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The enhanced transmission efficiency of chemically etched near-field optical fiber probes makes it
possible to greatly increase the scanning speed of near-field optical microscopes. This increase in
system bandwidth allows sub-diffraction limit imaging of samples at video rates. We demonstrate
image acquisition at 10 frames/s, rate-limited by mechanical resonances in our scanner. It is
demonstrated that the optical signal to noise ratio is large enough for megahertz single pixel
acquisition rates. ©1997 American Institute of Physics.@S0003-6951~97!04545-2#
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Near-field scanning optical microscopy~NSOM! in-
volves scanning a sub-wavelength sized aperture in c
proximity to a sample.1 Modern near-field probes are rea
ized by fabricating tapered dielectric structures with sh
tips. The aperture is formed by shadow evaporation of a
minum on the walls of this dielectric tip. Since the incepti
of near-field optical microscopy, there has been a nat
progression towards more efficient near-field probes. E
work by Pohl et al.2 used tapered glass pipettes. Lat
Betzig et al.3 employed probes made from optical fib
which had been heated and pulled to form a tapered st
ture.

Pulled fiber probes have apertures as small as 50 nm
the optical throughput of such small apertures is of or
1026. As tips are made smaller, the efficiency worsens.4 In
addition to low throughput, the maximum intensity that c
be emitted from a near-field probe is limited to a few nan
watts, due to heat-induced probe damage. This small op
intensity manifests itself in the scanning speed of near-fi
instruments. Long integration times for good signal to no
ratio are the determining factor in scanning speed. Typ
scanning speeds for near-field instruments are limited to
than 1 kHz pixel acquisition rates.

We have fabricated chemically etched near-field opti
probes as described previously by Hoffmannet al.5 and
Zeiselet al.6 These probes provide a thousandfold improv
ment in optical throughput over pulled probes. We curren
make 70 nm diameter apertures with transmission effic
cies of 1023 and microwatt transmitted optical intensit
This increase in available power allows for dramatic i
provement in instrument scanning speed. In this letter
demonstrate imaging with 100 kHz pixel acquisition rat
yielding 10 images/s for 1003100 pixel images. Our maxi
mum scan speed is limited by mechanical resonances in
microscope. We demonstrate that the optical signal to n
ratio is large enough to allow megahertz pixel acquisit
rates. Such speeds make video rate~25 frames/s! imaging
possible.

Etched fiber probes are fabricated using the process
lined by Hoffmannet al. The fiber is partially immersed in
an etching solution consisting of 49% hydrofluoric acid co
ered with a thin layer of isooctane. After immersion for a
proximately 90 min, the probes are removed and rinsed w

a!Electronic mail: scott.bukofsky@yale.edu
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de-ionized~DI! water and acetone. They are then metalliz
with 150 nm of aluminum, and examined under an opti
microscope. The tips have taper angles of;30°, and the
transmitted power through the probe is of order microwa

The unusually large optical throughput is attributed
the fact that chemical etching preserves the integrity of
fiber core to within a few microns of the aperture. In co
ventional pulled fiber probes,7 both the cladding and the cor
are tapered simultaneously. The core becomes too sma
support an optical mode hundreds of microns before the
of the fiber. Thus the optical mode fills the cladding a
interacts with the metal coating long before the mode int
acts with the aperture. By chemically etching the fiber,
integrity of the core is maintained to within a few microns
the end of the fiber. This leads to less interaction with
metal coating and higher optical throughput.

The near-field instrument used in these measuremen
a transmission microscope fabricated at Yale University. T
sample remains stationary while the tip is scanned usin
piezoelectric tube scanner. We scan the tip rather than
sample since the resonance frequency of the tip assemb
much higher than the sample stage. This allows for fas
scanning speeds. The height of the tip above the samp
controlled by shear-force8 techniques utilizing an oscillating
quartz tuning fork.9 The sample consists of 100-nm-wid
lines and spaces patterned from 10-nm-thick aluminum o
quartz substrate. Images are acquired by illuminating loc
with the near-field probe, collecting the transmitted lig
with conventional optics, and detecting the signal with
standard PIN diode photodetector. The signal from the
tector is recovered using a transimpedance amplifier
lowed by additional voltage gain. The light source is
helium–neon laser operating at 633 nm.

A typical image obtained using these tips is shown
Fig. 1~a!. The image is 2003200 pixels, and pixels are ac
quired at 10 kHz. Line cuts oriented perpendicular to t
direction of the lines/spaces can be modeled by convolvin
square wave~sample response! with a Gaussian~approxi-
mate probe response function!. Such an analysis yields a
aperture diameter of order 70 nm.

Although the available bandwidth of our PIN diode e
tends out to 500 kHz, the maximum scan speed at which
can make reasonable images is limited by a mechanical r
nance in our piezo scanner. This is documented in Fig
The piezo resonance manifests itself as a distortion in
images as the rate at which single lines are acquired is
2749)/2749/3/$10.00 © 1997 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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creased from 50 Hz to 1 kHz. At pixel acquisition rates
high as 100 kHz@Figs. 1~c! and 1~d!#, the sample features ar
still well resolved but are distorted by the mechanical re
nance. The observed frequency of oscillation agrees w
with our known piezo resonance at 2.5 kHz.

Despite this mechanical limitation, there is ample opti
signal to scan faster. Our data acquisition electronics
collect data as fast as 500 kHz, comparable to the bandw
of the photodetector. The following simple experiment w
performed to approximate what data would look like if t
mechanical system could scan faster. The light sourc
modulated at 50 kHz using a photoelastic modulator. T
light emitted from the near-field aperture is imaged direc
onto the photodetector. Note that there is no sample and
are not scanning. Because losses associated with the p
elastic modulator reduce the maximum optical intensity
can launch onto the fiber, the power through the apertur
of order 200 nW. Figure 2 shows both the temporal a
spectral photovoltage.

As shown in the inset to Fig. 2, the noise floor is fl
across the spectral bandwidth and equal to 1.5 pW/AHz. This
is the Johnson noise of the 100 kV load resistor of our tran-
simpedance amplifier after a subsequent voltage gain of
and a detector responsivity of 0.3 A/W. The sidebands a
kHz are a remnant of our modulation apparatus. The dat
Fig. 2 document a signal to noise ratio of 190 while oper
ing with a 500 kHz bandwidth. This bandwidth is made po
sible by the increased intensity from etched probes,
makes scanning at video rates feasible with good signa
noise ratio. To quantify what we mean by video rate, co
sider the issues of acquisition rate and signal to noise ra
First, a 1283128 pixel image refreshed at 25 frames/s
quires greater than 400 kHz signal bandwidth. This is c
sistent with our 500 kHz bandwidth. Second, the noise le
in a system withn bits of dynamic range is of order the lea
significant bit. Our signal to noise ratio of 190 is consiste

FIG. 1. Near-field transmission images as a function of scanning speed
y axis is the fast scan direction. Images are 100 nm lines and spaces, p
acquired at~a! 10 kHz, 2003200 pixels,~b! 50 kHz, 2003200 pixels,~c!
100 kHz, 2003200 pixels, and~d! 100 kHz, 1003100 pixels.
2750 Appl. Phys. Lett., Vol. 71, No. 19, 10 November 1997
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with 7 or 8 bits of dynamic range. As discussed below, t
performance is impossible to achieve with pulled fib
probes.

Within the context of a simple expression, one can qu
tify the signal to noise ratio as a function of optical pow
and signal bandwidth. Since optical power is measured
converting photocurrent into voltage by means of a resis
the signal voltage issPR, wheres is the responsivity of the
photodiode in A/W,P is the power in W, andR is the resis-
tance inV. There are two uncorrelated noise sources to c
sider: the Johnson noise of the resistor and the laser am
tude fluctuations. Therefore, the signal to noise~S/N! ratio is

S/N5
sPR

A4kTRB1~ f sPR!2
, ~1!

wherek is Boltzman’s constant,T is temperature,B is band-
width, and f is the amount of laser amplitude fluctuation.
should be noted thatP is the measured power at the detec
and thus includes all system losses.

Figure 3 compares this expression with experimen
data. The solid lines are Eq.~1! evaluated at several band
widths withs50.3 A/W, R5100 kV, andf 50.2%, consis-
tent with our experimental apparatus. The data poi
~squares and triangles! are obtained by taking 23104

samples of the photovoltage after filtering it with a variab
bandwidth~30 and 300 kHz! low-pass filter. The S/N ratio is
the mean of these data divided by their standard deviat
This figure emphasizes that the optimum S/N occurs w
the optical power is large enough such that the laser fluc
tion noise dominates the electronic noise. With the para
eters given above, at least 1mW is needed for best S/N. Thi
power level cannot be achieved with conventional pulled
ber probes since heating effects10–12in the tip limit the avail-

he
els

FIG. 2. Transmitted power from an etched fiber probe with laser sou
modulated at 50 kHz. Inset shows the power spectrum of the signal.
noise floor associated with the measurement is 1.5 pW/AHz. This documents
a signal to noise ratio of 190 at a pixel acquisition rate of 0.5 MHz.
S. J. Bukofsky and R. D. Grober
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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able power to nanowatts. However, microwatt power leve
are easily achieved using chemically etched fiber probes.

This calculation shows that NSOM is now a viable too
for video rate imaging. The enabling technology is the fab
rication of chemically etched near-field fiber probes. Sinc
the optical signal to noise now allows MHz pixel acquisitio
rates, issues related to mechanically scanning the pro
above a sample at speeds approaching several mm/sec
need to be addressed.

First, the high scan speeds for video images place
strictions on the mechanical resonances of the instrume
Piezoelectric scanners in particular are prone to resonant
havior in the kHz regime. As discussed above, image disto
tion can be caused by the resonant response of the scan
system. Also, these resonant effects are a strong function
the scanning pattern. Raster patterns with sharp turn-arou
points create the worst distortions. This is demonstrated
Fig. 4, which shows images of lines and spaces acquir
with two different scan patterns. In Fig. 4~a!, the tip traces
out a standard serpentine raster pattern. The image sho
distortions due to mechanical resonances. In Fig. 4~b! the tip
moves up and down with a sinusoidal pattern, which elim
nates the sharp turn-around points at the end of each line
the latter case, the resonant effects have been removed. T
experiment demonstrates that at high scanning speeds
scanning pattern is extremely important.

FIG. 3. Signal to noise ratio vs emitted power for several bandwidths. T
lines are fits to the equation discussed in the text, usingR5100 kV, s
50.3 A/W, andf 50.2%. The points are measured values as a function
bandwidth: 30 kHz~squares! and 300 kHz~triangles!.
Appl. Phys. Lett., Vol. 71, No. 19, 10 November 1997
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Second, it is not clear how topographic information c
be obtained at speeds of mm/s. All of our data thus far w
taken on essentially flat samples. Although shear-force te
niques can control the tip-sample distance, they cannot ad
to height fluctuations at these high speeds. The respons
shear-force feedback as it is presently implemented is lim
to a few hundred hertz, and perhaps a few kilohertz
phase-sensitive techniques.13 If topographic information is
required at video rates, a new paradigm in noncontact he
control will have to be developed.
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FIG. 4. Near-field transmission images as a function of scan pattern. Im
consist of 2003200 pixels acquired at 50 kHz. In~a! the tip traces out a
standard raster pattern, while in~b! the tip traces out a sinusoidal patter
eliminating the sharp turn-around points at the end of each line. They axis
is the fast scan direction.
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