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Microfabrication of microtip on photocantilever for near-field
scanning microscopy and investigation of effect of microtip shape
on spatial resolution

Yuriko Tanaka,® Kenji Fukuzawa, and Hiroki Kuwano
NTT Integrated Information and Energy Systems Laboratories, 3-9-11 Midori-cho, Musashino-shi,
Tokyo 180, Japan

(Received 10 June 1997; accepted for publication 23 Decembep 1997

We experimentally investigated the dependence of spatial resolution on the shape of a microtip on
our photocantilever, in order to improve the spatial resolution of near-field scanning optical
microscopy. Two different cone angles of silicon-dioxide microtips were microfabricated by a new
fabrication process. The experimental results, which indicate there is a relationship between the
spatial resolution and cone angle of the microtip, were interpreted by calculations based on a simple
theoretical model. ©1998 American Institute of Physids$S0021-897¢98)06307-5

I. INTRODUCTION mum microtip cone angle to improve resolution, while main-
taining sufficient optical signal intensity.

Near-field scanning optical microscopfNSOM) has
m_ade it possible to image optic_:al-characteristic dis_tributi_onﬁl_ MICROEABRICATION PROCESS FOR MICROTIP
V.V't.h nanometer-order resolutllon beyon_d the d|ffract_|onON PHOTOCANTILEVER
limit.1~3> NSOM based on localized total internal reflection
(T|R) has been demonstrated by many groﬁ%m some The microtip was fabricated in the process sequence
types of this microscopy, an apertureless probe such as @own in Fig. 2. In the usual fabrication of a microsharp
microcantilever or a sharpened optical fiber is Us&dThe ~ cone by depositing material through a pinhbie alkaline,
probe apex converts a nonpropagating evanescent light into® acid solvents must be used to completely remove the in-
propagating light. The apex acts as a scattering center arifgrmediate layer. However, those solvents would degrade the
the scattered light is then detected. In this aperture|esghotodiode and aluminum electrodes of the photocantilever.
NSOM with TIR, the spatial resolution is not limited by the We found a suitable combination of materials for fabricating
smallness of the optical aperture. We have previously devetl® microtip on the photocantilever without degrading its
oped a “photocantilever,” which is an apertureless probecomponents. This combination was a fagthylmethacry-
that can be used in NSOM based on PIE.It is a micro- 12t (PMMA)™ layer as the intermediate layer and methyl-

fabricated silicon cantilever with an-junction photodiode €thylketon&(MEK) as the solvent to remove layers.

on its top. Figure 1 shows our NSOM concept using the '€ microfabrication f%r a photocantilever was de-
photocantilever. It can simultaneously image a sample suScriPed in previous pape?§.. We made the microtip just
face by NSOM and by atomic force microscopFM).1! after the pn-junction photodiode and aluminum electrodes

We have also reported that the apex of the photocantilevenad been fabricated on the silicon wafer. The wafer was first
converts evanescent light in the same way as in the oth oated with 1.Qum-th|ck I,DMMA as an intermediate layer.
apertureless NSOMZ, ext, a 0.5um-thick aluminum layer was sputtered onto the

To get even higher spatial resolution, one must optimizePMNIA layer, and a pinhole, which was d4m in diameter,

. . was patterned in the aluminum layer with an acid etchant, an
the size, shape, and material of the probe apex that scatter .

: ) ) o . H3PO,/NH4,NO; mixture. An overhang structure was then
the light. In this article, we report the fabrication of a mi-

. . : . produced by isotropic etching of the PMMA layer. The
crotip on the photocantilever as a well-defined scatterin MMA was etched with an QICF, mixture gas, while the
center and discuss the relationship between the resolutior] . . . 4 gas,
and the shape of the microtip, especially its cone angle Taumlnum layer with & pinhole was used as a mask. When a
. P . P, €SP y _angle. iO, layer was deposited with a thickness of approximately
improve the resolution, the volume of the scattering cente&0 m at less than 100 °C by radio-frequency sputtering, a
must be small. A smaller cone angle is expected to produc - '

ficrotip was created from SiQdeposited through the pin-
higher lateral resolution like a smaller curvature radius doe%’lole 'IPhe wafer was then g\kﬂd in an orgganic sglvent

although few reports have investigated the relationship beIVIEK, to completely remove the layers other than the SiO
tween cone angle and resolution. However, a smaller Cothicrotip from the wafer. The SiPmicrotip had good adhe-
angle will also reduce the intensity of the optical signal, thal;,, 15 the substrate of the wafer, because it was deposited
is, the scattered-light intensity, so the signal-to-noise ratio 0fq the oxidized silicon layer. After the microtip had been
the NSOM image will decrease. We investigated the optitapyricated, the actual shape of the cantilever was created in
the same way as described in previous papé&tdo release
dElectronic mail: yuriko@ilab.ntt.co.jp the cantilever from the substrate, the front of the wafer was
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actuator FIG. 3. SEM micrograph of the microtip on the end of the photocantilever.

FIG. 1. Our NSOM concept. The sample is placed on a prism and illumi- . .
nated with laser light at an angle that produces TIR. The apex of the phoFig. 4. The diameter of the pinhole was const@ntm). The

tocantilever changes a non-propagating evanescent light into scattered ligithinner the PMMA, the taller the microtiﬁFig_ 4(3_)] and the

which is collected by the photodiode to provide an optical signal for thesma_”er its curvature radquFig 4(b)] It was possible to

NSOM. . . ’ " . .
control the height and radius of the microtip by altering the
thickness of PMMA.

next coated with polyimide. The wafer was then etched in an
etchant(ethylene diamine pyrocatecoal, EPIFaving an an- Il. EXPERIMENT WITH DIFFERENT MICROTIP
. . . .SHAPES
isotropic nature, until the etch-stop layer was reached. Fi-
nally, the polyimide film was removed in an oxygen plasma, = Two types of photocantilevers were used in NSOM/
and the free-standing cantilever with the photodiode, alumiAFM imaging: one with a cone angle of 100°, and one with
num electrodes, and microtip was completed. A scanning cone angle of 50°. They were fabricated by the method
electron microscopéSEM) micrograph of a microtip on the described in Sec. Il. The difference in the cone angle was
end of the photocantilever is shown in Fig. 3. The fabricatednade by varying the microtip’s height. NSOM and AFM
microtip was approximately 2um high and its radius of images were simultaneously observed by using these photo-
curvature was about 50 nm as measured in an SEM micrceantilevers.
graph at a higher magnification than that used to produce The experimental setup is shown in Fig. 5. The samples
Fig. 3. Part of the aluminum electrodes can be seen at thi®r imaging were(1) surfaces of indium-tin-oxiddTO) thin
bottom of the micrograph. Although a little polyimide also film on a glass slide an{®) topographical mesas on an op-
remained at the end of the cantilever, it did not degrade thécal disk surface. They were both made of uniform material
NSOM/AFM imaging. and had no distribution of different optical features at their
The microtip’s height and curvature radius depended orsurfaces, and had approximately 20-nm-high mesas. Index
the thickness of the intermediate PMMA layer as shown inmatching oil was added between the sample and the prism.

Oxide anti-reflection o
coating Mask | ) SiO,
Aluminum contacts ask layer Pinhole Overhang

and electrodes

Silicon <100> \ |
Boron p*t etch-stop N diode region PMMA
layer
(@ (b) (c) (d)

T — Polyimide l Micro-tip Photogiode
el i (AT
Etch-stop layer Oxide Cantilever

(@ () (9) (h)

FIG. 2. Microfabrication sequence for a microtip on the photocantilef@rCreation ofpn junction and the other component&) creation of PMMA
intermediate layer and aluminum mask layer with a pinh@ig;overhang creation by isotropic etchin@!) deposition of Si@ and microtip creation(e)
lift-off by MEK soaking; (f) cantilever patterning and polyimide coating) substrate etching by ethylene diamine pyrocatedtglremoval of polyimide
coating.
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0 9 2 3 4 5 6 8 Q 1 2 3 {a) Cross-sectional profile of the NSOM image (b} Cross-sectional profile of the AFM image
(a) Thickness of PMMA (um (b) Thickness of PMMA FIG. 6. Estimation of NSOM resolution from cross-sectional profilegapf
w pm

NSOM and(b) AFM images. The sample was ITO thin film observed using
FIG. 4. Relationships betweei@) microtip height and PMMA thickness, a photocantilever with a microtip having a cone angle of 50°. The upper and
and (b) microtip curvature radius and PMMA thickness. The pinhole was 4 lower levels of each slope are shown by the dotted lines, and the levels that
um in diameter. determine ‘a” and “b” are shown by the dashed lines. The distance be-
tween the dashed lines is 60% of that between the dotted lines.

The laser was eitmea 5 mWHe-Ne lasei(A=633 nm) or a

10 mW YAG laser(A\=532 nm and illuminated the sample shown in Fig. 6. This ratio, in Eq1), is then normalized by
producing evanescent light. The evanescent light exists onl§ /P’ wherea” andb’ are the constant values afandb
close to the sample and is nonpropagating. Its intensity de®Spectively when the decay lengthis 44.5 nm. Figure 7
cays exponentially with increasing perpendicular distance PIlOts the values of, obtained from experimental measure-
from the sample surface. The decay lendtfs the distance Ments ofa andb for various decay lengths for both cone
where the intensity is &/of that at the surface. The incident @ngles as a parameter. The theoretical relationships are
angle y of the laser light was changed to vary the decayShown by the lines.

length of the evanescent light for each observation in this

experiment shown in Fig.(8). As shown in Fig. 6, the cross- |\ INTERPRETATION OF THE EFFECT OF MICROTIP
sectional profiles of the NSOM and AFM images of the ITO sHaPE

surface were obtained. ) )
To discuss the spatial resolution of the NSON,was To interpret the experimental results, we calculated the

defined in the following equation as a relative index, and wagelationship between spatial resolution and the cone angle

obtained by analyzing the cross-sectional profiles such adsing the model in Fig. 8. The microtip is approximated by a
those shown in Fig. 6: cone and the sample surface is assumed to be completely flat.

The incident angley of the laser light to a sample is chosen
o= (alb) (1) to produce total internal reflection at the sample surface. In
°(a'/b")’ Fig. 8, p is the power density of the laser light spot ard 2

Herea/b expresses the ratio of the horizontal length of the'S Fhe cone angle of the m'|c.rot.|p. Tleaxis is the symmetry
slope in the cross-sectional profile by NSOM to that of the2Xis of the cone and its origin is at the sample surface.XThe

same slope by AFM, obtained using a photocantilever with §Xis is defir!ed as one direction in the sampl_e surface plane.
microtip. The levels that determiree andb are 20% inside The opiical signal is assumed to be provided by the total

the upper and lower levels of the slopes respectively a§cattered light from the microtip surface. Moreover, the total
scattered light intensity is assumed to be directly propor-

tional to the total intensity of the evanescent light that illu-

Photocantilever
olocantiiev Evanescent light

intensity o< exp(-z/d) 3.0 — T T T T
\ Cone angle 50 deg. | 100 deg. B
2z, | Experimental  results | o ] I " |
//////,/////////’//////////,,,// 2.5 Calculated results | —— | ----- Lt :
z et
Cone angle 20 o0k ]
Immersion oil Sample (b) 26=100 deg. 3 Lt
A A ~ 15F L
Prism o
10 F b
Laser 05 F ]
— ’
5 um
0.0 L ' 1 1 L
@) (c) 26=50 deg. 40 60 80 100 120

Decay length ¢ (nm)
FIG. 5. (a) Experimental setup for investigating how the NSOM resolution
depends on the cone angle of the microtip. The cone angles (Wel®0° FIG. 7. Experimental results obtained using the photocantilever with the
and (c) 50°. microtip. Calculated results are also shown.
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FIG. 9. Calculated relationships between the cone angle and the resolution,
and between the cone angle and the optical signal intensity.

FIG. 8. Model for the calculation. The microtip is approximated by a cone.
The axes are defined as shown here. The surface area of the cone is calcu- . . . .
lated by slicing it into narrow rings. Moreover, we estimated the highest possible resolution

of NSOM by calculating with the model. If the cone angle is
small, the intensity of the total scattered light from the mi-

minates all of the cone’s surface. The scattered light intensitg"™0tiP becomes low. Namely, because this total scattered
from the surface of a narrow ring-shaped slice of the cone i#9ht is the optical signal being detected, the signal-to-noise

expressed as ratio for' an NSOM ima}ge d.epend.s on the cone angle. By
. calculating the optical signal intensityfrom Eq.(4), we get
sin Z the dependence of the optical signal intensity on the cone
=2 ———Z - =
d map cos O z ex;{ d)dz’ @ angle. Figure 9 shows the calculated relationship between the

whered is the decay length of the evanescent light ani cone angle ® and the spatial resolutior, or the optical
signal intensityl, for a decay length of 40 nm, which we

a coefficient depending on the material of the microtip. The L 4 L . .
P ; P ldsually used to obtain high resolution and sufficient intensity

scattered light intensity from the surface area between 0 an oo .
7 is thus given by in our NSOM. This _f|gurg show_s that_the resolution becomes
higher but the optical signal intensity decreases when the
I(2)= fzdl 3) cone angle becomes smaller. Thus, we can calculate the op-
o timum cone angle of the microtip that scatters enough inten-

. , . ! . sity for the signal to be detected by the detector and appara-
The spatial resolution is defined as the lengthproviding s \We estimate that an NSOM spatial resolution in the

an intensity that is 1/10 of the total scattered light. This Valuesubnanometer range can be achieved by using an ideal high-

1/10 is an arbitrary parameter in this calculation, and is Choéfficiency photodiode and optimized cone angle of less than

sen to clearly reveal any agreement between the experimelioo in Fig. 9. However, because our current photodiode on
tal results and the calculated dependence of the resolution Qe photocantilever can only detect light intensity of more
the cone a”Q'e of the.microtip. The ratig and the optical than 0.1 nW, the cone angle must not be less than 10°, which
signal intensityl are given by gives the highest possible resolution as 2 nm.

sin®
l=1(0)=2map oo d?, @ v. concLusioN
I(zg) 1 We have microfabricated an Sj@nicrotip on the top of
Tzl_O’ (5)  the photocantilever without degrading its photodiode and
aluminum electrodes. In the experiment, the microtip with a
Xo Zgtan® z, smaller cone angle obtained a higher spatial resolution with
rozx—é T Ztan® z’ ®)  the apertureless NSOM based on total internal reflection. We

interpreted our experimental results using a simple calcula-
tion model. Considering the trade-off between the NSOM
spatial resolution and the optical signal intensity, we con-
clude that subnanometer NSOM spatial resolution can be
achieved using an ideal high-efficiency photodiode and a mi-
crotip with a cone angle of less than 10°.

where the intensityt(z,) that is 1/10 of the total scattered
light is provided from a part of the cone surfa@e=0 to z;).
The X, is the value of the spatial resolution, anglis nor-
malized byx,. Thex, andz; are the spatial resolutions on
condition that the decay length is 44.5 nip, in Eq. (4), is
derived fromzl)Eqs(Z) and(3). In this study, we setr=1 and
p=10° (W/m?).
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