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Near-field photodetection optical microscopy (NPOM) is a fundamentally new approach to
near-field optical microscopy. This scanning probe technique uses a nanometer-scale photodiode
detector which absorbs optical power directly as it is scanned in the near field of an illuminated
sample surface. We have applied NPOM to measure the visible absorption spectrum of dye
molecules embedded in a single 300 nm polystyrene sphere. The near-field absorption spectrum is
obtained by measuring the NPOM probe photocurrent while the wavelength of the illumination
pump beam is scanned from 450 to 800 nm. Peaks are identified at 567, 608, and 657 nm in the
near-field spectrum of the single-dyed polystyrene sphere. These peak positions are in good
agreement with far-field absorption measurements performed on many dyed polystyrene spheres.
© 1996 American Institute of Physics. [S0003-6951(96)01635-X]

Chemical and molecular identification on a nanometer
scale has many important applications. Examples include the
identification of biological structures such as proteins in het-
erogeneous environments. The ability to perform such mea-
surements under liquid would aid in the understanding of
biomolecular interactions at surfaces. The identification of
trace chemical quantities is another related problem impor-
tant to many areas of science and technology. The capability
for generic molecular identification on the nanometer scale is
largely unachieved. Optical spectroscopy is a potent method
for performing chemical and molecular identification—either
directly or through the use of fluorescent labels. However,
due to the diffraction limitation, conventional far-field opti-
cal techniques do not extend far into the nanometer scale.
Near-field optical microscopy offers the possibility of com-
bining the power of optical spectroscopy with nanometer-
scale spatial resolution.

Near-field scanning optical microscopy (NSOM) is a
technique based on the collection or transmission of light
through a subwavelength aperture scanned near a surface.!™
Nanometer-scale optical microscopy has also been per-
formed without an aperture using an interferometric tech-
nique based on scattering from an atomic force microscope
(AFM) tip near the sample.>® In another measurement re-
quiring a conducting surface, a scanning tunneling micro-
scope (STM) tip has been used to perform nanometer-scale
absorption microscopy and spectroscopy.’

Near-field photodetection  optical  microscopy®™
(NPOM) is a new, fundamentally different, approach to near-
field optical microscopy and spectroscopy. It utilizes a pho-
todetector of subwavelength dimensions. The localized pho-
todetector probe is brought into the optical near field of an
illuminated surface (conducting or nonconducting) where it
can directly absorb optical power. As the photodetector is
raster scanned across the surface, the photocurrent signal is
recorded to create a two dimensional image of the optical
intensity distribution. NPOM photodetectors with subwave-
length tip radii, but with total photosensitive areas of many
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square micrometers, have been used to measure evanescent
fields at surfaces.>!®!*!* Imaging results with such photode-
tectors have recently been published.!*!'* However, we con-
tend that NPOM images can be generated with apparent high
‘“‘optical’’ spatial resolution caused by topographic coupling.
This effect has also been seen in NSOM.! Using our previous
probes,'> we have also observed high-resolution (20 nm)
“‘optical’”” images that show direct correlation to the topo-
graphic structure. However, we have found it impossible to
positively identify subwavelength ‘‘optical’’ spatial resolu-
tion in the presence of topographic variation. Recently, we
have demonstrated NPOM imaging with a probe having a
true subwavelength optically sensitive area of 100 nm X 100
nm."3 In that work, it is shown clearly that the optical NPOM
image is not directly correlated with surface topography. The
spectroscopic work here also provides certain verification
that the NPOM optical signal is not simply mapping topog-
raphy.

Our photodetection probe is good choice for the near-
field absorption spectroscopy performed here because of its
high conversion efficiency relative to fiber probes. The setup
for the NPOM probe is also simpler than NSOM in photon
counting mode. Additionally, the direct absorption of power
from evanescent fields in the optical near field is a physically
different measurement than NSOM which may provide in-
formation that is otherwise inaccessible.

In this letter, the NPOM probe is utilized for the first
time to perform nanometer scale molecular characterization.
Spectroscopic characterization of dyed polystyrene spheres
on a transparent, insulating surface (glass) is accomplished
by near-field absorption spectroscopy [Fig. 1(a)]. The dyed
spheres are illuminated through the glass. The NPOM pho-
todiode probe is brought into the optical near field of a
single-dyed polystyrene sphere on the cantilever surface
where it detects the modification of the illumination fields
due to the presence of the sphere. The illumination beam is
scanned in wavelength and the NPOM probe photocurrent is
used to record the spectroscopic response of the particle.

The experimental setup is illustrated in Fig. 1. A non-
contact AFM technique is used to control the height of the
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FIG. 1. (a) Near-field absorption experimental setup. (b) Near-field absorp-
tion spectroscopy optical setup.

probe above the sample surface. While in conventional AFM
the probe tip is mounted on a cantilever, in our current ex-
periment, the sample is placed on a glass AFM cantilever.'®
A similar setup has been used for NSOM.'® The sample con-
sists of dye molecules embedded in 300 nm polystyrene
spheres. These are ‘‘blue dyed latex spheres, Mfg. Lot No.
3132, obtained from Seradyne, Inc.!” Seradyne will not
provide the chemical identity of the dye molecule as the dye
is proprietary. The spheres are dispersed on the surface of the
I mm X 100 wm X 20 wum glass cantilever. The NPOM
probe is mounted on a piezoelectric scanning tube. The illu-
mination source consists of a 75 W xenon arc lamp source
and a 0.32 m scanning monochromator. The monochromator
is used to pass a narrowband of wavelengths from the broad-
band arc lamp illumination source. This light is focused
through the glass cantilever to a 50 um spot on the AFM
cantilever surface. This illuminates the dyed spheres, dis-
persed on the cantilever surface. A computer is used to scan
the monochromator wavelength and record the photocurrent
of the NPOM probe.

Far-field absorption spectra of the dyed polystyrene
spheres are obtained for comparison with near-field results.
A monolayer of dyed spheres is distributed on a glass micro-
scope cover slip and placed in the beam path before the beam
is focused onto the NPOM detector. Spectra are taken with
and without the monolayer in the beam path to separate the
response of the particles from the optical system response.
Without the monolayer in the beam path, the wavelength is
scanned from 450 to 800 nm and the photocurrent is re-
corded. This spectrum is the system response, /(\), consist-
ing of the output spectrum of the arc lamp source multiplied
by the responses of the monochromator and the NPOM
probe. The monolayer is then placed in the beam path (in the
far field) and another spectrum is taken. With the monolayer
in the beam path, the product of the system response, I(\),
and the transmission through the monolayer, T(\), is mea-
sured. The system response I(\) is divided out as follows:

1180 Appl. Phys. Lett., Vol. 69, No. 9, 26 August 1996

Yy ¥

-
(=]
T

Photocurrent, pA
=)
T
= -
©
- -
Absorption, arbitrary units

Absorption, arbitrary units

®

V@)

-
o
T

Photocurrent, pA
(=]
T

(9)
)

400 500 600 700 8
Wavelength, nm

[=]

0

FIG. 2. Near-field absorption spectra of two separate dyed polystyrene
spheres. (a) The far-field absorption spectrum of a monolayer of dyed
spheres (shown for comparison). (b) The photocurrent response with the
probe tip on the surface of the glass cantilever but away from a dyed sphere
(system response). (c) The photocurrent response with the probe tip in the
near field of a single polystyrene sphere (scaled). (d) The near-field absorp-
tion spectrum of the dyed plystyrene spheres. obtained from curves (b) and
(c). (e)—(g) The corresponding system response, near-field response, and
near-field absorption spectrum for a different 300 nm particle.

With monolayer _I()\)T()\)_T REEETN
Without monolayer ~ I(\) (A= (N).

Subtracting this from unity gives the absorption, A(\), by
the monolayer, displayed in Fig. 2(a). We do not expect any
spectral signature from scattering, and neglect it in this treat-
ment. Peaks are observed at 567, 608, and 657 nm. This
absorption curve is in excellent agreement with an absorp-
tion measurement performed on the dyed spheres with a
commercial spectrophotometer (Varian model 17D).

To demonstrate the high spatial resolution of the spec-
troscopy measurement, the NPOM probe is brought into the
near field of the dyed spheres distributed on the glass AFM
cantilever. The spatial distribution of the optical power in the
near field of the spheres is obtained by raster scanning the
probe to generate an image (Fig. 3). The image size is 3.5
pum X 3.5 um. The illumination wavelength is fixed at 550
nm. The image displayed on the left side is a noncontact
AFM image, representing topography. The image on the
right is NPOM photocurrent. One of the dyed spheres is
located near the center of the image. In this region, the op-
tical image shows a bright spot surrounded by a dark ring.
When the absorption spectrum is taken in the near field of
the sphere, the probe is centered on the top of the sphere. The
noncontact AFM image shows structure containing multiple
bumps centered on the sphere. We can attribute this structure
to the finite size and shape of the NPOM probe, as the mul-
tiple bump shape and orientation are repeated at other places
in the AFM image. Another confirmation that we are looking
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FIG. 3. An NPOM image of a 300 nm dyed polystyrene sphere. The left
image is noncontact AFM. And the right image is NPOM photocurrent.

at a single-dyed sphere is that the spatial extent of the AFM
structure is significantly larger than the width of the structure
in the NPOM image. The spatial half width of this structure
in the NPOM image (300 nm) corresponds to the known size
of the polystyrene spheres. This image (Fig. 3) is character-
istic of the many polystyrene spheres we have imaged.

Near-field spectroscopy is performed with the probe in
the near field of a dyed sphere. As in the far-field measure-
ment, two spectra are taken to separate the spectral response
of the dyed sphere from that of the rest of the optical system.
To measure the system spectral response, the NPOM probe is
moved away from the sphere of interest a distance of two
micrometers. The wavelength is scanned from 450 to 800 nm
and the photocurrent is recorded [Fig. 2(b)]. The probe is
then centered on the top of the sphere and the photocurrent is
again recorded as the wavelength is scanned [Fig. 2(c),
scaled by 0.7 to plot with Fig. 2(b)]. Curve 2(c) is divided by
curve 2(b) and subtracted from unity. The result is scaled and
shifted to plot with the other curves in Fig. 2. We call the
result the near-field absorption spectrum [Fig. 2(d)]. Peaks in
the near-field absorption spectrum of this sphere are ob-
served at 610 and 660 nm. The positions of these peaks are
in good agreement with the far-field measurement. There are
however several differences in Fig. 2(d) when compared to
the far-field spectrum [2(a)]. The shoulder seen at 570 nm in
the far field is not observed here and the relative amplitudes
of the observed peaks differ as well. The differences between
near-field and far-field spectra are not understood and require
further study.

Not all dyed spheres exhibit exactly the same near-field
absorption spectrum. Figures 2(e)—2(g) display the spectrum
of a particle at a different location on the AFM cantilever
surface. Photocurrent curves are obtained with the NPOM
probe located two micrometers away from the particle [Fig.
2(f)] and centered above the particle [Fig. 2(e), scaled by
0.7]. Repeating the procedure described above, the system
response is removed yielding the near-field absorption spec-
trum of the dyed sphere [Fig. 2(g)]. the peak at 660 nm is
clearly visible in the near-field spectrum. The peak at 610 nm
is now seen as a shoulder at that wavelength. The shoulder at
570 nm is also observed. The position of all three peaks are
in excellent agreement with the far-field spectrum. The mea-
surement of the spectra on and off this particle was repeated
three times to confirm that we were measuring the true spec-

Appl. Phys. Lett., Vol. 69, No. 9, 26 August 1996

tral response of the particle and not the convolution of its
spectral response with some system drift. The repeatability
of the measurement was excellent. This particle is exhibiting
a clear spectral difference from the first particle [Figs. 2(b)—
2(d)]. Other particles studied, likewise, showed good agree-
ment in peak position. They also exhibited variations in peak
amplitude. We attribute these spectral differences from par-
ticle to particle to the local optical environment of the par-
ticle relative to the reference spectrum location. The refer-
ence spectrum is taken with the probe moved laterally across
the surface a distance of 2 um. The differences are due to
interference effects that we observe near the sample surface.

Note that these measurements were performed with an
incoherent source (<1 W/cm?). If tunable laser sources are
used, spectroscopy of much smaller single particles can be
performed provided the spacing between the particles is not
smaller than the resolution of the probe.

In summary, we have performed near-field absorption
spectroscopy on dye molecules embedded in a single 300 nm
polystyrene sphere using a 100 nm NPOM detector. Positive
identification of the dye was made by comparison to far-field
absorption measurements on the dye. This is the first absorp-
tion spectroscopy performed by near-field photodetection op-
tical microscopy.
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