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Simultaneous near field scanning optical and atomic force microscopy with a microfabricated
photocantilever reveal both optical and topographical distributions. The cantilever tip changes the
evanescent field into scattering light, and this scattering light is detected with a photodiode
fabricated in the tip of the cantilever. The cantilever deflection signal leads to atomic force images.
The resolution for imaging the evanescent field variation was 20 nm (A/30). The near field optical
and atomic force images indicate that the same point of the cantilever tip generates both optical and
atomic force signals. This method is a new approach to optical and topographical microscopy with
nanometer resolution. @ 1995 American Institute of Physics.

I. INTRODUCTION

Near field scanning optical microscopy (NSOM), which
is a type of scanning probe microscopy, has been anticipated
to provide optical characteristic distributions of samples with
nanometer resolution. Atomic force microscopy (AFM) also
produces sample images with angstrom resolution, which
provides topographic information about samples.! Obtaining
both optical and topographical distributions is very useful in
characterizing samples. Various methods for distance regula-
tion in NSOM have been presented. Recently, sharpened mi-
cropipettes or optical fibers have been used for NSOM/AFM
observation. Methods using a bent micropipette with an op-
tical level method” and a micropipette or an optical fiber with
shearing force regulation have been reported.*™> Bending a
fiber causes loss of collected or illumination light power for
NSOM. The latter method requires vibration of the tip. An-
other approach is to control the distance by the tunneling
current to NSOM.%" However, this method is not applicable
to nonconductive samples, and many optical materials are
nonconductive.

Recently, a semiconductor probe detector for NSOM had
been presented.® They fabricated a submicrometer Al-Si
Schottkey diode to make the photodetector size smaller. We
recently proposed a new type of NSOM probe, a microfab-
ricated photoc:antilever,9 which is a cantilever with a photo-
diode. When the tip of the photocantilever approaches to the
evanescent field, the photodiode in the cantilever detects the
scattering light from the tip of the cantilever. The high reso-
lution capability of a light-scattering type NSOM had re-
cently been demonstrated.'%~2 We placed the scattering cen-
ter very close to the detector using micromachining
techniques. This enables us to make the collection angle of
the detector several times larger, compared with the collec-
tion angle of the setup reported by van Hulst et al.'® [a 0.5
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numerical aperture (N.A.) microscope objective] so our pho-
tocantilever had been able to collect much more scattering
light. In addition, a well-established optical lever method is
easily applied to the photocantilever for atomic force detec-
tion because it is very similar to a widely used AFM canti-
lever. The photodiode in the tip of the cantilever detects the
evanescent field distribution modulated by the sample. The
cantilever deflection signal produces atomic force images.
The photocantilever is very suitable for NSOM/AFM imag-
ing and also for mass production. This paper demonstrates
the simultaneous optical and topographical imaging capabili-
ties of the photocantilever.

Il. RESULTS AND DISCUSSION
A. Experimental setup

Our experimental setup is shown in Fig. 1. The inset in
Fig. 1 shows a perspective view of the photocantilever. A 2
mW He—Ne laser (wavelength: 633 nm) was used as a light
source. It was arranged so that the incident light would un-
dergo total internal reflection (TIR) on the dove prism sur-
face, generating the evanescent field onto the prism surface.
The taper angle of the dove prism (vy in Fig. 1) was selected
to be 40°, and the incident angle of the laser beam was 70.7°.
The evanescent field transmitted through the sample was de-
tected by the photodiode at the tip of the photocantilever.
The fabricated photodiode was a Si-based pr-junction type.
Details of the cantilever structure have been published
elsewhere.” The tip of the cantilever disturbed the evanescent
field transmitted through the sample, changing it into scat-
tered light. This scattered light is absorbed by the photodi-
ode. The cantilever deflection is detected by a standard opti-
cal lever method using a combination of a laser diode and a
two-segment photodiode. Our cantilever was 1500 um long,
100 um wide, and 5 pm thick. Its calculated spring constant
was 0.2 N/m. It was a flat cantilever with no microprotru-
sions, so the tip of the cantilever was used as the scattering
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FIG. 1. Setup for simultaneous NSOM/AFM. Taper angle y of dove prism was 40°. Inset shows perspective view of photocantilever.

center. Samples were scanned with a tube scanner. In this
setup, the laser spot for the optical lever was shifted so far
from the tip of the photocantilever that the intensity of the
laser for the optical lever could be neglected compared with
the detected evanescent light intensity. The typical shift was
about 750 um, which was about half the length of the can-
tilever. This enabled us to obtain NSOM and AFM signals,
simultaneously. Sample images were obtained in the contact
AFM mode, and the constant force regulation was used. The
gap between the sample and the prism surface was filled with
index matching oil.

B. Expression of NSOM/AFM images

In order to interpret an NSOM image, it is useful to
consider its expected expression. The intensity of the NSOM
signal is: ,

I(x,,2)~ 71oT[x,y,h(x,y)ID[z= h(x,3)], (1)

where 7 is the detection efficiency of the photocantilever, I
is incident evanescent light intensity, T(x,y,h) is the trans-
mittance distribution of the sample, A(x,y) is the sample
thickness, and D(z) is the decay function of the evanescent
field above the sample. The normal direction of a prism
plane is defined here as the z-axis and z is the distance be-
tween the cantilever tip and the prism surface. The A4(x,y) is
a function of the tip position (x,y) on the sample and repre-
sents a topographic image of the sample. When we use the
contact AFM mode, z is always equal to 4(x,y), so D(zg) is
equal to D(0). Equation (1) shows that an image obtained by
NSOM is not always a pure optical characteristic distribution
but a distribution mixed with a topographic one if the tip
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makes contact with the sample surface during imaging.
Therefore, interpretation of an NSOM image requires knowl-
edge of the topographic distribution.

C. Optical— and force—distance curves

Figures 2(a) and 2(b) show the relationship between the
z-dependence of the optical intensity and the atomic force.
Multiplying the deflection with the spring constant, the
atomic force was determined. The horizontal axes show
z-scan control signals. There was no sample on the prism in
this case. The photocantilever approached the prism surface
from the left side in the figure. The slope of the force-
distance curve changed after the tip of the photocantilever
made contact with the prism surface, and simultaneously, the
optical signal was saturated. Hysteresis caused by the adhe-
sion force in the water film layer on the prism surface was
observed in both optical and force signals. In the force sig-
nal, cantilever oscillation was observed after the tip was re-
moved. In the optical signal, the intensity was too low to
detect the cantilever oscillation. The removal point from the
water film layer in Fig. 2(a) was identical to that in Fig. 2(b).
This good correlation indicates that the same point in the
photocantilever contributes to both NSOM and AFM signals.
Since there was no sample in this case, T(xy,y) is unity. In
this case, Eq. (1) could be approximated to the following
equation: '

)

where ug ' was about 40 nm for our setup. This exponential
decay of the optical intensity shows that the photocantilever
detects the evanescent field on the prism.

I(xO ) ’h)ﬁ 7710 exp(_“oz)’
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FIG. 2. Optical— and force—distance curves. {a) Optical—distance curve. (b)
Force~distance curve. Hysteresis caused by adhesion force of water film
layer on prism was observed in both curves.

D. Simultaneous NSOM/AFM imaging

NSOM/AFM images of a variety of samples were ob-
tained. Figure 3 shows the high resolution capability of our
NSOM with the photocantilever. The images are NSOM/
AFM images of small dust particles on a prism. Bright points
in the NSOM image are points of high optical intensity, and
bright points in the AFM image are swelling points—the
correlation is very good. Corresponding points in the figures
are located at the samie position. This agrees with the results
obtained in Fig. 2. Figures 3(c) and 3(d) show the cross-
sectional view of Figs. 3(a) and 3(b). They are the images on
the diagonal line from the left upper edge to the right lower
edge. In Figs. 3(c) and 3(d), gaps of about 20 nm can be
resolved (marked by arrows). This is about 1/30 of the wave-
length. This data was obtained on a sample with topography,
so the obtained NSOM image was affected by both the re-
fractive index and topographic variations of the sample.
Therefore, this data does not directly indicate that the reso-
lution of our NSOM for imaging the refractive index distri-
bution is better than 20 nm. However, it at least indicates that
the resolution of our NSOM for imaging the evanescent field
distribution is better than 20 nm, since our NSOM is sensi-
tive to the evanescent field distribution. In Fig. 3(e), the re-
lationship between the NSOM signal and the tip height from
the prism is shown. Comparing the NSOM and AFM images,

we obtained the height and NSOM signal of the target point..

This is roughly approximated by exp(—uk), where uy ! is 5
nm. The value of w; is much larger than u, mentioned in Eq.
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(2). If we assume that dust particles only absorb the evanes-
cent light, then T(x,y,k) =exp(— ah), where the absorbance
coefficient of particles is «. In this case, Eq. (1) is given as

[(xs)’,h)*’ﬂlo eXP(~ah)~ (3)

According to this assumption, the absorbance coefficient of
particles e is about 0.2 nm™!. The absorbance of metal is of
the same order as this value, so this assumption is reasonable
if the particles were made of metals.

Figures 4(a) and 4(b) show the capability of our NSOM
to image the refractive index distribution. They show
NSOM/AFM images of recorded pits on a phase-change
(PC) optical disk. The recording layer consists of
GeTe~Sb2Te3—Sb.13 We recorded pits in a gratingless area of
the inner part of the disk. After recording, resin and
aluminum-reflection layers were removed from the disk. Ap-
plying Eq. (1) to this case, we found that T(x,y,h) varies
with position (x,y), whereas h(x,y) is constant because the
disk surface was expected to be topographically flat. The pit
region is in the amorphous phase; whereas, the other region
is in the crystal phase. The refractive indices of the pit region
and the other region are 4.94-1.4{ and 5.7+3.4i, respectively.
In Fig. 4, index changes in the pit region are visible by
NSOM, and AFM showed that the disk surface is topo-
graphically flat. The resolution of NSOM was lower in Fig. 4
than in Fig. 3, due to the interference between pits and the
multiple interferences caused by the multilayer structure of
the disk. The disk consists of the recording layer, the dielec-
tric layer, and the substrate. Other samples should be used to
evaluate the resolution of the NSOM for imaging the refrac-
tive index distribution.

Figures 5(a) and 5(b) show NSOM/AFM images of a
grating of the PC optical disk mentioned above. The grating
pitch is 1600 nm and the groove width is 800 nm. AFM
reveals that the land is about 85 nm higher than the groove.
In contrast, NSOM shows that the evanescent light intensity
of the land is much lower than that of the groove. One simple
explanation for the interpretation of the NSOM image is that
the incident light decays in the land. In the groove, the inci-
dent light undergoes TIR under the groove surface; whereas,
it will propagate toward the land surface in the land. Assum-
ing that a land plays the role of a slit for the incident light,
the incident wave cannot propagate through the land when
the land width, i.e., the “slit” is similar or smaller than the
wavelength of the light. In our experiment, the land width
(800 nm) was similar to the wavelength (633 nm). In con-
trast, the incident light in the groove part was detected by the
photocantilever, since it does not experience the decay due to
the slit effect. By using Fourier optics theory,'* the decay
length in the land is given by

A
_ ncos 6

:u'2 = \/( )\ )2 3 (4)
47 |~
an cos @

where a is the land width, 8 is the incident angle of the
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FIG. 3. NSOM/AFM images of small panicfes on prism. (a) NSOM image. (b) AFM image. (c) and (d) are cross-sectional views of (a) and (b) [On diagonal
line from upper left edge to lower right edge in (a) and (b)]. Approximate 20 nm gaps between particles could be resolved (arrow). () Relationship between

NSOM signal and cantilever height from prism surface.
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FIG. 4. NSOM/AFM images of pits on a phase-change optical disk. (a) NSOM image. (b) AFM image. Pit image was observed by NSOM but AFM showed
that disk surface was topographically flat.
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FIG. 5. NSOM/AFM images of gratings of a phase-change optical disk. (a) NSOM image. (b) AFM image. (c) Relationship between NSOM signal and

cantilever height from the groove surface.

light, n is the refractive index of the disk substrate, and N is
the wavelength. Therefore, the expected NSOM intensities in
the land and groove I; and I, are given by

I(x,y,h)~nloTo exp(— pahi), ()
Ig(x’Y7O)%77[0T07 (6)

where h; is the difference in height between the land and
groove. Here, the z-origin is defined as the groove surface.
Applying Eq. (4) to our setup, the calculated w; ! is about 84
nm for n=1.5, §=70.7°, a=800 nm, and A-633 nm. This
calculated decay length is the same order as the land height.
This indicates that our simple model can provide a reason-
able explanation of the difference between the NSOM/AFM
images.

Figures .6(a) and 6(b) show an example using NSOM/
AFM for biological materials. Imaging the fine structure of
biological materials is one of the most important targets for
NSOM/AFM. The images are monolayers of purple

(@)

200nm
—

membranes, !¢ that is a cell membrane obtained from the
bacterium Halobacterium salinarium. A purple membrane is
a two-dimensional crystal that consists of proteins and a lipid
bilayer. The monolayer membranes were obtained by drop-
ping a purple membrane solution of appropriate density onto
the prism and drying its surface in air. The AFM image in-
dicates that the thickness of the monolayer is about 5 nm,
which agrees well with previously reported values. Both
NSOM and AFM clearly reveal that this purple membrane
has small defect holes whose diameters are on the order of
10 nm. This supports the fact that the resolution of our
NSOM for imaging the evanescent field variation is better
than 20 nm, as mentioned in Fig. 3.

lll. SUMMARY

We have demonstrated simultaneous NSOM/AFM imag-
ing with a photocantilever (a microfabricated cantilever with
a prn-junction at its tip). The resolution for imaging the eva-

200nm
| e |

FIG. 6. NSOM/AFM images of monolayer purple membranes. (a) NSOM image. (b) AFM image. Thickness of a purple membrane is about 5 nm.
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nescent field variation was 20 nm (A\/30). The optical and
topographic images indicate that the same point at the tip of
the cantilever generates both optical and atomic force sig-
nals. Our NSOM could image the refractive index distribu-
tion. This method is a new approach to optical and topo-
graphical microscopy with nanometer resolution.
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