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ABSTRACT

This paper reports on the development of a diamond
multi-probe for ultra-high-density ferroelectric data storage
based on scanning nonlinear dielectric microscopy (SNDM),
which is a technique for determining polarized directions in
ferroelectric domains by measuring a nonlinear dielectric
constant with a inductance-capacitance resonator. SNDM
has a capability of both reading and writing nano-sized po-
larized ferroelectric domain information at a high speed,
since the SNDM technique is a purely electrical method.
Boron-doped diamond synthesized by hot-filament chemical
vapor deposition is chosen as a conductive and robust probe
material. Probes are fabricated by using a silicon lost mold
technique and selective growth method. We present the
fabrication of the diamond multi-probe and data storage ex-
periments using a ferroelectric LiTaO4 thin film. Tt is dem-
onstrated that boron-doped diamond probe can be used for
data storage based on SNDM.
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1. INTRODUCTION

The demands on mass storage are increasing with the pro-
gress in an information technology. The considerable in-
crease in data recording density would lead to a high capac-
ity of storage and realize a small storage device.

The data recording density of hard disk drives, which is
representative of mass storage, has grown every year
However, the thermal fluctuation of magnetic domains on the
hard disk limits the areal recording density. Data storage
techniques using many kinds of probes have been also stud-
ied as a next generation ultra-high-density data storage [1]
[2]. Scanning nonlingar dielectric microscopy (SNDM) is
expected as a promising technique for an ultra-high-density
data storage beyond 1 Tbitfinch® using a ferroelectric re-
cording medium. SNDM is a purely electrical technique for
determining polarized directions in the ferroelectric materials
[3] [4] and observing ferroelectric polarization distribution
with a resolution of sub-nanometer order.
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Figure 1: Schematic of a multi-probe data storage based on SNDM.
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In the SNDM data storage, the ferroelectric polarized
domain directions correspond to the data bits. Where re-
cording is performed by inverting polarized small-domain
direction with pulse electric filed and reading is performed
by SNDM. The nano-sized ferroelectric domain engineer-
ing using the SNDM technique was demonstrated by using a
scanning probe microscopy (SPM) equipment, a
metal-coated Si probe, and a lithium tantalite (LiTa0;) thin
film crystal as a ferroelectric recording medium [2]. The
features of the dot array recorded as a bit was about 20 nm,
which is comparable to the memory density of 1.5 Tbit/inch?.
In this method, the capacitance C; exists between the tip and
the return electrode, and the inductance L parallel to the ca-
pacitance construct an electrical resonator of ~GHz as shown
in Fig. 1. Therefore, well conductive probe is needed to en-
sure the electrical resonance of the LC circuit. In order to
achieve a high data resolution and high data-transfer rate, the
probe tip must be scanned in contact with the ferroelectric
medium.  Accordingly, robustness of the probe for the
SNDM data storage is also required.

Diamond is well known for its hardness and lubricating
property. In this study, the conductive diamond probe and
its array were fabricated by a silicon lost mold technique and
a selective growth of diamond. The boron-doped diamond,
which was synthesized by hot-filament chemical vapor
depesition (HF-CVD), was employed due 1o its high conduc-
tivity. A multi-probe would be more advantageous in dura-
bility and data transfer rate than that of a single probe.

We present the principle of ferroelectric data storage,
fabrication of the diamond multi-probe, and data storage
experiments based on SNDM using a ferroelectric, LiTaOs,
thin film,

2. PRINCIPLE OF FERROELECTRIC
DATA STORAGE BASED ON SNDM

In this section, the principle of SNDM on a ferroelectric ma-
terial is described. Reading with SNDM is performed by
applying an electric field, which generates an electric dis-
placement D in the ferroelectric material. Equation (1)
shows a polynomial expansion of the electric displacement D
as a function of electric field E.
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where P is residual polarization, £ is the linear dielectric
constant, and €333, £3333, and £33435 are nonlinear dielectric
constants. The signs of the odd order nonlinear dielectric
constants, €33, £33333, **, changes as the polarization direc-
tion inverses. In contrast, the signs of the even order
nonlinear dielectric constants, £33, €3333, *, do not change.
The ferroelectric polarized directions in ferroelectric is rec-
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ognized by measuring the sign of the lowest order nonlinear
constant 333 since the signs of the lowest order nonlinear
constant depend on the polarized direction [3] [4].

The probe is composed of a LC (inductance and capaci-
tance) resonant circuit and an electrically conductive tip de-
tecting the capacitance C; of the ferroelectric just under the
tip as shown in Fig. 1. 'When AC voltage Ecosm,f is ap-
plied to a metal electrode formed under the dielectric thin
film, C; slightly changes because of the nonlinear response.
C, is given as follows:

C, =Cp +AC (D)
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Where AC; is the alternating variation and Cyy is the time
independent statistic value of the capacitance. The resonant
frequency of the LC circuit is modulated by variation of C,
according to equation (2). By demodulating this fre-
quency-modulated signal and extracting a signal proportional
to cosw,t from the demodulated signal using a lock-in am-
plifier, the sign of €333 can be determined.

3. DESIGN AND FABRICATION

We fabricated pyramidal shaped diamond tips and diamond
structures by means of the silicon lost-mold technique and
selective growth technique of diamond [5].  Figure 2 is the
schematic view of a diamond probe. Boron-doped diamond
was grown by HF-CVD. In order to reduce the electric re-
sistance, aluminum was patterned on whole area of the can-
tilever as shown in Fig. 2.
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Figure 2: Schematic view of diamond probe.
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Figure 3: SEM image of the end of the diamond probe.

Figure 3 shows the typical SEM image of the end of the
diamond probe. The tip surface is smooth because of the fab-
rication by the silicon lost-mold technique and selective
growth technique of diamond. Both the tip and the cantile-
ver were made of CVD diamond.  The width, length, and
thickness were 50 um, 900 pm, 7 um, respectively. The
resonant frequency and spring constant were 20 kHz and 2.5
N/m, respectively. The width and height of pyramidal
shaped tip are about 10 pm and 7 pm, respectively. The ra-
dius of the fabricated tips could be less than 100nm,

Figure 4 shows the fabricated diamond probe array. The
pitch were 200 um, The width, length, and thickness of a
cantilever were 50 pm, 500 pm, 7 pum, respectively. FEach
probe has an individual electrode. These probes connect with
SNDM systems in parallel with each other.

1.8 kV

¥loe

Figure 4: SEM image of the diamond probe array.
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4. EXPERIMENTAL RESULT

We used a z-cut congruent LiTaQ; (CLT) single crystal sub-
strate with a thickness of 500 um as a specimen. [Its spon-
taneous polarization directions are perpendicular to the crys-
tal face. SNDM measurements were performed using a
SPM equipment at a constant force mode. Probe was con-
nected with SNDM circuit by using a conductive glue.

Figure 5 shows the SNDM amplitude image of sponta-
neously polarized domain distribution measured using the
single diamond probe on LiTaO;. Dark and bright areas in
Fig. 5 correspond to positively and negatively polarized do-
mains, respectively [6]. AC voltage of 5 V was applied
while the SNDM measurement was performed and its fre-
quency was set to 10 kHz. The diamond probe tip was
scanned at a contact force of 25 nN. The clear contrast in
Fig. 5 verifies that the boron-doped diamond made by
HF-CVD is applicable to SNDM.

Figure 6 shows the further result of writing and reading
experiments on negatively polarized LiTaO; with a thickness
of 60 nm. The array of a bit was formed by applying a
pulsed DC voltage between a metal electrode underlying the
LiTaO; film and a diamond tip. The applied voltage and its
pulse width were 15 V and 1 ms, respectively.

Figure 5: SNDM amplitude image of a spontaneously polar-
ized domain distribution on LiTaO; using the CVD diamond
probe.
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Figure 6: SNDM image of writing domain on LiTaO; using
the CVD diamond probe.

In this SNDM measurement, AC voltage and its frequency
were 2.5 V and 10 kHz, respectively. The dot diameter in
Fig.5 is about 200 nm. The radius in the experiments using
diamond probes would be smaller depending on writing con-
dition and the radius of the tip. It should be noted that the
tip of the probes used in these experiments was slightly
etched by a focused ion beam to remove a contaminant.  As
a result, the tip radius was enlarged up to 400 nm, which re-
sulted in the decrease the resolution in comparison with the
reported values,

We also performed endurance tests. The diamond probe
tip was scanned at a contact force of 200 nN and a scanning
speed of 8 pm/s for an hour in contact with LiTaO; in nitro-
gen gas at 1000 Pa. It is known that diamond is etched due
to oxidation [7]. There was little oxygen in the nitrogen
atmosphere, but LiTaO; contains much oxygen and contacted
with the tip of the prabe. However, no apparent etching of
the tip and medium was observed under this measurement
condition. For the practical use, further durability experi-
ments on environment, operating time, scan speed, and con-
tact force etc. are necessary.
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5. CONCLUSION

We fabricated the boron-doped diamond probe for ul-
tra-high-density ferroelectric data storage by the silicon lost
mold technique and the selective growth using HF-CVD.
We performed SNDM experiments on CLT using the probe.
Clear SNDM image was successfully obtained. Moreover,
we demonstrated reading and writing of data bits on CLT
thin films, which shows that the diamond probes are applica-
ble to SNDM based data storage.
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