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A combined atomic force and scanning near-field optical microscope is presented. The critical
component of the instrument is a single crystal silicon, microfabricated force-sensing cantilever with
an integrated photodiode. Near-field optical images are obtained by monitoring variations in the
optical power detected by the photodiode while the cantilever tip is scanned in an evanescent optical
field created by illuminating the sample by total internal reflection. Near-field optical power was
detected at tip-sample spacings of one-quarter wavelength. Atomic force and scanning near-field
optical microscope images of the same samples show corresponding features as small as 25 nm.
© 1996 American Institute of Physics.@S0003-6951~96!01305-2#
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While traditional optical microscopy is limited by dif
fraction, resolution beyond the diffraction limit is possible b
detecting higher spatial frequency optical components wh
exist only within fractions of a wavelength above a sam
surface.1–3Scanning near-field optical microscopes~SNOM!,
with resolutions as high as 12 nm~Ref. 4! have been dem
onstrated. Two remaining difficulties associated with SNO
involve the development of an easily manufacturable SNO
probe and the addition of a reliable independent feedb
mechanism for controlling the gap spacing between pr
and sample. The most common SNOM probe is a sharpe
optical fiber coated with metal except at its apex where
aperture of a few tens of nanometers is formed.4,5 However,
the process does not lend itself to mass manufacturing
contrast to atomic force microscope~AFM! cantilevers.6

Also, while apertures in the metal film can be made 20 nm
smaller, the effective tip radius is determined by the thic
ness of the metal film, usually approximately 100 nm;4 there-
fore, the outer diameter of the optical fiber probe is appro
mately 200 nm. Another unresolved difficulty of SNOM
the need to incorporate a non-optical mechanism that
control the tip-sample spacing. The need for an independ
feedback mechanism arises because the optical sign
modulated not only by changes in the tip-sample spacing
also by the local optical properties of the sample. Typi
non-optical methods of feedback include dithering the
laterally to detect shear forces7 or bending the end of the
fiber itself to create a spring structure resembling the AF
cantilever.8

An elegant SNOM instrument that eliminates the ne
for an optical fiber and readily allows for the detection
forces has been demonstrated by van Hulstet al.9 They use a
silicon nitride AFM cantilever with a pyramidal tip.6 Near-
field optical images are obtained by bringing the tip close
the sample surface allowing it to scatter some of the li
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from the non-propagating evanescent fields into propagatin
modes that are then collected using a standard optical obje
tive. In this configuration, the deflection of the cantilever can
be monitored readily by the optical lever method common in
AFM.

We have modified van Hulst’s configuration by fabricat-
ing a silicon AFM cantilever with an integral photodetector,
referred to as a photocantilever. The presence of the detect
on the cantilever obviates the need for external optical com
ponents rendering the instrument smaller and less susceptib
to mechanical vibrations~Fig. 1!.

The SNOM probe is a single crystal silicon cantilever
fabricated using an integrated circuit microfabrication
processes.6,10,11Each cantilever is approximately 1000mm in
length, 200mm in width, and 5mm in thickness~Fig. 2!. The
photodiode is a simplep-n junction at the apex of the can-
tilever. Although siliconp-n junctions can have quantum
efficiencies of approximately 90% for 670 nm wavelength
radiation, the light penetration depth in silicon is 5mm.12

Therefore, the cantilever was designed to be substantial
thicker than the 0.5 to 1mm typical of commercially avail-
able silicon nitride cantilevers in order to allow maximum
light absorption. By choosing a cantilever thickness of 5mm

ail:FIG. 1. Experimental setup for SNOM combined with AFM using a silicon
cantilever with an integrated photodiode~photocantilever!.
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however, it was necessary to make cantilevers 500 to 20
mm in length to obtain force constants in a desired range n
1 N/m.

The fabrication sequence for the photosensitive AF
cantilever is similar to a process for making piezoresisti
AFM cantilevers.10 The staring substrate for our device is a
in. lightly dopedp-type silicon wafer. Silicon epitaxy is used
to grow an etch stop layer as well as a lightly doped lay
used for fabrication of electronic devices. The etch stop lay
is 1 mm thick and doped to 331020 cm23 with boron and
germanium. Germanium is included to reduce the resid
stress caused by the mismatch of lattice constants of silic
and boron.13 A 5 mm thick layer of 331015 cm23 boron
doped silicon is grown over the etch stop layer. Thep-n
junction photodiode is fabricated by ion implantin
1018 cm23 phosphorus into the lightly dopedp-type surface
epitaxy layer. The cross section of the photodiode is appro
mately 50mm2. The wafer is then thermally oxidized to
create an oxide film which serves as both an antireflect
coating for the photodiode as well as a passivation lay
Windows are patterned in the back side of the wafer for t
final stages of the process to completely etch away the s
con under the cantilevers to yield free-standing structur
500 nm of aluminum are then sputtered on the wafer a
patterned into contact pads and metal lines@Fig. 3~a!#. Next,
the actual shape of the cantilever is created by patterning
mm thick film of AZ 4620 photoresist. In order to free th
cantilever from the substrate, the front of the wafer is coat
with approximately 50mm of Hitachi PIX3500 polyimide
@Fig. 3~b!#. The wafer is then etched in EDP at 105 °C un
the etch stop layer is reached, leaving 5mm thick cantilevers
resting on 1mm thick silicon membranes@Fig. 3~c!#. The
silicon membranes are removed by dry etching from the ba
side. The polyimide film is removed in an oxygen plasm
@Fig. 3~d!#. For simplicity, the present cantilevers do not hav
specially fabricated tips. Once the photocantilever probes
completed, they are placed in an optical beam deflection-ty
AFM designed by the authors.

In order to demonstrate that the photocantilever can
tect light from evanescent fields, a prism sample was illum
nated with light from a 70mW He–Ne laser at an angle o

FIG. 2. Schematic drawing of a photocantilever. Plane view~up! and cross
section~bottom!.
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total internal reflection. The cantilever was brought into con
tact with the surface repeatedly while variations in detecte
optical power versus the tip displacement were recorded.
typical optical power versus distance curve is shown in Fig
4. At large tip-sample separations~left!, the detected optical
signal is low and does not vary with changes in spacing. A
approximately 150 nm above the surface of the sample how
ever, in the presence of the evanescent field, the detect
optical signal rises sharply and saturates at approximately 1
nW ~Fig. 4!. Once the cantilever contacts the surface, con
tamination holds the cantilever until a restoring force is
reached at which point the cantilevers ‘‘snap back’’ from the
surface. The measured decay length of the evanescent field
approximately 150 nm, which is in good agreement with the
theoretical value. The 12 nW detected at saturation is sub
stantially higher than reported previously.9 One reason for
the large signal may be the greater acceptance angle of t
photodiode compared to a microscope objective. Since th
cross section of the photodiode is relative large (50mm2)
and the source of light scattering is probably a small subm
cron asperity at the end of the cantilever, the resulting acce
tance angle may approach 180°.

Near-field imaging was conducted on two samples,
polycarbonate grating used for compact disk calibrations an
a clean glass prism. In each case the sample was first imag
in conventional repulsive mode AFM and then the same are

FIG. 3. Fabrication process for photocantilevers.

FIG. 4. Evanescent light intensity detected with the photocantilever as
function of sample displacement.
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was imaged in SNOM mode without detaching the cantileve
from the surface. The AFM image was taken in constan
force mode. The SNOM image was taken without feedbac
with typical optical signal levels of 2 to 5 nW. AFM and
SNOM imaging was not conducted simultaneously since th
diode laser used for the AFM detection is within the band
width of the SNOM photodiode’s sensitivity and, therefore
causes it to saturate. Simultaneous imaging will be possib
by reducing the laser power for AFM detection and by de
positing a metal layer on the back side of the cantilever fo
the optical shielding. The grating shown in the AFM image
in Fig. 5~a! has a period of 1.6mm and a step height of
approximately 100 nm. A corresponding SNOM image i
shown in Fig. 5~b!. Many of the particles visible in the AFM
image also appear on the SNOM image of which the smalle
features are 120 nm particles. Figures 6~a! and 6~b! show
contamination on the surface of the prism in AFM and

FIG. 5. AFM topographic image of a 1.6mm period polycarbonate grating
in contact mode~a! and the corresponding near-field optical image~b!.

FIG. 6. AFM topographic~a! and the corresponding near-field optical~b!
images of a glass prism surface. The scan area is 190 nm3190 nm.
Appl. Phys. Lett., Vol. 68, No. 5, 29 January 1996
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SNOM modes, respectively. Five particles visible in the
AFM image are also visible in the SNOM image. The
smaller of the two particles near the center of the imag
measures 25 nm across and 30 nm in height. The vertic
bars visible in the background of the SNOM image are
caused by 50 Hz electrical noise coupling to the photodiod
preamplifier.

We have fabricated and demonstrated the use of a ph
tosensitive force-sensing cantilever for use in combinatio
AFM and SNOM. The microfabricated device effectively
miniaturizes an instrument configuration demonstrated b
van Hulstet al.9 The photocantilever has detected large op
tical signal levels of tens of nanowatts from evanescen
fields. This efficiency is due in part to a larger collection
angle than is possible using a conventional microscope o
jective. The fabrication process for the photocantilever ca
be combined with processes to make tips on the cantilever6,14

as well as processes for making piezoresistive sensors10 to
create a combined SNOM and AFM needing no externa
optical detectors.
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K. Fukuzawa made valuable suggestions regarding optic
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