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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. Neuzil®
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. 8995 American Institute of Physics.

In recent years there has been a multitude of developsilicon surrounding the detection area must be optically
ments in scanning probe microscopy that allow imaging on anasked.
nanometer scale, yet chemical and molecular identification The nanoprobes are batch fabricated on a silicon wafer.
with these probes remains a great challenge. Standard opticihe fabrication of sharp, vertical silicon tips follows pro-
spectroscopic techniques provide a powerful tool for chemicesses developed for producing silicon field emission
cal identification but lack spatial resolution on this scale.arrays’ A sandwich of 100 nm SiQand 100 nm SN, is
Near-field optical microscopy offers the possibility of rou- grown on the Si wafer. A lithography step is performed and
tinely extending the spatial resolution of optical spectroscopyhe exposed §N, and SiQ layers are etched through leav-
into the nanometer scale. Near-field scanning optical microshg a 10<10 um pad of the sandwich layers on the substrate.
copy (NSOM) is an established technique based on the colThe pads are in a rectangular array with a spacing>t 1
lection or transmission of light through a subwavelength apmm. The wafer is then placed in a quasi-isotropic silicon
erture scanned near a surfdc®lear-field photodetection etch consisting of nitric aci@70% HNGQ;), H,O, ammonium
optical microscop$® (NPOM) utilizes a photodetector of fluoride (40% NH,F) and hydrofluoric acid50% HF in the
subwavelength dimensions. The localized photodetectdiollowing ratios 280:140:6:1  (by  volume
probe is brought near an illuminated surface where it cadiNO3;:H;O:NH,F:HF. The silicon is etched until a broad tip
directly absorb optical power. As it is raster scanned acrosi$ formed[see Fig. 1a)]. The silicon is thermally oxidized
the surface the photocurrent signal is recorded to create @00 nm thicknegsand the oxide is then removed with buff-
two-dimensional image of the optical intensity distribution. €red HF(BHF). The resulting structure is again oxidizeste
The small detector is necessary to achieve a high spatidii9: 1(b)]. This reoxidation process further sharpens thé tip.
resolution. This procedure results in an array of oxidized silicon pyra-

Line photodetectors and light sources that are smalMids 10.um square on the base and approximately.

(submicrometer in two dimensions have previously been high.

constructed® Here we describe the development of a pho-  The next step is to construct a photodiode near the end
todiode probe for NPOM, that is submicrometer in all di- of the pyramidal tip. First the oxide is removed from a small

mensions. This nanoprobe is an Al-Si Schottky photodiode
with a sub-50 nm tip radius.

There are several criteria for optimal NPOM probe per-
formance. First, the photodiode must be constructed on a
sharp protruding structure so that it can be used in a scanning
probe arrangement. It should be noted that the sharpness of
the tip is a determining factor of the probes’ ultimate resolu-
tion. Next, the leakage current of the diode should be mini-
mized. In our design which utilizes an Al-Si Schottky con-
tact for the diode this corresponds to minimizing the Al
contact area. Finally, crystalline silicon has a diffusion length
on the order of several hundred micrometers. All of the light
that falls within a diffusion length from the Al-Si junction is

collected. So, to make a submicrometer photodetector aKIG. 1. Probe fabrication(a) A pyramid is micromachined on a silicon

wafer. (b) The tip is sharpened through oxidatiquo) A special application

of photoresist exposes the oxide near the end of the(dijpThe oxide is

dpresent address: Microfabrication Applications Laboratory, University ofetched off the exposed regiofe) Al is deposited over the entire structure
lllinois, Chicago, lllinois 60607. and then etched off the end of the tip.
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FIG. 2. A SEM image of the nanoprobe detector. 12 10 -08 -06 -04 -02 0.0 0.2

Reverse Bias (V)

region on th.e tip. When photore5|st. IS spur) on the water b IG. 3. The reverse bids-V curve of the nanoprobe for several illumina-
the conventional method the pyramidal tip is not completelyiion intensities.

covered. This incomplete coverage by the photoresist is used

to advantage. In our method the photoresist step is modified )

to minimize the opening at the end of the tip. The photoresisf€Nt S independent of the applied voltage, whereas the re-
(Shipley 1400 is placed on the wafer and spun for only 0.2 Verse bias ph(_)tocurrent o_f the nanoprob_e is strongly bias
s, resulting in a very thick layer of photoresist. The xylene independent. It is largest with a reverse bias—of.0 V or

the photoresist is allowed to evaporate for 5 s. The wafer (Jréater. At these reverse bias voltages, the photocurrent de-
then spun for 30 s at 3000 rpm. This gives the desired resulP€Nds linéarly on optical power, as is shown by the three

i.e., only the end of the tip protrudes through the photoresistUrves in Fig. 3. The optical power levels indicated in Fig. 3

[see Fig. 1c)]. If the photoresist is spun on conventionally, €0'respond to a HeNe laser beam focused through a micro-
omitting the intermediate evaporation step, a large nonsymSCOP€ objective, with a focal spot size of approximately 3

metrical portion of the tip will not be covered with photore- pm. hat th has th
sist. Following the photoresist step, the oxide is etched from To assure that the nanaprobe detector has the same spec-

the exposed tip region with BHF and the resist is remove&r‘?‘l response as gconventional Si photodiode, it is_ compared
[see Fig. 1d)]. The amount of exposed silicon can be con-With @ commercial Si photodetect¢Bpectra Physics 404
trolled by the oxide etch time. Al is then deposited over the” OWer Metey as shown in Fig. 4. The rising signal level with

entire structure. Photoresist is again applied in the mannépcreased wavelength is due to the variation in the spectral
described above and the Al in the tip region is removed wit

ppower coming from an incandescent source through a mono-
a standard Al etchant solution consisting of 80% phosphori&hromator' The two detectors show a similar spectral re-
acid (HPQO,), 5% nitric acid (HNO3), 5% acetic acid

sponse.
(CH3;COOH) and 10% water. The Al etching is done at room _1 (‘)I'h\? signal ang n0|§rehwere measuredt va'th the diode atlg
temperature to achieve a low etch rate. The photoresist is ™’ reverse bias. The measurement frequency was
removed and the Al-Si contacts are sintered at 420 °C for 2

Hz. The laser beam was focused to an estimatedutn6
min. [see Fig. 16)]. A SEM image shows the resultant nano- spot. With a 50 nW illumination the photocurrent was 6 nA
probe(see Fig. 2 The opening in the aluminum is 0<0.7

and the noise was 30 fAHz. This corresponds to a conver-
pm and the tip radius is less than 50 nm. These are typic

aﬁion efficiency of 0.2 A/W. The signal-to-noise ratio was
dimensions for the opening size which ranges between 0.5

and 1.0um. In some cases the tip radius may be consider-
ably smaller than 50 nm. Note that the NPOM probe require-
ments have been met, i.e., an ultrasharp(tipnometer ra-
diug), a small Schottky contact area, and a very small
(submicrometeroptically sensitive region. The silicon sur-
rounding the junction has been optically masked by the Al
layer.

Several measurements have been made to characterize
the diode both electrically and optically—V, photoi-V,
and noise measurements were performed to characterize the
sensitivity of the diode.

Photot -V measurements with various illumination in- 400 660 860 10'00 1200
tensities were recorded. The reverse hias/ curves for
three different illumination intensities are shown in Fig. 3.

NOte th? strange shape of the photev curve ir! FEVErS€ [, 4. The spectral response of the nanoprobe compared with a commer-
bias. With a standard photodiode the reverse bias photocutial photodetector. Both show a similar response.

—&— Signal, Nanoprobe
—&— Signal, Power Meter

Photocurrent
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a two-dimensional imag€l1x11 um) of the optical inten-

sity in the focal plane. This demonstrates that the nanoprobe
is sensitive only in a region at the top of the pyramid. The
FWHM focused spot size, in this case, is aboytrd. With
further improvements, the nanoprobe could be employed as
an optical beam profiler for tightly focused beams.

In summary, a submicrometer photodiode has been real-

ized. It has been fabricated by a process that can be scaled
for mass production. The nanoprobe appears to meet the re-
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-e1.0 V where it
can detect optical variations as small as 150 fW. It has a
spectral response similar to bulk silicon detectors. Future
work will include the measurement of optical power varia-
tions near an illuminated surface on a nanometer scale.
FIG. 5. Afocused HeNe laser beam, imaged by the photodiode nanoprobe.  1h€ authors would like to thank ICM. Ltd., Prague,
This is a two-dimensional imagé1x 11 um) of the optical intensity in the  Czech Republic for providing facilities for the fabrication of
focal plane. the oxidized silicon pyramids. This work was supported by
the National Science Foundati¢Grant No. ECS-9212407
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measured to be 210° in a 1 Hz bandwidth. From SEM
images, we estimate the size of the light sensitive area on ) )
this particular photodetector to be neardm?. Thus the E. Betzig and J. K. Trautman, Scienz87, 189 (1992.

paruc p . Aastiih 2D. R. Busath, R. C. Davis, and C. C. Williams, 8tanning Probe Mi-
power falling on the active detector region is 0.37 of the total croscopies 11, edited by Clayton C. WiliamgProc. SPIE1855 75
incident power(50 nW). This indicates that the minimum 3(1993)]. _ o
detectible optical powe(S/N=1) is approximately 150 fw. P-R. Busath, Masters thesis, University of Utd994.
Thi - p . P (S'bl ). h %F()BO y ial 4H. U. Danzebrink and U. C. Fischer, itear Field Opticsedited by D. W.

_'S sensn_lery IS _compat! € W'_t a nm spatial reso- Pohl and D. Courjor(Kluwer, Dordrecht, Netherlands, 1993%p. 303—

lution at this illumination intensity5 W/cn?). 308.

Afocused laser beam profile has been imaged by pIacingiH.-U- Danzebrink, VDI Beritche NR111§ 141 (1994.

: ; ; ; . Kolb, K. Karrai, and G. Abstreiter, Appl. Phys. Le@5, 3090(1994.
the nanopmbe ona p_|ezoelectr|_c tu_be and scanning It acr_o . N. Thomas, R. A. Wickstrom, D. K. Schroder, and H. C. Nathanson,
the focused beam while measuring its photor_esp_onse. An IM-solid State Electronl7, 155 (1974.
age of the HeNe laser beam profile is shown in Fig. 5. This is®R. B. Marcus, T. S. Ravi, and T. Gmitter, Appl. Phys. L&6, 236(1990.
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