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Micromachined submicrometer photodiode for scanning probe microscopy
R. C. Davis and C. C. Williams
Department of Physics, University of Utah, Salt Lake City, Utah 84112

P. Neuzila)
ICM, Ltd., Prague, Czech Republic

~Received 13 January 1995; accepted for publication 8 March 1995!

A submicrometer photodiode probe with a sub-50 nanometer tip radius has been developed for
optical surface characterization on a nanometer scale. The nanoprobe is built to detect
subwavelength optical intensity variations in the near field of an illuminated surface. The probe
consists of an Al–Si Schottky diode constructed near the end of a micromachined pyramidal silicon
tip. The process for batch fabrication of the nanoprobes is described. Electrical and optical
characterization measurements of the nanoprobe are presented. The diode has a submicrometer
optically sensitive area with a 150 fW sensitivity. ©1995 American Institute of Physics.
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In recent years there has been a multitude of develo
ments in scanning probe microscopy that allow imaging on
nanometer scale, yet chemical and molecular identificat
with these probes remains a great challenge. Standard op
spectroscopic techniques provide a powerful tool for chem
cal identification but lack spatial resolution on this scal
Near-field optical microscopy offers the possibility of rou
tinely extending the spatial resolution of optical spectrosco
into the nanometer scale. Near-field scanning optical micr
copy ~NSOM! is an established technique based on the c
lection or transmission of light through a subwavelength a
erture scanned near a surface.1 Near-field photodetection
optical microscopy2,3 ~NPOM! utilizes a photodetector of
subwavelength dimensions. The localized photodetec
probe is brought near an illuminated surface where it c
directly absorb optical power. As it is raster scanned acro
the surface the photocurrent signal is recorded to creat
two-dimensional image of the optical intensity distribution
The small detector is necessary to achieve a high spa
resolution.

Line photodetectors and light sources that are sm
~submicrometer! in two dimensions have previously bee
constructed.2–6 Here we describe the development of a ph
todiode probe for NPOM, that is submicrometer in all d
mensions. This nanoprobe is an Al–Si Schottky photodio
with a sub-50 nm tip radius.

There are several criteria for optimal NPOM probe pe
formance. First, the photodiode must be constructed on
sharp protruding structure so that it can be used in a scann
probe arrangement. It should be noted that the sharpnes
the tip is a determining factor of the probes’ ultimate resol
tion. Next, the leakage current of the diode should be mi
mized. In our design which utilizes an Al–Si Schottky con
tact for the diode this corresponds to minimizing the A
contact area. Finally, crystalline silicon has a diffusion leng
on the order of several hundred micrometers. All of the lig
that falls within a diffusion length from the Al–Si junction is
collected. So, to make a submicrometer photodetector

a!Present address: Microfabrication Applications Laboratory, University
Illinois, Chicago, Illinois 60607.
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silicon surrounding the detection area must be optical
masked.

The nanoprobes are batch fabricated on a silicon waf
The fabrication of sharp, vertical silicon tips follows pro-
cesses developed for producing silicon field emissio
arrays.7 A sandwich of 100 nm SiO2 and 100 nm Si3N4 is
grown on the Si wafer. A lithography step is performed an
the exposed Si3N4 and SiO2 layers are etched through leav-
ing a 10310mm pad of the sandwich layers on the substrate
The pads are in a rectangular array with a spacing of 131
mm. The wafer is then placed in a quasi-isotropic silico
etch consisting of nitric acid~70% HNO3!, H2O, ammonium
fluoride ~40% NH4F! and hydrofluoric acid~50% HF! in the
following ratios 280:140:6:1 ~by volume!
HNO3:H2O:NH4F:HF. The silicon is etched until a broad tip
is formed @see Fig. 1~a!#. The silicon is thermally oxidized
~100 nm thickness! and the oxide is then removed with buff-
ered HF~BHF!. The resulting structure is again oxidized@see
Fig. 1~b!#. This reoxidation process further sharpens the tip8

This procedure results in an array of oxidized silicon pyra
mids 10mm square on the base and approximately 5mm
high.

The next step is to construct a photodiode near the e
of the pyramidal tip. First the oxide is removed from a sma

of

FIG. 1. Probe fabrication.~a! A pyramid is micromachined on a silicon
wafer. ~b! The tip is sharpened through oxidation.~c! A special application
of photoresist exposes the oxide near the end of the tip.~d! The oxide is
etched off the exposed region.~e! Al is deposited over the entire structure
and then etched off the end of the tip.
2309309/3/$6.00 © 1995 American Institute of Physics
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region on the tip. When photoresist is spun on the wafer
the conventional method the pyramidal tip is not complet
covered. This incomplete coverage by the photoresist is u
to advantage. In our method the photoresist step is modi
to minimize the opening at the end of the tip. The photore
~Shipley 1400! is placed on the wafer and spun for only 0
s, resulting in a very thick layer of photoresist. The xylene
the photoresist is allowed to evaporate for 5 s. The wafe
then spun for 30 s at 3000 rpm. This gives the desired res
i.e., only the end of the tip protrudes through the photore
@see Fig. 1~c!#. If the photoresist is spun on conventionall
omitting the intermediate evaporation step, a large nons
metrical portion of the tip will not be covered with photore
sist. Following the photoresist step, the oxide is etched fr
the exposed tip region with BHF and the resist is remov
@see Fig. 1~d!#. The amount of exposed silicon can be co
trolled by the oxide etch time. Al is then deposited over t
entire structure. Photoresist is again applied in the man
described above and the Al in the tip region is removed w
a standard Al etchant solution consisting of 80% phospho
acid (H3PO4!, 5% nitric acid ~HNO3), 5% acetic acid
(CH3COOH! and 10% water. The Al etching is done at roo
temperature to achieve a low etch rate. The photoresis
removed and the Al–Si contacts are sintered at 420 °C for
min. @see Fig. 1~e!#. A SEM image shows the resultant nan
probe~see Fig. 2!. The opening in the aluminum is 0.730.7
mm and the tip radius is less than 50 nm. These are typ
dimensions for the opening size which ranges between
and 1.0mm. In some cases the tip radius may be consid
ably smaller than 50 nm. Note that the NPOM probe requ
ments have been met, i.e., an ultrasharp tip~nanometer ra-
dius!, a small Schottky contact area, and a very sm
~submicrometer! optically sensitive region. The silicon sur
rounding the junction has been optically masked by the
layer.

Several measurements have been made to charact
the diode both electrically and optically.I –V, photo-I –V,
and noise measurements were performed to characterize
sensitivity of the diode.

Photo-I –V measurements with various illumination in
tensities were recorded. The reverse biasI –V curves for
three different illumination intensities are shown in Fig.
Note the strange shape of the photo-I –V curve in reverse
bias. With a standard photodiode the reverse bias photo

FIG. 2. A SEM image of the nanoprobe detector.
2310 Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995

This article is copyrighted as indicated in the article. Reuse of AIP content is su

128.187.97.22 On: Mon
by
ly
sed
ed
ist
2
in
is
ult,
ist
,
m-
-
m
ed
n-
e
ner
ith
ric

t is
20
-

cal
0.5
er-
re-

all
-
Al

rize

the

-

.

ur-

rent is independent of the applied voltage, whereas the
verse bias photocurrent of the nanoprobe is strongly b
dependent. It is largest with a reverse bias of21.0 V or
greater. At these reverse bias voltages, the photocurrent
pends linearly on optical power, as is shown by the thr
curves in Fig. 3. The optical power levels indicated in Fig.
correspond to a HeNe laser beam focused through a mic
scope objective, with a focal spot size of approximately
mm.

To assure that the nanoprobe detector has the same s
tral response as a conventional Si photodiode, it is compa
with a commercial Si photodetector~Spectra Physics 404
Power Meter! as shown in Fig. 4. The rising signal level with
increased wavelength is due to the variation in the spec
power coming from an incandescent source through a mo
chromator. The two detectors show a similar spectral
sponse.

The signal and noise were measured with the diode a
21.0 V reverse bias. The measurement frequency was
KHz. The laser beam was focused to an estimated 1.6mm
spot. With a 50 nW illumination the photocurrent was 6 n
and the noise was 30 fA/AHz. This corresponds to a conver
sion efficiency of 0.2 A/W. The signal-to-noise ratio wa

FIG. 3. The reverse biasI –V curve of the nanoprobe for several illumina-
tion intensities.

FIG. 4. The spectral response of the nanoprobe compared with a comm
cial photodetector. Both show a similar response.
Davis, Williams, Neuzil
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measured to be 23105 in a 1 Hz bandwidth. From SEM
images, we estimate the size of the light sensitive area
this particular photodetector to be near 1mm2. Thus the
power falling on the active detector region is 0.37 of the to
incident power~50 nW!. This indicates that the minimum
detectible optical power~S/N51! is approximately 150 fW.
This sensitivity is compatible with a 50350 nm spatial reso-
lution at this illumination intensity~5 W/cm2).

A focused laser beam profile has been imaged by plac
the nanoprobe on a piezoelectric tube and scanning it ac
the focused beam while measuring its photoresponse. An
age of the HeNe laser beam profile is shown in Fig. 5. This

FIG. 5. A focused HeNe laser beam, imaged by the photodiode nanopr
This is a two-dimensional image~11311mm! of the optical intensity in the
focal plane.
Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995
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a two-dimensional image~11311 mm! of the optical inten-
sity in the focal plane. This demonstrates that the nanoprob
is sensitive only in a region at the top of the pyramid. The
FWHM focused spot size, in this case, is about 2mm. With
further improvements, the nanoprobe could be employed a
an optical beam profiler for tightly focused beams.

In summary, a submicrometer photodiode has been rea
ized. It has been fabricated by a process that can be scal
for mass production. The nanoprobe appears to meet the r
quirements for NPOM; it has a submicrometer optically sen
sitive region with an ultrasharp tip. The diode has a maxi
mum optical sensitivity at a reverse bias of21.0 V where it
can detect optical variations as small as 150 fW. It has
spectral response similar to bulk silicon detectors. Futur
work will include the measurement of optical power varia-
tions near an illuminated surface on a nanometer scale.

The authors would like to thank ICM. Ltd., Prague,
Czech Republic for providing facilities for the fabrication of
the oxidized silicon pyramids. This work was supported by
the National Science Foundation~Grant No. ECS-9212407!.
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