzo[b]thiophene-3-yl)
hexafluorocyclopentene (BTF6) in one step. The colorless
vacuum-deposited diarylethene film turned a deep red hue
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Fig. 3. () Near-field optical image of the array of holes. The
diameter of the holes is 200 nm and the spacing is 500
nm. (b) the cross-sectiond profile of the transmitted
light intensity. The spatial resolution of our NSOM is
estimated to be 100 nm.

when it was exposed to UV light. In the UV spectrum, anew
band characterigtic of adosed isomer gppeared upon excitation
with a UV light; the band disgppeared immediately on
exposure to vishle light. The coloring and bleaching process
was repestable, thus confirming the re-writability of the films.
We prepared two films, samples | and 11, with a thickness of
659 nm and 360 nm, respectively. The optical dendty (OD)
difference between the colored and bleached sates of the two
samples was 011 and 0.08 a a wavdength of 514 nm for
samples| and I1, respectively.

The sample films were colored by UV excitation before the
near-fidd recording. Near-field writing and reading were done
usng the 514 nm line of an Argon ion laser. When writing, the
probe stayed a each marking position for 1 second with 0.5
mW of laser light coupled into the fiber. The whole area was
then scanned to get atransmisson image with 0.3 mW of laser
input power to avoid bleaching while reading. Figure 4(3)
shows the near-field optica images of typicd marks recorded
on sample |. Each line scan took 1 second for the best image,
which condgted of 128 lines. Didinct formation of memory
bits with a 1 um bit diameter was dearly observed as bright
spots. We were able to totaly erase these marks by converting
the whole area by scanning the areawith alaser input power of
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Fig. 4. Near-field optical transmission images of recorded marks
on photochromic diarylethene films: (8) writing timeis 1
second for each mark recorded on sample |; (b) shows a
dependence on writing (exposure) time (sample |). Note
that the contrast decreases with shorter writing times.
With a17 mswriting time, the memory bit is not
discernible; (c) shows amark recorded with the shortest
writing time achieved, 30 ms, at the center of the image
(indicated by an arrow) (samplel); (d) displaysthe smallest
bit width of 600 nm &t the center of theimage (indicated by
an arrow)(samplell).

04mwW. Fgure 4(b) displays the dependence of mark
formation on writing time. The mark heights were 60, 90, and

200 mV out of a5V full scdefor 17, 70, and 250 ms marks,
repectively, which indicates that writing time determines the
mark height and hence the SNR. The hit sSze was about 1 pum
in dl marks, showing no clear dependence of bit Sze on the
writing time. The shortest writing time achieved was 30 ms
(Fig. 4(c)). Sample I, having a 350 nm thickness, was ds0
used in the experiment with the same recording procedure. Due
to the lower OD of sample 11, the recorded mark at the center
of the image (indicated with an arow) is bardy noticegble
(Fig. 4(d)). The bit sze was estimated to be about 600 nm,
andler thanin samplel, dueto the smdler film thickness.

The observed mark-diameter of 600 nm is rather large for
high-density near-field recording. For our near-fidd recording
system to be a practicd re-writable recording tool, further re-
duction of the bit size and the writing timeis essentid. The ob-
sarved large hit Sze is atributed to two factors: the aperture
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size of our near-fidd recording probe and the thickness of the
media used in the experiment. We cregted a probe whose
gperture sze was about 300 nm because a probe having an
aperture Sze of 100 nm or less generated too smdl a laser
power to give an adequate SNR. In the case of sample |, the
OD a 514 nm was 0.11, which corresponds to a 23%
transmission difference. The bent near-fidd probe used for the
photochromic recording had a throughput of 10°, trangmitting
about 300 NW. With this levd of laser power, the contrast
obtained in the experiment was only around 10% while the
noise leved was about 3% and the SNR only 3:1. Thus, alaser
power of 300 nW appeared to be margind for writing
discernible recording marks and any less laser power would
result in non-discernible marks. Here, we can seethat to be able
to use a probe with asmaller gperture, it is essentid to increase
the throughput of the probe. Mediathicknessis dso afactor in
determining the bit Sze, because the light emanating from a
near-fidd probe diverges and the spatid width of the excited
volume of the mediafilm sharply increases with film thickness.,
This is clearly seen when we compare the 1 um mark sze
recorded on sample | having a 659 nm thickness to the reduced
mark sze of 600 nm on sample Il having a 360 nm film
thickness. However reducing the film thickness dso leadsto a
smdler OD difference between colored and transparent dates.
We used samples with a minimum thickness of 300 nm to
provide ahigh enough OD.

We found thet the intendty of the marks is dependent upon
thewriting time: a shorter writing time needs more laser power.
However, the 0.5 mW laser power used to achieve a 30 ms
writing time is the maximum power that the metd coating of
the fiber tip can tolerate without being damaged. Again, a
higher throughput aperture probe is the solution for achieving
shorter writing timesaswell asamdler bit Szes.

V. CONCLUSON

We carried out a Smple near-field optical recording using a
bent cantilever fiber probe ingdled on an AFM. Nano-hit
ROM samples were imaged with the near-field recording
sysgem with a 100 nm spaia resolution; this implies a
capability of a data reading density of 60 Ghits/in® with a0.25
kbpsleve daatransfer rate. We used vacuum-deposited acetyl-
subdtituted diarylethene derivatives as rewritable near-fidd
recording materids We successfully recorded  erasable
recording marks featuring a minimum 600 nm bit width and a
writing time as short as 30 ms. Despite the smplicity of the
system, near-fiedd recording using bent optical fiber probes
gppearsto have sgnificant feasbility for practical application if
improvement of the light throughput of the neer field probesis
achieved.
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