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ABSTRACT

We describe the construction of a high voltage electric arc puller for
controllable fabrication of bent near-field optical fiber probes. Various probes with
bent angles ranging from 30 degree to 75 degree and bent length between 600 and
900 um were successfully produced. The tip diameters achieved are between 100
and 200 nm. These bent type-probes can be made into cantileverd probes that can
be used for any dynamic-mode: atomic force microscope, and make the construction

of a scanning near-field optical microscope easily attainable.
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2.3 ANAARA (Aberration)
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Degree of bent fiber-optic cable versus time
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AMANKIN 9.

Datasheet 984 Photo Diode 184131 UDT (1/6)

APPLICATION OF SILICON PHOTODIODES

PREFACE

This section is intended as a brief tutorial on light detection
using silicon photodiodes. In addition to the extensive range
of standard devices described herein, UDT Sensors oMers
custom device design. UDT Sensors welcomes the opportunity
lo meat your application specitic requirements, and will
assist with technical advice, design, and fabrication. Applications
engineers are available 10 assist you at every step of your
design process.

GLOSSARY OF TERMS

Breakdown Voltage is the voltage at which the electric
field penetrates the dielectric and the photodiode begins to
act as a conductor. The breakdown voltage is usually taken
as the voltage when dark current exceeds a predetermined
value

Dark Current (1) is the leakage current of the photodiode
operating in the dark with a reverse bias voltage There are
four major coninbutions to dark current: diffusion current,
generabion-recombination current, surface current, and
avalanche current. Dark current increases with temperature,
reverse bias, and aclive area.

Junction Capacitance (C,) is similar to the capacitance
of a parallel plate capacilor The capacitance decreases with
reverse bias, and increases with active area,

NEP (Noise Equivalent Power) is the incident signal
power on the detector thal produces a rms signal to noise
rato of 1.1t is a figure of ment used 1o measure the
minimum signal power deleclable

Photoconductive (PC) is the mode ot operation in
which a reverse bias is applied across the pholodiade. The
result is a wider depletion region, lower junetion capacitance,
lower seres resistance, shorter nse tme, and linear response
in photocurrent over.a wider range of light intensities
However, as reverse bias is increased. shot noise increases
due o increased dark current,

Photovoltaic (PV) is the made ot aperation in which no
external bias is applied across the photodiode. The rasult is
that there is no dark current, so the only source ol noise is
thermal noise. This allows increased sensitivity 1o low light
levels. Frequency response is lower due to high junction
capacitance Responsivity at longer wavelengths is also
slightiy lower

Quantum Efficiency (QE) The quantum eficiency of a
silicon photodiode is the percentage of the number of incident
photons that penetrate the silicon crystal and produce
electron-hole pairs that subsequently get coliected The
quantum efficiency is just another way of measuring the
effectiveness of the basic hght to the electrical current
conversion process within the silicon cell and thus has a
direct relavonship lo responsivily

QE = 124% + R/ (um)

Rise Time (T)) is the tme taken for the output to respond
lo an input step wavelorm. Il is the time for the output to nse
from 10% to 90% of its peak value.

INTRODUCTION

Silicon photodiedes are quantum detectors sensitive 1o
charged particles and light to 1100 nm, which extends from
x-rays thiough the visible 1o the near infrared. Photodiodes
operate by the absorption of light photons or charged
particles lo generate a flow of current in an external circuit.
Pnolodiodes can be used to delect the presence or absence
of minute quantities of light and can be calibrated to
measure the intensity of light extremely accurately from
intensities beiow 1 picowalt/cm? to intensities above 10 mW/em?
They can also be used for optical position sensing to
measure displacement, angle, centering, surface uniforrnity,
and distance. Silicon photodiodes have tound use in such
diverse applications as photography, analytical instrumentation,
laser ranging. optical communications, and medical imaging
devices.

SEMICONDUCTOR THEORY

Semiconductors have a small energy gap (E;) between the
conduction and valence bands (Silicon: €, = 1.12eV). In
siicon, the valence band is completely fited and the
conduction band is vacant at room temperature. In order to
conduct electrncity, electrons must be excited from the
valence band intg the conduction band This can be done
thermally, by exposure to high energy particles, or by
exposure 1o light An incident photon of energy greater than
or equal o the bandgap of the semiconductor will produce
an electron-hole pair. The intrinsic electric field of the P-N
junction prevents recombination of the pair, and sweeps the
holes (o the Ptype region and the electrons to the N-type
region, The anode becomes positive with the accumulation
of holes, and the cathode becomes negalive with electrons.
This potential causes cutrent to flow in an external circuit from
the anode to the cathoade. This is the photovoltaic effect —
Ihe generation of a current'from a P-N junction when
exposed to light

DEVICE CONSTRUCTION

Planar difused PIN photodiodes are typically made by dit-
fusing an N+ layer on the back of N type bulk material for
Ohmic contact, and a P+ layer on the front in the active
area defined by an oxide mask to make a P+ N junction
The top surface oxide layer serves as a dilfusion mask to
define the shape of the aclive area as well as 1o form a
stable passivated junction. The bulk region between the
junction and the N+ back layer serves as the absorption
region. The back metallization, in addition 1o providing an
electrical contact, acts as a reflector for any light which was
not absorbed, and improves sensitivity at longer wave-
lengths where silicon has a lower absorption coefficient.
Figure 1 shows the construction of a planar diffused P+ N
N+ silicon photodicde.
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L = RLUMINATION (TYPICALLY IN WATTS)
1 = CURRENT PRODUCED BY PHOTOGKODE (AMPS)
1 = RESPONSIVITY xL

Figure 3: shpws the characteristic photodiode IV curves. A
load line for the photoconductive (reverse bias) mode is
shown on the section of the graph to the right of the zero
voltage line, and a load line for the photovoltaic mode is
shown to the left of the zero voltage line. The photodiode
operating point is found where the |-V characteristic of the
load (the load line) intersects the photodiode 1 characieristic:
In the photovoltaic mode, the load line passes through the
ongin and intersects the photodiode characteristic near the
knee. In the photoconductive mode. the load line is shifted
by the bias voltage and intersects the photodiode characteristic
in the flatter portion. If the device is working into a short
circuit, corresponding to a vertical load line, the current
output is linear with increasing light intensity. As R_
increases, the slope (m = 1/R) of the load line decreases
Ultimately, the response becomes nonlinear as the load line
approaches a horizontal slope, and the open circuit condition
is reached. The open circuit voltage varies as the logarithm
of the incident radiation.

The linear relationship between short circuit current and
input light intensity breaks down when the diode junction
voltage approaches the builtin voltage V,.. The uppert
bound on photocurrent for maintaining linedrity 1s approxi-
malely TmA/cm’. In the pholocondugtive mode, linear operation
1S maintained as long as the saturation power is not exceed:
ed. The bias level must remain higher than the product of
the maximum signal current and the load resistance to
maintain lineanty. To calculate the maximum power density
attainable, use the following formula;

P = (V,,+ V)/(R.*R)) (7)

where P,,. = maximum power (walls)
Ve = built-in voltage
v = applied bias voltage

R, = load resistance

R, = responsivity

A virlual ground obtained by an operational amplifier is
often used to minimize the effective load lo the photodiode
The operational amplifier acts as a current to voltage
converter with the output signal amplified by a large

N VR
AR
By (SMALLY ‘ (‘muﬁ ;
| =
| =
\\ £
R (LARGE) i
/7 ‘\ | DARN CURRENT

P\ = LOAD RESISTANCE v v

feedback resistor R,. The effective detector load resistance
i8 R, = R:/A, where A, is the open loop gain of the op-amp.
This is only valid when Rg, >> Re and Ag >> 1 + Re/Rg,.

RESPONSIVITY

The responsivity of a silicon photodiode is a measure of the
Sensitivity to light and is defined as the ratio of the photo-
current (amperes) ta the incident light (watts).

A {responsivity) = | (amperes) /L (watts) 8
(See figure 4.)

The maximum responsivity occurs between B50 and 950nm
and is about 0.5 A/W al the peak. The photovoltaic effect is
a quantum effect. i.e. one incident photon produces one
electron-hole pair or nane at all. The incoming light beam
thus represents a stream of photon particies that is converted
at a certain efficiency to a stream of electrons or electrical
current. The responsivity i1s a measure of the effectiveness
of the light current to electrical current transduction process.
The responsivity will vary with the wavelength of incident
light and will also vary slightly with changes in applied
vollage and temperature. The reason for the responsivity
change from 100% quantum efficiency with wavelength is
that the light reflection and absorption coefficients of silicon
change with wavelength. The applied voltage affects the
collection process of the photogenerated electron-hole pairs
within the silicon and thus varies the responsivity. Temperature
changes affect both optical constants of the silicon cell and
the collection process, thus varying the responsivity.

There are batch to batch variations in spectral responsivity.
Absolute responsivity at the peak of sensitivity can vary
between 3 A/W and .5 A/W. Relative variations in spectral
response from one wavelength to another in different
detectors can be as great as 15%. The relative and absolute
varialions however can be reduced to less than 2% on a
selecled basis when necessary in your application.
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SPECTRAL RESPONSIVITY
NORMALIZED TYPICAL SILICON PHOTODIODE

RESPONSIVITY

WAVELENGTH (NANOMETERS)

NOISE, NEP AND DETECTIVITY (D*)

There are twa basic sources of naise: shot current noise in
the photodiode itsell and thermal noise in the load resistor
The shot noise of a photodiode is related 1o the dark
current

= V20LAT (9
where q = elettron charge

I, = dark current
Al = noise bandwidth

The thermal (Johnson) noise 7s:
4TAl
Iy = il L 10
R, ()

Total noise current through the load resistance R is the sum
(in quadrature) of shot noise and thermal noise

I, = V2ql.Af + (AKTAIR,) (1]

Noise equivalent power is the amount of light. falling on-a
photodiode which produces a signal equal 1o the total noise
current generated by the photediode itself,

ln
NEP = a. (12)
2T
When R, >> 5 ly, >>4,, and NER becomes:
vzal,
NEP = e (13)

The detectivity (D") is a measure of delecting ability of the
photodiode.
D* = Yarea x bandwidth _ VA x Al (14)
NEP NEP

SRR cm VAz
z (EEIG walt

(15

FIGURE 4

ﬁ:rg.:y
=7 # .

D" (850, 900, 5) = 56 x 10%cm - VAZ implies 16)
watt

thal D* is the detectivity for 850nm light chopped at
800 c/sec in a npise banowidth of 5 Hz.

RESPONSE TIME AND CAPACITANCE

If a photodiode is instantaneously illuminated. it takes a
cenan time for the photogenerated current to flow in the
external circuit. This is called the risa time (T) to a light
pulse If the hght beam is instantaneously turned off, it takes
a certain ime for the photogenerated current to stop
flowing. This is called decay time (T) to a light pulse. There
are three basic causes for the response time:

1) Transit time of photogenerated carriers within the
silicon crystal

2) Equivalent circuit RC type rise and decay time.

3) Trapping of photogenerated. carriers within the
silicon crystal

The transit timeis the sum of the times it takes the
photogenerated minority carrier (o move to the junction and
the photogenerated majority carrier to move to the ohmic
contact. The fact that PIN photodiodes collect photogenerated
carriers in a strong electric figld makes the transit time very
short. A transit time of 1 nanosecond/mil of travel can be
oblained in PIN pholodiodes. Thus a PIN photodiode 5 mils
thick could have a transil time of 5 nanoseconds if the
applied exlernal vollage were enough to deplete the
deteclor fully. If the RC tme constant and trapping time
were less than 5 nanoseconds, then the observed rise and
decay time would be 5 nanoseconds. The trapping etfect of
photogenerated carriers by deep lying energy centers in
silicon can cause long nse and decay times Proper
selection of the starling material and a final device checkout
eliminate this problem
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The equivalent circuit for a PIN photodiode was shown in
Figure 2. There is a capacitance associated with the PIN
junction, and i takes time for this capacilor to charge and
discharge through the load resistor as the light is turned on
and off. There is a 10-90% response time whose value is-

T = 2.2 R, C, (junction capacitance)

This s the time it takes for the delivered current to change
from 10 to 90% of the steady state value after the light is
turned on or off. It the diode capacitance was 100pf and the
load resistance was 1 kohm, the equivalent circuit limiting
response times would each be 220ns. Although the transit
time within the cell would be much faster, this response time
would be the observed time.

There is thus a trade -off to be made in the selection of load
resistance for both fast response time and high sensitivity,
Fast response requires low load resistances while high
sensilivity requires high Ioad resistances. A compromise
must be made for each application.

The capacitance of the junction is very important in
determining RC response time. Figure 5 is a plot of PIN-50
capacitance versus reverse bias voltage. This function
foliows basically the same charactenstic as depletion depth,
delating the junction capacity to bias voltage and silicon
resistivity by the expression C = K/VA V. where K is a constant
determined by the geomelry and area of the junction. On
any given PIN device there is a step funclion decrease in
junction capacity of 300% to 500% going from photovoltaic
operation 1o a back biased operation of 5 volts. Further
increases in bias voltage decreases capacity as the square
ol the increase in voltage

o -r

2o 4+

no 4

LINEARITY OF OUTPUTS

The PIN photodiode behaves like a constant current generator,
The amount of current is proportional to the incident light
Any variation in responsivity with light intensity represents a
variation in linearity. Figure 6 shows the linearity of a group
ol PIN photodevices. Maximum deviation from a straight line
over the range of intensity from the limit of detectivity of 10
walts/cm? to 10 watts/cm? is 5%. Typical dewviation is 2%,
At input light intensities greater than 10 mw/em?, major
deviations in linearity will begin to occur. At the higher light
levels it is important to back bias the photocell for best
linearity. Bias voltages greater than 50 volts should be used
with lightintensities greater than 10 mw/cm?

UNIFORMITY

When a small light spot is moved over the surface of a
pholodiode, deviation may be observed in the signal
current. Uniformity is the term associated with this deviation.
The magnitude of the variation in photocurrent is an inverse
function of the beam diameter. With a .050 inch diameter
light spot, the mean deviation in DC output over the surface
of the active area is typically + 2% for photodiodes manu-
factured by UDT. With & 1 mil diameter light spot, a mean
deviation of 8% may be observed.
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L. TEMPERATURE CHARACTERISTICS

The two parameters of a silicon photodiode that can vary
significantly with temperature are the responsivity and the
dark leakage current. The dark current typically. doubles
evary 10°C,

VI. OPTICAL FILTER DESIGN

UOT offers & complete service for matching filters and ant-
reflection coatings to your detector, UDT or customer
supplied filters can be sealed in the detector cap in place: of
the hard glass window. Available filter types from UDT
include:

» Narrow band inlerfarence tilters trom 20004 1o 106 microns
* Blocking fiters with |.R., Visible, or U\, pass characieristics

* Photopic filter for comection of 1he siicon cirve 1o the
standard observer CIE curve

* Colored glass filters for color evaluaton

UDT's calibration service includes the calibrating ot any of
the aforementionad detector-liller combinations,

BASIC CIRCUIT EXAMPLES

The external circuit 1o which a silisen phelodiode is
connecled usually contains a current-to-wollage converting
element such as a resistor (passive) ora lransresistance-
type operational amplifier (active). In addilion; the photodiode
may be operaled in the photovoltaic (PV) unbiased mode, or
in the photoconductive (PC) mode in which a reverse bias is
applied. The PV mode provides optimum signal-to-noise
ratio for bandwidths up to aboutl 350 kHz. In order to oblain
wider bandwidths up 10 a few lens of MHz, the PC mode
must be employed with a sacrilice in signal-to-noise ratio.

PHOTOVOLTAIC (PV) OPERATION

The connecting circuit for PV operation usually employs an
op-amp as shown below along with the corresponding |-V
characteristics and load line. Note that the load line is very
nearly vertical so that it intersects the photodiode characteristic
curves where they are uniformly spaced

**\W/"
9|

CIRCUIT MUST RE WELL SHIELDED FOR LOW NOISE MEASUREMENTS.
CURRENT AMPLIFICATION WITH OP-AMP, PHOTOVOLTAIC MODE

|

NOTE. A 1S THE OPEN
LOGS GAIN OF THE DP.AMP

Py

LOAD LINE*
WITH SLOPE =

&b

This provides good response linearity (that is, photocurrent
follows incident light power in a linear tashion without
saluralion). PV operation ol a silicon photodiode into a
lransresisiance op-amp, as shown above, offers response
linearity within 1% over up to nine decades of irradiance

PV operation provides high signal-to-noise ratio for
bandwidths up to about 350 kHz. This corresponds to a
nseime on the order of 1 usec.
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. PHOTOCONDUCTIVE (PC) OPERATION

ihe connecting circuit for PC operalion into an op-amp is
shown below along with the corresponding |-V characteristic
ind load line. Note that the application of a reverse bias 1o
‘he photodiode, moves the load line into the third Quadrant
~here response linearity is even better than for PV
Jperation.

>C operalion offers bandwidths to hundreds of MHz, providing
n accompanying increase in signal-to-noise ratio. This cor-
‘esponds to risetime (10% to 90%) down to about 0.5 nsec.

A
e {|Z ™
METAL-FLM AA
RESISTOA VA
15
/ 001, F
PIN FHOTODIODE . hee ) Y
+
L1 _1: [
001,F 5 =
- -1y
10K
Vaus

A

o ~
] A=

P ON N SILICON PHOTODIODES

An alternate arrangement is PC operation into a load resistor
(R) as shown below.

2

BASIC CIRCUIT, PHOTOCONDUCTIVE MODE

A

= Vs
\A/ -

v
"

The simplicity of this connection is offset by its less desirable
load line.

RECOMMENDED OPERATIONAL AMPLIFIERS:
LOW NOISE:

ANALOG DEVICES AD 549

BURR-BROWN OPA 111, OPA 121, OPA 128, OPA 627

WIDE BANDWIDTH:
COMLINEAR CLC 401
HARRIS HA 2850, HFA 0002, HA 5160

LOW NOISE/WIDE BANDWIDTH:
BURR-BROWN OPA 671, OPA 621, OPA 627

' HARRIS HA 5160
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Abstract

We present the construction of a high voltage
clectric arc puller for the controllable fabrication of bent
near-filed optical fiber probes. Various probes with bent
angles ranging from30° to 75° and bent lenpths between
600 to 900 pum are successfully produced. The achieved
tip diameters are between 100 to 200 nm. These bent
type probes ean be made into cantilevered probes usable
for any dynamic mode atomic force microscope, and
makes the construction of a scanning near-field optical
microscope attainable with much less effort.

1. Introduction

The scanning near-field optical microscope (SNOM)
has recently emerged as a powerful tool for performing
optical measurements. beyond the diffraction limit[1]
The operation relies on scanning an optical aperture,
which can be used fo transmit or/and receive the optical
signal. above the sample in a distance range between' |
to 20 nm. The achieved resolution is usually between 10
to 100 nm, and various applications have already been
demonstrated.[2,3]

Most of ‘the reported SNOM  systems make use of
straight tapered fiber probes. The distance regulation is
then accomplished by optical[4,5] or non-optical(6,7]
detection of the shear force. On the other hand, several
groups have adopted bent tapered fiber probes for their
SNOMs.[8-13] Since the geometric structure of the bent
type probes is similar to that of the probes used in an
atomic force microscope (AFM), the distance control
can be casily realized through the normal force
detection. Therefore any dynamic mode AFM can be
modified into a SNOM with much less effort, Also the
bent fiber probes allow ecasy operation-in liquids, which
is especially important for biological research.[10]

The bent fiber probes have been so far fabricated by
€O, laser[8-11] or electric arc heating.[12,13] However
no detailed description of the fabrication process by
either method is given in the literature. The arc heating
has a major advantage over the CO, laser heating since
the latter is invisible. Also an arc instrument can be built
with substantially lower cost. In this paper, we prescit
the construction of an electric arc puller for the
controllable fabrication of near-field optical fiber probes

with different bent angles and lengths. The mechanical
design, electronic circuit, arcing-pulling parameters, and
AFM measurements will be described.

2. Design

The. schematic diagram of the puller is shown in
Fig.l, which consists of an arcing-pulling subsystem, a
high voltage power supply, a stepping motor controller,
and a computer control. The arcing is produced by
applying high veoltage to two sharpened tungsten
elecirodes (red label, Teledyne). The diameter is 1.6
mm, and the cone angle is around 15°.  The relative
pusition - between the electrodes and the fiber is
adjustable through a 3-axis mount (translation stages T1
10 T3). The separation between the electrodes is around
2 mm, which can be adjusted by the translation stage T4,
The arcing duration is regulated by TTL pulses from the
stepping motor controller to the high voltage power

supply
RS-232 | Stepping Motor Stepping Mol
Conlroller Power Supply
Computer High Voltage
hower Suppiy]
b
Optical Fiber
5
u
ey
3-Axis Mechanical/

Adjustment Stage T4

\ Electrodes

Fig.1 Schematic diagram of the electric
arc puller

\ Stepping
Motor
T ! Translation Stage

The left hand side of the optical fiber is placed in a
brass base with a shallow groove in the center. The'
other side is fastened to the contact region of two brass
wheels, which have a diameter of 5 cm and a thickness
of 8 mm. The upper wheel has a 6 mm wide groove in
the outer edge, which accommodates a 4 mm thick O-
ring to produce the friction drive. The lower wheel, on
the other hand, has a shallow groove to hold the fiber.
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The lower wheel is also attached to a stepping motor
(103H548, Sanyo Denki, Japan) controlled by a stepping
motor controller (OEM350X, Parker) and accompanied
software named x-ware through the RS-232 interface.
The translation stages T5 and T6 control the lock or
release of the fiber. The photograph of the arcing-
pulling subsystem is displayed in Fig.2 The whole unit
is also put in an acrylic container to reduce
environmental effects to the arcing. The circuit diagram
for the high voltage power supply is depicted in  Fig.3.
A NE555 timer IC is used to generate symmetric 20 kHz
square waves with the peak value equal to 15 V at point
AL

The power transistor Q1 works as a high current
switch controlled by the 20 kHz signal. Consequently
the input signal at the transformer is also square waves
with a peak value of approximately 23.5 V if the
voltage drops across QI, Q2 and the diode are taken
into account. Since the transformation ratio is 65, the
peak output voltage is roughly 1.5 kV.

Fig.2 Photograph of the arcing-pulling
Subsystem

The maximum input current for the 24 V source s
1.2 A, therefore the output current can not be larger than
15 mA if an 80%  effi-ciency of the transformer is
assumed, A second power transistor Q2 also serves as an
switch, however, it is regulated by a comparator circuit
which forces the average magnitude of the voltage at
point B to be equal to that from the varjable resistor.

1. RS
20:1300 wars

Fig.3 circuit diagram for the high voltage power supply

The magnitude of the high voltage output can thus
be adjusted through the variable resistor. The resistors
and the capacitor at the output end of the transformer
function as an RC filter, and makes the high voltage
output DC like. Finally the high voltage output is
governed by the TTL pulses from the stepping motor
controller. As a result, the arcing duration can be
precisely regulated. The arcing current for the
experiment described below is approximately 10 mA,
which can be modified by changing the output resistors.

3. Experiment and Result

The fiber used. for. experiment was a 125 um
telecommunication single mode fiber (SMF1310, Prime
Optical Fiber Corporation, Taiwan). After a small piece
of coating was stripped off, the fiber was placed and
tightened in the puller with the bare part located in the
center of the arcing region. To produce a bent fiber
probe, a straight probe was prepared first by single or
multiple arcing-pulling cycles and then subject to a
second arcing to. create the-desired bend. Each cycle
was characterized by 4 paramecters controlled through
the x-ware. The arc first started and lasted for a duration
7(sec). The motor then moved with an acceleration A4
{roumd/sec’) until a final velocity K(round/sec) was
reached, and stopped at a total travel distance of D
(step). Since the diameter of the wheel was 5 cm and
one round was set eéqual to 25000 steps, each round and
each step corresponded to linear distances of 15.7 cm
and 6.3 pm respectively.

in Fig.4(a), a straight fiber probe fabricated with one
cycle process is shown. The taper length is around
LU mm. The parameters used were T=4, 4 =5, V=5,
= 500. To reduce the taper length, the 4 and ¥ had to
be inereased.’ However the length could not be further
reduced below 800 pum, otherwise a blunt tip would
occur. . The change of parameters affected the taper
tength in_similar fashions as observed in laser heating
experiment.[14,15] Two heating-pulling cycles, on the
other hand, were found to create shorter taper lengths.
The probe shown in Fig.4(b) was fabricated by such
process, and the parameters for the first and the second
cycleswere T=1, A=5 V=01,D=50,and T=1, 4=
5,V =1yD = 200 respectively.

The first 50-step pulling, which was roughly a 315 pt
m travel distance, did not break the fiber, but reduced
the diameter of the fiber at the arcing region to be near
30 pm.

The second cycle broke the fiber and created
astraight probe with the taper length around 700 pm.
The successfully fabricated probes by one or two cycle
process usually had tip diameters between 100 to 200
nm from scanning electron microscopy measurements,
which are useable for the SNOM. However the success
rate of producing such fine tips achieved so far is only
20%.

28
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300 um

Fig.4 Photographs of straight fiber 'probes with taper
lengths of (a) 1.1 mm and (b) 700 pm, and bem fiber
probes with bent.angles and lengths of (€) 27°,.650 pm,
(d) 48°, 870 pumy (e) 60°, 900 pun. and (f) 75°,620 jun.
Note that theprobes in(e) and (f) are coated watha thin
Au film.

After a wstraight fiber. probe was | prepared, he
clectrodes were moved hetizontally. off the tip 1o the
desired ‘bending point.  Also-the fiber was translated
closer to the positive electrode since the radius af arcing
in the positive side was smallest compared to that in the
middle or the negative side. The bent length, which was
measured from the bending point to the tip, had to be
larger than 500 pm. Otherwise the tip would be affected
or damaged by the second arcing. The bent angle could
be produced reliably by appropriate choice of the arcing
duration. In Fig.4(c) to Fig.4(e), straight fiber prabes
prepared by the two cycle process were used to fabricate
bent probes. The arcing duration, bent angle, and bent
length for the three bent probes are (Fig.4(c)) 10 see,
27°, 650 um, (Fig.4(d)) 15 scc, 48°, 870 pm,  (Fig 4
(e)) 25 sec, 60°, 900 pm respectively. Increased arcing
tme did create larger bent angle, however, the bending
point was damaged and the probe was ruined. With the
use of straight probes with smaller diameters prepared
by the one cycle process, higher bent angles could be
generated. In Fig.4(f), the probe has a bent angle of 75°
and a bent length of 620 jun. Because the diameter at

the bending point was much smaller than that of

previous probes, 2-sec arcing was sufficient to produce

the bend. Note that the probes in Fig.4(c) and Fig.4(f)
were coated with a thin Au film.

After a bent fiber probe was fabricated, it was coated
with a 20 nm Au film to increase the reflectivity for
normal force detection. The probe was then glued to an
Al plate measured 3.5 x 1.5 x 0.5 mm, which had a V.
groove in the center for alignment. As a consequence
the cantilevered probe could be easily fit into an AFM
tip holder.

The photograph of a cantilevered probe made from
the bent probe shown in Fig.4(f) is displayed in Fig.5(a),
where the cantilever length measured from the bending
point to the edge of the Al plate is around 800 ym. The
vibration amplitude as a function of frequency is also
plotted Fig.5(b), which was measured on a Multimode
Nanoscope HI AFM made by Digital Instruments. The
resonance peak at 99.8 kHz has an approximate quality
factor of 100, and was chosen for the tapping mode
AFM measurement. In Fig. 6, 5 x 5 pm images of
topography and phase of 500 nm polystyrene spheres
on a glass slide are presented. The resolution in
topography is better than 100 nm, which is comparable
to the reported resolulion in‘the SNOM rescarch

B85 kHz 105kHz 125 kHz
(b)

Fig.5 (a) Photograph of a cantilevered fiber probe made
with_the bent probe shown in Fig. 4(f), and (b) its
vibration amplitude (the curve with larger variation)
versus frequency plot. The cantilever length i1s around
800 pm. The second curve in the [requency response is
the phase plot.

4. Conclusion
In conclusion, a homemade electric arc  puller

capable of producing near-field optical fiber probes with
controllable bent angles and lengths has been presented.
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Fig.6 5 x 5 pm tapping mode AFM images of
topography (left) and phase (right) of 500 nm
polystyrene spheres on a glass slide obtained with the
probe shown in Fig. 5.

These bent probes can be easily made into cantilevered
type probes, which greatly reduce the construction labor
of modifying a dynamic AFM into a SNOM. The
tapping mode AFM measurement shows the usefulness
of the probes. Although the success rate achieved at
present time is only 20%, the puller is low-cost and easy
to be comstructed. Also the spring constants for the
cantilevered probes can be tuned by changing the
cantilever length, which is especially useful for the study
of mechanical properties of thin films at the nanomeler
scale.
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