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Conversion of evanescent light into propagating lighs needed in near-field scanning optical
microscopy is analyzed by means of a photocantilever. The photocantilever is a silicon cantilever
with a pn junction photodiode on its tip. The photocantilever tip converts evanescent light from a
sample into propagating light. Theoretical values given by scattering and transmission models are
compared with our experimental values. The scattering model gives results that are closer to the
experimental values than does the transmission model. This indicates that the nonpropagating
evanescent light is converted into scattered light at the photocantilever tip, and that the scattered
light is collected by the photodiode. @996 American Institute of Physics.
[S0021-89706)07411-7

I. INTRODUCTION II. RESULTS AND DISCUSSION

The resolution of conventional optical microscopy isA- Experimental setup

limited to about half the Wavelength of the |Ight source be- Figure j(a) illustrates the photocant”ever-baged near-
cause of light diffraction. Near-field scanning optical micros-field optical signal measurement system. The details of the
copy (NSOM), a type of scanning probe microscopy, is ex- photocantilever are explained in Refs. 10 and 11. The inci-
pected to provide optical characteristic distributions ofdent beam is totally reflected by the prism surface, and the
samples with nanometer lateral resolutioh.Photon scan-  sample on the prism is illuminated by the evanescent wave.
ning tunneling microscopy® (PSTM) or scanning tunneling The tip of the photocantilever perturbs the evanescent light
optical microscopy (STOM) uses evanescent light illumina- from the sample and converts it into a propagating wave.
tion. In these types of microscopy, a sharpened fiber probe ofhis light is converted into a photocurrent by a photodiode
a microfabricated probgurrently used for atomic force mi- on the cantilever tip. The photocantilever is 150t long,
croscopy converts nonpropagating evanescent light from a100 um wide, and 5um thick. The 5um thickness was
sample into propagating light. This light is then collectedneeded for sufficient light absorption, because the light pen-
with a detector that is placed a certain distance from thextration depth of silicon is 4m for light with a wavelength
probe. The conversion from evanescent light into propagatof 670 nm. The large size relative to commercially available
ing light is the key process in evanescent-illuminationcantilevers was required to obtain a spring constant of less
NSOMs. than 1 N/m with a thickness of am. Figure 1b) shows the
We recently proposed a new semiconductor-basedtructure of the photocantilever tip. The triangular region in
NSOM/atomic force microscopyAFM) probe;® which we  the figure is thepn junction photodiode area. Both the height
call a photocantilever. It consists of a microfabricated siliconand the base length of this area are aboupf@ The depth
cantilever with apn junction photodiode at its tip. Since the of the pn junction is about lum. The surface that faces the
photodiode is placed close to the probe tip, the photocantilesample is coated with a 220-nm-thick Si@ntireflection
ver has a larger acceptance angle for collecting the light fromayer. In this experiment, we used a cantilever without any
the probe tip than the setup reported by van Hetsal® Itis  fabricated microprotrusioné 5 mW He—Nelaser was used
also suitable for mass production. The sample is iIIuminatecés a ||gh'[ sourcé\:633 nmj, and the incident ang]e was set
with non-propagating evanescent light provided by total in-at 45°. The electric field vector of the light was rotated by
ternal reflection(TIR) from a prism surface, as is done in using aN/2 p|ate_ In this experiment, the Samp|e was not

PSTM. The cantilever tip then converts the evanescent lighblaced on the prism; so, the cantilever tip contacted the prism
transmitted from the sample into propagating light. The phosyrface.

todiode at the tip of the photocantilever collects the propa-

gating light. With this photocantilever-based NSOM, 20 nm

gaps between small particles have been resolVesjen  B. Theoretical evaluation

though the photodiode area was over 100°. In addition, We analyzed two possible ways of converting the eva-
the cantilever did not have any fabricated microprotrusionspegcent light into propagating light: transmission and scatter-
Conversion from nonpropagating evanescent light intQn, These two models are shown in Fig. 2. The probe size

propagating light is the most significant process for a photoya5 assumed to be infinitely large in the transmission model;

cantilever based NSOM. In this article we experimentallyihe canilever tip was assumed to be an infinite plane. The
and theoretically investigate this conversion process. evanescent light is transmitted from the prism into the pho-
tocantilever as light transmitted between two parallel infinite
dElectronic mail: fukuzawa@ilab.ntt.jp plates separated by air. In contrast, the probe size is assumed
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teristics: the dependency of the incident light polarization
and the decay characteristics as a function of the gap be-
tween the prism and the photocantilever.

PZT positioner

Photocantilever

|

1. Transmission model

g2 ield optical signal In the transmission model the intensity of the transmitted
light was assumed to be proportional to the transmittance of

Evanescent field \

1 .01 the two parallel infinite plates separated by air. This assump-
LI L tion was also made for the theoretical evaluation of PSTM.
He-Ne Laser  Polarizer /2 plate o The size of the photocantilever was assumed to be infinite.
The method using the characteristic matrix for a stratified
(b) media was used to obtain the transmittatit@his method
: 1]_‘ accounts for multiple reflections. The transmittance for the
2 Photodiode—" | . .
gap z between the cantilever and the prism fpf and
§i0p layer~__~| s-polarized light,T,(z) andT¢(2), is
Photocantilever/_\ Tp( Z)
ngcos6; | 2po ‘2
Top view Cross sectional view nl\/l_ nig S|nz 61’ p0m11+ p0p5m12+ m21+ pSmZZ‘ ,
1)

FIG. 1. (a) Setup of the photocantilever-based near-field optical measure:l.
ment system(b) Schematic structure of the photocantilever. S(Z)

na\/1—nZ, sin 2 0] 200 |2

ny Cos 6, | QoMy1+ GoGsMyzt Myg+ GeMyy

to be infinitely small in the scattering model; the cantilever =

tip was assumed to be a point. The evanescent light is scat-

tered at the cantilever tip, and the scattered light is collected 2

by the photodiode on the cantilever. We compared experiyheren, andn; are the refractive indices of the prism and

mental and theoretical results for two basic NSOM characihe cantilevern;;=n;/n;, 6, is the incident angle of the laser
beam, p, = n;/cosf;, ps = Ng/\J1—nZ,sir? 6;, o

= n, coséy, andgs = Ng\/1—nZ; sir? 6. Here,my; is the el-

(a) ement of the following characteristic matrixés, and M
Transmitted light for p ands polarizations:
Photodiode —i sin yz
cos yz _—
M,= p , 3

~ ™ Photocantilever ti . .
ey ad P —ipsinyz cosyz

Evanescent light

cOS vz —i sin yz
Prism(BK-7 Y - g
eyl Ms= a : 4
Incident light —igsinyz cosyz
(b) Protadiode wherey = ikn,\nZ, sir? 6,—1,p = n,/(i\nZ, sirt 6,—1),
q= inz\/n212 sir? 6,—1, andn, is the refractive index of air.
s § In this evaluationn; =1.51 andn;=1.44, since the prism is
,ig?,tttere Photocantilever tip made of BK-7 glass and the 220-nm-thick antireflection,SiO
layer of the photocantilever faces the prism.
\ "} Evanescent light
- Prism(BK-7) 2. Scattering model
=1.51 . . . .
" For light scattering analysis, the scattered light was as-
Incident light sumed to be the field radiated by a point dipole in the eva-

nescent field. Part of the radiated light is collected by the
FIG. 2. Models of the process for conversion from evanescent light intodetector. Since the cantilever tip is assumed to be infinitely
propagating light(a) Transmission model. The probe size is assumed to besmall in this model, it does not perturb the evanescent field

infinitely Ia_rge. The_evanescen_t light is transmitted from _thg prism into thegenerated at the air—prism interface. Therefore, the intensity
photocantilever as light transmitted between two parallel infinite plates sepa® . . .
rated by air(b) Scattering model. The probe size is assumed to be infinitelyOf the evanescent field decays exponentially according to

small. The evanescent light is scattered at the cantilever tip. exp(—2iyz), wherez is the distance from the prism surface.
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(b)

Integration area |

e e Photocantilever

ncident plane

Incident light

FIG. 3. Shape of the photocantilever t{p) Scanning electron micrograph of the photocantilever tip. The photodiode was fabricated on the upper plane in the
photograph(b) Model for calculation based on light scattering. The prism surface is oryth@ane; the incident plane is on tlye plane. The long axis of
the cantilever is parallel to the axis, and the cantilever tip is on the origin. The photodiode side facesytiptane.

In addition, isotropic susceptibility was assumed; thereforewherep is the vector of the dipole moment akds the wave
the magnitude of the dipole moment was assumed to be prawumbert* Herer andn are the distance and the unit vector
portional to the evanescent electric field amplitude. The amef the observation point from the origin. Whé&m>1, Eqs.
plitude of the evanescent field a0 (when the cantilever (5) and(6) can be rewritten as

contacts the prisinwas assumed to be proportional to the

value obtained by Fresnel's amplitude transmittance equa- 2 it

tions when the light is transmitted from the prism into air. In _

general, the electromagnetic fields radiated by a point dipole E= 4W60(nxp) xn T (kr>1), ™
can be expressed as

B ) ikr 1 ik ” €| 12 K2 eikr
E—m k (n><p)><n7+[3n(n-p)—p](r—3—r—z)e : :(%) 47760(n><p)T (kr>1). (8)
(5
.y =(ﬁ) 12 2 nxp) i‘“( 1— i) ©) Equat_ions(?) and(8) ind_ica_te that the radiated fielq inf[ensity
Mol 4dmeg r ikr/’ has different angular distributions ferand p polarizations.
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FIG. 4. Relationship between the near-field optical signal and the gap be-

tween the photocantilever and prism. FIG. 5. Polarization dependence of the near-field optical signal.

The photodiode collects part of the radiated field. The
amount of the light that can be collected with the photodiode

'S determined by the geometry of the photodiode region o e values given by the scattering and the transmission mod-

the cantilever. Therefore, the Poynting vector was integrate g . .
over the solid angle obtained for the actual geometrical ar?rlls';hree?‘i% i?telveol}’/.a-l;lrzjeg(g[’d?;s;ee?:rt‘ia\/seel;t fgﬁzzgnoennﬂo\ﬁze&
:j?gg:rgent to obtain the total power detected with the phc’toéndp polarization incidence. The plotted optical signals are
' for the case when the cantilever contacts the prism surface.
In the transmission model, the dependency on the polariza-
=1 2n. * . . ' : . .
P=2 mdQ Re{ron-(ExH®)]. 9 tion is weak since the evanescent light is transmitted between
. ) ) the materials with similar refractive indexésom the prism
Here H* denotes the complex conjugate Bf. Figure 3 4 the Siq layer, as mentioned Sec. Il B.1These data
shows the integration region of the Poynting vector. Figur§ngicate that the scattering model gives values that are closer
3(a) is a scanning electron microscof@EM) photograph of (5 the experimental values than does the transmission model.
the photocaqt|lever tip. The photodiode was fabrlcated on theye suggest that the discrepancy of about 20% between the
upper plane in the photograph. The fabricated side VFZ?a” IS N%Yajues calculated from the scattering model and the experi-
vertical, but is at an angle to the photodiode surfact  ental values is due to the oversimplification in which the

addition, a submicron size asperity at the cantilever tip canattering center is infinitely small and does not affect the
be seen. Based on the actual shape of the cantiléNgr oy anescent field distribution.

3(a)], we estimated the integration area of the Poynting vec-  These results indicate that the scattering model is more
tor flowing into the plangthe trapezoid in Fig. ®)]. The  ghropriate for the photocantilever-based NSOM than is the
prism surface is on they plane £=0), and the incident yansmission model. The photocantilever tip converts non-
plane is on theyz plane k=0). The long axis of the canti- onagating evanescent light into scattered light, and then the
lever is parallel to thes axis, and the cantilever tip is on the geattered light is collected by the photodiode fabricated near
origin. The cantilever is slanted 15° to the prism surface. Thene cantilever tip. Since our cantilever does not have a sharp

directions of the dipole moment are parallel to th@ndz  ghex[Fig. 3@)], the scattering center might be a submicron
axes for thes and p polarizations, respectively. The photo- aqperity. Such a small scattering center might provide the

diode side faces thry plane. Note that the upper plane of high resolution that we reported previously.
the cantilever faces the sample in Figa)3

Figure 5 shows the near-field optical signal as a function
f the polarization angle. The solid and dotted lines represent

C. Experimental results
I1l. CONCLUSION

Figure 4 shows the relationship between the near-field

optical signal and the gap between the photocantilever and We theoretically and experimentally investigated how

prism. The solid and dotted lines represent the values givenonpropagating evanescent light is converted into propagat-
by the scattering and transmission models fqolarization. ing light for a photocantilever-based NSOM. The values

The circles represent the experimental valuesf@olariza-  given by the light scattering model were closer to the experi-

tion. The horizontal axis shows tlzescan control signal. The mental values than were the transmission model values.
values given by the scattering model agree well with theThese results indicate that the photocantilever tip converts
experimental values, but the values given by the transmissioavanescent light into scattered light, which is detected by the
model do not. photodiode near the cantilever tip.
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