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Abstract

Silicon cantilever arrays with a very small pitch for parallel AFM operations were studied. We fabricated 1x104 in
eight groups and 1x30 Si probe arrays and produced a smaller pitch (15 um) between probe tips by using Si anisotropic
etching with a vertical wall shaped oxide mask. The vertical controls of Si probes were able to operate individually or
in a group by integrating electrostatic actuators into the cantilevers of the probes. The fabricated Si cantilever arrays
showed reasonable dynamic characteristics for the probe cantilever and reliable parallel operation of AFM.
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1. Introduction

Atomic force microscopy (AFM), in other words,
scanning probe microscopy (SPM), is currently ap-
plied to high-density storage and nanolithography as
well as nano-scale measurement of surface properties.
However, the AFM is restricted in its throughput
because of slow scanning speed. Therefore, the de-
mand for improving its operation time is increasing.
A parallel operation with a probe array has been stud-
ied for the advanced throughput of AFM [1-3]. SPM
arrays for data storage with a wide pitch (> ~100um)
have also been reported [4,5]. A two-dimensional Si
SPM array with a narrow range (=10um) has been
fabricated for its application to nanolithography [6].
In addition, AFM metal probe arrays [7], glass probe
arrays [8], and diamond probe arrays [9] have all
recently been developed.

In this work, we developed Si cantilever arrays for
parallel AFM application. In order to treat smaller
objects, we made the distance of each probe tip as
small as possible. In addition, the cantilevers of multi
probes had electrostatic actuators that enabled indi-
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vidual or grouped probes to move vertically. This
paper describes the fabrication and evaluation of two
types of Si probe arrays.

2. Fabrication of Si probe cantilever

The proposed Si probe cantilever is schematically
shown in Fig. 1(n). In order to have more flexibility
in AFM operation, the probe of the array was de-
signed to self-move in a vertical direction. Simple
electrostatic actuators were integrated into the micro-
structure of the probe cantilever. Potential applica-
tions of the proposed AFM probe array include scan-
ning probe nanolithography as well as the ability to
observe the surface of a sample in nano resolution.

The main fabrication process is shown in Fig. 2.
For the wafer, we used an SOI of (100)-oriented sur-
face (Fig. 1(a)). First, the SOI wafer was thermal
oxidized and then the top oxide film of the wafer was
patterned (Fig. 1(b)). The region of the probe tip was
made by wet-etching in TMAH (Fig. 1(c)). Leaving
the tip area at the anisotropic etching process was
needed because the following anisotropic etching
process for the purpose of AFM tip fabrication also
produced many other tips in the Si probe cantilever.
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Fig. 1. Fabrication process of AFM Si probe.

(d)

Fig. 2. SEM images of 1x30 probe array: (a) array chip, (b)
individual cantilevers, (c) multiprobes, and (d) probe tip.

Without making the probe tip much higher than other
accompanying tips, there would be many undesirable
incidents of contact between the specimen and the
AFM probe by the accompanying tips. Then, the re-
maining top oxide film was removed (Fig. 1(d)).

For the shaping of the probe, the upper Si layer was
patterned by dry isotropic etching of the ICP-RIE. In
probe patterning, the fronts of the tips were aligned in
the [110] direction, as shown in Fig. 1(e). The pat-
terned Si layer was thermally oxidized with a thick-
ness of ~100 nm (Fig. 1(f)). To remove the oxidized
layer, we used a fast atom beam (FAB) with SF¢ gas.
Since FAB is a directional isotropic etching process,
only horizontal oxide film on the Si layer, not vertical
oxide film beside the Si layer, was removed (Fig.
1(g).

The Si layer with vertical oxide film was wet-
etched in TMAH. As shown in Fig. 1(h), a sharp tip
was produced because the single crystal silicon of the
(100) surface was anisotropic wet-etched in the [110]
direction with a mask. In general, SiO, film is used as
a mask for the fabrication of the Si probe tips by us-
ing anisotropic wet-etching, and the horizontal sur-
face mask produces a pyramidal tip [10]. The de-
clined pyramid surfaces of the tip cause problems
geometrically, making it difficult for the tips of the
probe array to get close to each other. In our work, we
used the vertical mask to make the tip so that the side
surfaces of the tip were not only declined but also
vertical. Hence, we could make the probe tips as close
as possible to each other.

We eliminated the vertical oxide mask by wet-
etching in Buffered-HF (BHF) (Fig. 1(i)). For fabri-
cating the metal electrodes, Cr and Au were sputtered
sequentially and patterned by a lift-off technique (Fig.
1(3)). A Cr mask film was sputtered by using a stencil
mask of molybdenum (Fig. 1(k)). The Si of the back
side of the wafer was isotropic dry-etched by ICP-
RIE (Fig. 1(1)). Probe cantilevers were released by
wet-etching the SiO, layer of SOI in BHF at room
temperature (Fig. 1(m)). In the etching process of the
SiO, layer, we also made an electrostatic actuator
with Cr masking. Finally, Si SPM probes were com-
pleted by eliminating the Cr film by wet-etching (Fig.

1(n)).

3. Evaluations of Si cantilever arrays

We fabricated two types of Si cantilever arrays
with a pitch of 15 um, which was smaller than any
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previous work. One of the array types was a 1x30
array, and each of the probe cantilevers of the array
had its own electrode. Hence, independent actuation
and detection for AFM operation were possible by
applying actuator voltage and measuring the electric
signal. The microfabricated 1x30 probe array is
shown in Fig. 2. The other type was a 1x104 array,
but 13 probes were grouped with one electrode. The
13 grouped probes were operated together for actua-
tion and detection of AFM application. There were
eight groups of probe cantilevers and eight electrodes
in the 1x104 array chip. Eight probe groups were
controlled independently. Fig. 3 shows magnified
views of the fabricated 1x104 Si probe array. Figs.
2(d) and 3(d) show that sharp tips of ~3 um in height
were fabricated on Si micro probes. We can see in
Figs. 2(c) and 3(c) that an undesirable Si tip or edge
was produced on the probe cantilevers in the anisot-
ropic etching process (Fig. 1(h)), but it was negligible
in size compared to the probe tips.

The fabricated probe cantilever was vibrated by an
excitation voltage of 80 V, and then amplitude and
phase degree of cantilever vibration were optically
measured by scanning probe microscopy (Olympus
Co.). The Si cantilever had a width of 10 um and a
length of 105 um. From the measurement of Fig. 4,
the first natural frequency of the cantilever was found
to be 10.9 kHz. The Si cantilever showed a relatively
low natural frequency. However, the probe cantilever
was somewhat stiff, because the thickness of the can-
tilever was comparatively thick at ~9 um. The spring
constant, k, was approximately calculated by using
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Fig. 3. SEM images of 1x104 grouped probe array: (a) array
chip, (b) grouped cantilevers (c¢) multiprobes, and (d) probe

tip.

following equation:

st |k )

“27\'m

here, m is mass of the cantilever and f'is the natural
frequency. The density of silicon was assumed as
2.328 g/em’ and the spring constant was calculated as
about 0.1 N/m.

The atomic force microscope is an imaging tool,
scanning the sample surface. Contact and non-contact
imaging techniques are used. Generally, a soft canti-
lever, such as spring constant & is less than 1 N/m, is
suitable for contact mode. In non-contact mode, the
probe is vibrated near its resonant frequency, typically
from 100 to 400 kHz. High natural frequency of the
probe cantilever is desirable for the non-contact mode.
The natural frequency of the fabricated cantilever is
slightly low to be used for the non-contact mode.
However, the spring constant of the fabricated canti-
lever is appropriate for the contact mode.

We tested parallel operation of the fabricated probe
array. The fabricated probe array was installed in the
scanning probe microscopy. In the contact mode of
SPM, scanning probe nanolithography was tried on
photo-resist thin film coated on gold surface. We did
parallel patterning by scratching the photo-resist us-
ing the probe 1x30 array tips as in Fig. 5. Parallel
imaging was tested employing the fabricated multi-
probes. We could scan the surface of MEMS chip
sample using the 1x104 (grouped) probe array as in
Fig. 6. Parallel scanning was performed in the contact
mode of SPM (Olympus Co). For further evaluation,
scanning probe measurement and nanolithography are
under additional study.
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Fig. 4. Natural frequency curve of Si probe cantilever.
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Fig. 5. Sequential photographs, from (a) to (b), of parallel
lithography of AFM 1x30 probe array.
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Fig. 6. Sequential photographs, from (a) to (b), of parallel
scanning of AFM 1x104 grouped array.

4. Conclusions

Silicon cantilever arrays for parallel operation were
developed to enhance the performance of AFM. We
used a new fabrication process, anisotropic etching by
vertical oxide mask, to make the probe tips so that the
tips of the probe array could be situated as closely as
possible to each other. We made 1x30 and 1x104
(grouped) probe arrays with a pitch of 15 um. For
independent AFM operation, the cantilevers of the
probe arrays had their own electrostatic actuators that
enabled individual or grouped probes to move verti-
cally. The experiments showed reasonable dynamic
characteristics of the probe cantilevers and reliable
parallel operation. We expect that the developed Si
probe arrays will be useful in parallel AFM applica-
tions in nanolithography and nano scale measurement
of surface properties.

Acknowledgments

Much of this work was performed when Y. Ahn
was at the Venture Business Laboratory in Tohoku
University. The first author wishes to acknowledge
the invitation of the New Industry Creation Hatchery
Center at Tohoku University.

References

[1] E. M. Chow, H. T. Soh, H. C. Lee, J. D. Adams, S.
C. Minne, G. Yaralioglu, A. Atalar, C. F. Quate and
T. W. Kenny, Integration of through-wafer inter-
connects with a two-dimensional cantilever array,
Sens. Actuator A-Phys. 83 (2000) 118-123.

[2] W. Barth, T. Debski, N. Abedinov, Tz. Ivanov, H.
Heerlein, B. Volland, T. Gotszalk, I. W. Rangelow,
K. Torkar, K. Fritzenwallner, P. Grabiec, K. Studz-
in ska, I. Kostic and P. Hudek, Evaluation and fab-
rication of AFM array for ESA-Midas/Rosetta
space mission, Microelectron. Eng. 57-58 (2001)
825-831.

[3] T. Akiyama, S. Gautsch, N. F. de Rooij, U. Staufer,
Ph. Niedermann, L. Howald, D. Miiller, A. Tonin,
H.-R. Hidber, W. T. Pike and M. H. Hecht, Atomic
force microscope for planetary applications, Sens.
Actuator A-Phys. 91 (3), (2001) 321-325.

[4] M. Despont, J. Brugger, U. Drechsler, U. Diirig, W.
Héberle, M. Lutwyche, H. Rothuizen, R. Stutz, R.
Widmer and G. Binnig, VLSI-NEMS chip for par-
allel AFM data storage, Sens. Actuator A-Phys. 80
(2) (2000) 100-107.

[5] Y.-S. Kim, H.-J. Nam, S.-M. Cho, J.-W. Hong, D.-
C. Kim and J. U. Bu, PZT cantilever array inte-
grated with piezoresistor sensor for high speed par-
allel operation of AFM, Sens. Actuator A-Phys. 103
(1-2) (2003) 122-129.

[6] D. Saya, K. Fukushima, H. Toshiyoshi, G. Hashi-
guchi, H. Fujita and H. Kawakatsu, Fabrication of
single-crystal Si cantilever array, Sens. Actuator A-
Phys. 95 (2002) 281-287.

[71 A. Chand, M. B. Viani, T. E. Schiffer and P. K.
Hansma, Microfabricated small metal cantilevers with
silicon tip for atomic force microscopy, J. Microelec-
tromech. Sys. 9 (1) (2000) 112-116.

[8] P. Srinivasan, F. R. Beyette and 1. Papautsky, Mi-
cromachined arrays of cantilevered glass probes,
Appl. Optics 43 (2004) 776-782.

[9] H. Takahashi, T. Ono, Y. Cho and M. Esashi, Dia-
mond probe for ultra-high-density ferroelectric data
storage based on scanning nonlinear dielectric mi-
croscopy, Proc. of 17th IEEE International Confer-
ence on MEMS, Maastricht, Netherlands, (2004)
536-539.

[10] K. E. Bean, Anisotropic etching of silicon, /EEE
Trans. on Electron Devices ED-25 (10) (1978)
1185-1193.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


