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Microprobe Array With Electrical Interconnection for
Thermal Imaging and Data Storage

Dong-Weon Lee, Takahito Ono, Takashi Abe, and Masayoshi Esashi

Abstract—In this work, new novel methods for fabricating a  ficiency of the mass production of the thermal probe array. Un-
thermal probe array with 32 x 32 probes on one chip are pro- doubtedly both approaches are time consuming process.
posed. It consists of silicon micromachined probe, AIN actuator,  anqther potential application of the thermal probe is for the
pyramidal SiO- tip on which the nano-scale metal-metal junction high-d ity st a1 1 t NEMS t han-
is formed using a self-alignment technigue. The nano-junction can | igh-density storage [4]. In recen (nanoectromechan
be used as a thermocouple to measure a local temperature on aic@l system) researches, the probe-based data storage has be-
sample surface or as a nano-heater to make a local deformation come one of the most important technologies for next genera-
on a media. In self-alignment process, a metal layer (P/Ni) is de- tion data storage with recording density up to 1 Th/ifhere are
posited on the inside of Si@ hollow tip fabricated by low tem- 4105 data reading and writing principles for the probe-based

perature (950 °C) oxidation of silicon etch pit. This low tempera- . . -
ture oxidation results in a smaller oxide thickness at the tip apex data storage. For example, electric-field-assisted deposition for

than other flat area. Therefore, after selective etching the Sig Nanometer-size gold structures [5], charge injection on a insu-
in buffered HF, a small hole surrounding the Pt/Ti tip apex can lator surface [6], poling of piezoelectric materials [7], conduc-

be created. Another metal (Ni) is deposited outside the PUTi tip tance change of LB film [8] and phase change of film [9], near
to make the nano-junction. For electrical interconnection between fia|q optical microscopy [10], and thermomechanical deforma-

the thermal probe and an IC chip, a hole array with 30 gm of a . . ;
hole diameter is made by dry etching through the 15Qum-thick tion[11], etc. are widely studied by many research groups. In the

Pyrex glass, and then Ni'is electroplated into the through etched- €arly 1990s, IBM group proposed the thermomechanical storage
hole. Finally the Pyrex glass plate was anodically bonded to the via heating the tip on a thin polymer film [11]. Recently, parallel

probe array. Using the fabricated thermal probe, temperature dis-  gperation of 32x 32 AFM cantilever array with integrated tip
tribution is measured on a prepared sample surface and the local was demonstrated by Vettigetral.at IBM Zurich [12]. The crit-

heating capability of the thermal probe is confirmed. Preliminary . li in develoning th be-based data st t
experiments for data writing and reading are performed on a phase ICalissues in developing the probe-based data storage system are

change medium. [666] Cost, data transfer rate, signal-to-noise ratio, signal processing
Index Terms—Pata storage, electrical interconnection, micro- ?gsge probe array, heat value, reliability, and durability in along

probe, nano-heater, thermal imaging. . o
In this paper, we present a novel-batch fabrication method of

the thermal probe array with a sub-100 nm heater for nanoscale
. INTRODUCTION measurement and deformation. A metal-metal junction is

ThM (Scanning Thermal Microscope) [1], as one type dprmed at the apex of a probe tip without an alignment process.

SPM (scanning probe microscope), is very advantageoU@e nano—junctiqn can be used as a thermal 'Sensor or as
for analyzing thermal properties in nanometer scale. To me&-nano-heater with a small thermal mass, which could be
sure the thermal properties in the local area, a thermal sensdi§&ted up and cooled down more quickly. Parallel operation
integrated on a tip of microprobe. Many kinds of technical aff the probe array (3% 32) can achieve a high data transfer
proaches, such as electron beam (EB) lithography or field eva@te, which is comparable to that of the hard disk head. The
oration (FE) have been proposed to make the thermal sensdp@gsibility of high-density data storage was evaluated using the
the apex of the tip [2], [3]. However, these methods are unsuiabricated thermal probe and a commercially available medium
able for mass production due to the IC noncompatible fabric§zeSbTe).
tion process. For example, the position of thermal sensor in EB

lithography is determined by the accuracy of alignment process!: DESIGN AND FABRICATION OF THERMAL PROBE ARRAY
and the performance of machine. On the other hand, the indione important requirement of the thermal probe used in
vidual metallization of probe by FE process also limits the efhermal imaging and data storage is the rate of heating up
and cooling down, that is, fast thermal response is desired for
, _ _ _ hikgh-speed reading and writing the information. This could be
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Fig. 1. Schematic diagrams of (a) the thermal probe array for application of i s

thermal imaging and high-density recording, and (b) the cross section of thermal P =

probe with electrical interconnection. [‘:‘r: l LIS T
L

We propose a novel fabrication and a recording mechanism
of probe array with nano-heaters for high-density data storage
And also, deep RIE of Pyrex glass and an electroplating of
Ni are developed for integrating IC chip on the probe arrayy > Faprication flow of the thermal probe array with electrical
[4], [13]. Fig. 1(a) shows a schematic diagram of the thermaterconnection.
probe array bonded with the IC chip for signal processing. A
magnified image of a thermal probe is shown in Fig. 1(b). Th®12 kHz and the spring constant is designed under 2 N/m for
whole system consists of Pyrex glass plate with Ni stick, thentact operation between the tip and a medium. The thermal
thermal probe with integrated actuator, and a sharp tip wiftobes in the array are arranged in 14@® pitch horizontally
metal-metal nano-junction. To solve the problem of interco@nd in 100um pitch vertically.
nection in the two dimensions array, electrical signal coming Fig. 2 shows the process flow of the thermal probe array.
from the thermal probe are directly connected to the IC chm.type (100) oriented SOI (top-Si: 2am/ intermediate Sig.
through the Ni stick formed in the inside of the Pyrex glasg.,,m /Si substrate: 374m in a thickness) wafer with 5-19-

This new interconnection method reduces dramatically the sig® was used as the starting material (a). A 300-nm-thick &0
and resistance of metal wires. The calculated resistance ofthérmally grown on the wafer by wet-oxidation at 110G for
stick with 150.m in thickness and 5@m in diameter is around 15 min. Pyramidal etch pit on the silicon was formed using a tip
5.3 2. A nano-metal tip (Pt/Ti) protruded through an openingnold by photolithography, Si©etching and consecutive Si wet
hole of SiG tip is embedded in the outer layer (Ni) at the apestching. Next, nonuniform Sigfor tip-sharpening process was
of the probe tip. Pt/Ti and Ni junction was selected becaugeown on the silicon etch pits in steam at 95C for 10 hours

the junction produces good thermoelectric voltage as a functi@@). It is known that the thickness of oxide at convex and con-
of temperature. The metal-metal nano-junction is exactly sitcave corner grown at low temperature is thinner than that on the
ated at the apex of the probe tip without an alignment proceg$ane surface of silicon. Using this mechanism, a small opening
The nano-junction can be used as a thermal sensor to measigrégne apex of the SiOtip was easily obtained by time-con-
thermal properties and a nano-heater to heat up a sample suted etching the Si®@ in buffered-HF solution at step . Ti
face. The local heating ability of the thermal probe is appliddyer with a thickness of 5 nm for adhesion and (100) oriented
to the probe-based data storage with a high recording densRylayer with a thickness of 100 nm were consecutively coated
The individual thermal probe can be actuated using an Alby sputtering at 150°C with a backpressure df x 10~* Pa.
piezoelectric film deposited on the thermal probe. The designBtotolithography and FAB (fast atom beam) dry etching were
thermal probe has a fundamental resonance frequency of aropedormed for making a metal pattern on the probe (c). The FAB
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dry etching has a good directionality because FAB is electri:

cally neutral [14]. The good directionality allows a nano-fabri- L Y
cation with or without contact mask. The probe pattern was de
fined by photolithography, Si©etching with FAB and silicon
etching using ICP-RIE (inductively coupled plasma reactive ior
etching) (d). The AIN thin film was deposited on the Pt electrode
at 400 °C by reactive magnetron sputtering using adgés and

Al target. The AIN thin film was chosen for electrical isolation
of Pt layer except the nano-junction area.

The process flow of the Pyrex glass plate for electrical inter:
connection to the IC chip is shown in Fig. 2(e)—(i). First, we
prepared the Pyrex glass plate with the thickness of 450 Siligon substrale with probe array
by polishing (e). Thin Au/Cr (100 nm/30 nm) is sputtered on ke .
the Pyrex glass for the seed layer of Ni electroplating (f). Fol
making a gap between the probe and the glass, the Pyrex gle
was etched in buffer-HF solution after photolithography of the
bottom side (f). Thick Ni film was selectively electroplated on
the substrate using a thick photoresist as a mold with a thick
ness of 15:m-20.m (f). The deep-etching of the Pyrex glass
was carried out by ICP-RIE using §Bas in step (g) under fol- rig. 3. A SEM view of electrical interconnection made by deep RIE of Pyrex
lowing conditions: the pressure of §§as is 0.2 Pa, the self-biasglass and pulse electroplating of Ni.
voltage is—390 V and the stage temperature is 293 K. The etch
rate in Pyrex glass increased to @.®/min with decreasing the

Pyrex glass |

And Fig. 4(b) shows a close-up view of the thermal tip with

38 nm in curvature radius. A cross section of the thermal tip

the Ni mask is around 30'. By using a photoresist as an adhes\'/ﬁfh metal-metal junction is shown in Fig. 5, which is obtained
layer, the Pyrex glass with the etched holes was bonded tgﬁy"‘FlB (focused ion beam) cutting

dummy substrate with Au/Cr seed layer (h). Ni was fully fille
into the small holes of the Pyrex glass by pulse electroplating
method. Finally, the Pyrex glass is released from the dummy . EXPERIMENTAL RESULTS
substrate in acetone (i), and then it was chemically polished to
obtain a flat surface for anodic bonding between the silicon andThe typical measured resistances of the metal-metal junction
the Pyrex glass (j). Measured electrical resistance of the Niintare 50 to 1782, depending on the junction size and the dif-
connection using a 4-point probe method is about3B3 nt2.  ferent contact resistances. Firstly, we evaluated the basic char-
After anodic bonding the silicon with the Pyrex glass (k), thacteristics of the fabricated thermal probe. The thermal probe
bottom silicon was etched by the ICP-RIE from backside, aneas set on a temperature-controlled stage to measure a thermo-
then an intermediate oxide layer of the SOl is dry-etched by fadectric voltage. A commercial thermocouple is located on the
atom beam (I). The cantilever pattern was released by etchsame stage for monitoring the temperature. The stage tempera-
the top silicon from backside (m). The Si@p was thinned in ture is slowly increased from 0 to 120C, then the thermoelec-
buffered-HF solution at 36 C until metal protrusion comes in tric voltage of Pt/Ti—Ni junction and Au/Ti—Ni junction of the
slight. As a result, metal nano-wire appears at the apex of termal probe was monitored as a function of temperature. The
tip through small opening hole of the SiGayer. The hole sizes measured thermoelectric voltage at the end of the thermal probe
from 20 nm to 300 nm are experimentally achieved with theas 16.V/°C and 23.3.V/°C for Pt/Ti—Ni and Au/Ti—Ni junc-
etching time ranging from 3 min to 5 min [15], [16]. Finally, a Nitions, respectively (Fig. 6). These values are consistent with the
thin film was sputtered on the backside to make a metal-meesitimated value from bulk characteristics.
junction (nano-heater), as shown in Fig. 2(l). By using this tech- Next, the thermal probe is used to obtain a thermal imaging
nique, the metal-metal junction situated exactly at the apexkf mapping the temperature distribution on a surface. In com-
the tip can be formed without an alignment process. The sigarison, the corresponding topography is obtained by an atomic
of the fabricated thermocouple and nano-heater depend on gevee microscopy (AFM). The thermal probe was placed onto a
eral factors: oxidation temperature, selective etching time of tepecially designed microprobe-holder. A preamplifier witf 10
SiO, tip and a thickness of Ni at the SjGip. To solve the gains is used to amplify the thermoelectric voltage. The output
problem of the tip wear in contact operation, a thin TiC (titavoltage of the amplifier is fed to a commercial AFM system for
nium carbide) layer with an excellent wear-resistance is coatiesaging the thermal distribution. To demonstrate the capability
on the Ni film of the thermal probe. Fig. 3 shows the cross-segf the thermal imaging, metal wires (Au/Cr) of 20n in width
tional SEM (scanning electron microscopy) view of the fabriand 15 nm in thickness made on Pyrex glass was observed. The
cated Pyrex glass with fine electrical interconnection. The diamesistance of the metal wire is 25, and 100 nm thick resist
eter of the holes was below 30n in the bottom. We succeededis coated on the sample for electrical isolation between the tip
to fill the Ni in the through holes with the aspect ratio of 6. Aand the metal wire. A current for Joule heating flows into the
SEM view of the fabricated probe array is shown in Fig. 4(ainetal wire on the sample surface, and then the thermal probe
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Fig. 6. Thermoelectric voltage of the metal-to-metal junction as a function of
temperature.

(b)

Fig.4. SEM views of (a) the thermal probe array 832) with nano-junction
and (b) the magnified nano-junction.

was scanned on the sample surface in contact mode. The t
pography and the corresponding thermal image were simult:
neously obtained with the scan speed of®@/sec, as shown in
Fig. 7(a) and (b), respectively.

Temperature vs. electrical resistance characteristics of the
thermal probe was measured using a temperature-controlle
oven. Electrical resistance variation of metal lines occurre( i wirs
by the entire heating is calculated using electrical propertie
as a function of temperature. We subtracted the calculate
values from the measured values, and these results are sho
in Fig. 8(a). When flowing a current to the thermal probe,
the changes of the resistance were also observed. From the
results, the estimated temperature at the tip point was plotted ¢ .. o R
the same figure. The measured positive temperature coefficient (b)
of the resistance for the thermal probe is 0.13%/Heating Fig 7. (a) Thermal image on electrically heated sample surface and (b)
ability of the thermal probe at the tip end was also tested usipgresponding topography.

a photon counting CCD cameralg—, voltage with the pulse

width of several tens msec were applied to the heater through & he thermal time constant was measured using a method em-
1-kS2 resistor, and corresponding thermophotons emitted frgpioyed by Mastrangelet al.[17]. The negative puls&icating

the free end of the thermal probe can be imaged by the phofon electrical heating is applied to the thermal probe through a
counting CCD camera, as shown in Fig. 8(b). diode. At the end of the negative pulse, the polarity of the pulse

Soan positan { ) 10

@
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Fig. 9. (a) Electrical circuit for measuring a thermal time constant and
(b) (b) measured thermal response time of the thermal probe, where the heater

) . . . with a size of 1um in diameter is used.
Fig. 8. (a) Current versus electrical resistance and estimated temperature as a

function of current and (b) thermophotons image obtained by photon counting
CCD camera.

Arh. mnk

into large area can be avoided. As a result, the limitation of
is changed, and the positive pukeg,.i», for cooling is applied recording density is eliminated because of the bit size on a
to the thermal probe through a large series resistor (X80 k medium is decided by the heater size. As shown in Fig. 10(a),
In this cooling cycle, the thermal probe cools down in a shoily locally heating a phase change film above the crystalline
time. The voltage across the thermal probe is monitored usiggnperature, the phase of the film changes from amorphous to
a noninverting operational amplifier (LF 356). The time deperrystalline state. If the temperature is higher than the melting
dent voltagelou:(¢) is directly measured using a simple circuipoint of the film and the temperature decreasing rate is suffi-
as shown in Fig. 9(a). Fig. 9(b) shows the temperature (elegently large (below 100 ns [18]), the crystalline state will be
trical resistance) as a function of time following a J@éec heat changed to the amorphous. Preliminary experiments for data
pulse. The electrical resistance is decreased during the positiffting and reading were performed on a phase change film
pulse, which indicate the cooling of the thermal probe. By megseShTe). When applying a tip-voltage of 5-10 V between
suring the variation of an electrical resistance as a function gfe tip and the recording medium in contact operation, the
temperature, the temperature at the tip end can be calculatgflend is heated by a current flow into the tip. The heated
Measured thermal time constant of the thermal probe withtip locally changes the crystallography of the phase change
heater (1xm in a diameter) is roughly 188sec. This value will film from amorphous to crystal. The local modification can
be decreased when the thermal tip was placed in contact with@measured by the conductivity change [9]. Fig. 10(b) shows
medium surface. the conductivity image that was mapped by measuring a
The nano-heater can be used as a storage device insteagu@fent flow in scanning. The bright areas show larger con-
a focused laser on a phase change material such as GeSHietivity area formed by crystallization. In this measurement,
which were already in practical use as a storage mediumtife applied voltage was kept below 2-3 V unless further
DVD-RAM or CD-RW system. Short pulse heating the nangyhase change modifies the film. The written bit size is below
heater can make and erase small bits since heat conducti@@® nm in a diameter.
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sufficient to write and erase bits on the phase change film. We
are currently studying to reduce the thermal response time for
application of rewritable storage system.
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Fig. 10. (a) Schematic diagrams for writing and erasing on phase change
material and (b) formed marks on a thin GeSbTe.
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IV. CONCLUSION

This work demonstrates that the thermal probe array Caﬂa]
be applied for the nanoscale thermal image and high-density
data storage. New approaches were developed to fabricate the
thermal probe array and electrical interconnection using a mit4]
cromachining technology. The nano-junction for local sensing
and heating is ideally formed on the apex of the Si{p to
obtain a fast thermal response time. The sizes of nano-junét®!
tions are well controlled by a selective etching the Sif.

A promising electrical interconnection method between thg16]
thermal probe and the IC chip is firstly introduced. Primary
experiments were performed for application of the thermal;
imaging and data storage. Small marks below 100 nm in a
diameter are formed on the GeSbTe by using the eIectricaII?/lS]
heated tip. The nano-heater could be heated over 1Q0By
flowing a small current into the junction. This temperature is

recording media.
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