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We present a novel scanning proximal probe microscope dasiging a piezo-electric driven
coarse positioning mechanism in x, y, and z, while maintairgtagively small lateratimensions.
The instrument is suitabl®r insertioninto a dewar. The primarypurpose of this work is to
develop a stable yet versatile instrumenbrder tomeet thesignal averaging limitations imposed
by low signal level measurements. We have implemented a near field sogpticab microscope
(NSOM) with thissystem, whosdey features include simultaneous detection of reflected and
transmittedsignals, unique 'center of masstip oscillator for shearforce feedback, andverall
microscope stability.

l. Introduction

The family of scannegrobe microscopes (SPM) [1] includése scanning tunneling
microscope (STM)[2], the atomicforce microscope (AFM)3], the scanning Hall probe
microscope (SHPM) [4, 5], the near-field scanning optical microscope (NSOMI), [ndrelated
techniques. These instrumert® allvery similar toeachother, differing mainly in theprobe
which isplaced in close proximity to treample. In this paper, we discuse instrument and
neglect many of the details abouhich physical quantitieare detected by thprobe. We will,
however, mention some ofthe instrumentationssuesrelevant to AFM and NSOM signal
collection. Some specific commonalities tbhe microscopes mentioned above include: 1) the
ability to scan a probeelative to a sampleith sub-nanometer precision whilesing afeedback
scheme to fix the probe-samplestance, 2¥he ability totransferthat probe from sample loading
distances (~0.1-few mm) to the proximity of the sample surface (~0.1-several nm), atej&ea
of thermaland vibrational stability.All benefit from additionatapabilitiessuch as coarshkateral
positioning on a mm or larger scale with micron or finesolution, and fronthe versatility to
operate over a range of temperatures or in a variegneifonments, such as in solution or in
vacuum in addition to ambient. These additiategign constraintaffect thebestchoice of the
mechanicaldesign due to size and couplifigainly of the coarse motion mechanisms) to the
externalworld. The differences in thenstruments, besidethe probes, relate to the different
resolutions obtainable and the sample information desired. Both affextathesize which isised
and the required instrument stability. Another factor which depapaoisthe particular sample or
measurement rather than thebe isthe averagindgime. Itcan bevery long with imagingtime
exceeding 10 hours f&MSOM imaging of Raman scattered ligf or SHPMimaging ofwealk,
anisotropic vortices in superconductf®$. Alternatively, imagingtime canand must proceed at
close to video rates for studies of high temperature surfaces with an STM [10].

In this paper, wewill highlight some ofthe novel features of a microscopdich can
perform most of theseasksquite well. Our approach is talesign forthe most demanding
application, leaving flexibilitywhen possible. In particular, we focus stability for signal
averaging, lateral size for insertion into a dewasrgll space,andoptical access for aariety of
purposes. An overview of the instrument is presented first. Then we will explore several features
of our design whiclare unique and contribute to the versatility and/or stabilityuofinstrument
beginning with genergbrobe applicability, moving t&FM/NSOM applicabilityand ending with
NSOM specific information. Data will be presented which demonsteaigls of themicroscope's
assets.

Il. Microscope Overview

We begin by giving an overview of the operation of the instrument highlighting the features
which contribute to its stability. There are several concepts that must be considered in order for the
microscope to be both stable and flexible. Those which contribute primarily to stability include the
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following: (1) thermal fluctuations, (2) rigidity, and (3)
mechanicaloop (4) physicalsize and(5) samplemounting.

A schematic of the microscope seiown infigure 1 and a
photograph in figure 2.The design iscompactwith overall
dimensions of 1 3/4" x 1 3/4" A". The microscope is
machined primarily out oftitanium (which has athermal
expansion which is close that of the PZT-4 piezoelectric
ceramicover a wide temperaturenge). Thermal drift is
reduced byusing copper idimited quantities to compensate
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for the thermalexpansion ofthe titaniumand piezoelectric

materials, primarily in the z-direction. Since it has alioite Crz Soarse
the expansiorcoefficient of these other materialser a wide Comneto
temperature range, the copper may be usedrtgpensate forfiper Assembly
empty space in the mechanitabp. The entire instrument is [~ Compressed
placed in a thermally insulated copper chambédiniid thermal Spring
fluctuations. In this situation, we fourtde lateraldrift to be /Ref':C‘ed IS'Q“a'
200 nm over the duration of a 10 hour scan 6r3-nm/min8 ‘\Q Laser
In the lateraldimension,the small size and th¢hermal laser fiber e
isolation are the primary factors in the thermaft. The drift -

in the z directiorwas 30 nm irten hours or ~ 0.051m/min. H
The microscope caalso beplaced into adewar for low B virror I Piezoclestric

temperature experiments. The coarse positioning ofighe ] Sapphire .
the sample is accomplishedth an all electronic inertialslip L] Titanium
stick motion (described idetail below), eliminating the need_. Efd Detects [\ Copper
for stepper motors or other mechanical devices. Figure 1. Schematic of the

A specific feature of the instrument usied NSOM or Microscope highlighting some  of
lateral force microscopy includes the use of conventional siig&evel features.
force feedback[1112] to maintain the tip to sampldistance. Shear force feedback involves
monitoring the amplitude of the fib@robe as it ioscillated ait's resonance frequency in along
the samplesurface. The designimplemented here isnusual inthat the feedbacknd scanning
components are all on the same side of the sample. The sample remains fixedwektgmoarse
lateralpositioning. This isaccomplished with a novel center-of-mass probe oscillator described
below which takes advantage of tiaet that the tip is at thend of thescan piezo. Scanning the
probe is convenient when large samples are to be studit, ascroscope can be placed directly
on thesample. Thiggeometry can be&ised withrecent non-opticaprobe amplitude detection
schemes [13-15], but we have implemented the optical lever arm method. This feedback method is
typically implemented byocusing a laser ontthe oscillating fibeprobe and then bouncing this
signal off ofthe sample and@nto a photodiode.The diffraction patterrfrom the probe moves
across the photodiode generating the feedback signadflektive samplgroduces darge signal,
but a transparent sample will still have some Fresaflgctivity and may beised as well. In our
design,the shear force feedback signal is generatedltapinating the tipwith a fiber and lens-
mirror assembly anthe signal idetectedwith a photo-diodeall of which are rigidly attached to
the microscopésee figure 1) resulting in@mall mechanicdbop and reducing susceptibility to
vibrations. Inaddition this allowdor easyplacement into a vacuum dewar -- requiring only
fiber coupling.

With flexibility in mind, thismicroscope is designed to be easily converted to operate in
several different configurations and in different environments. The transition betw8&Maand
an NSOM is simple, merely requiring a change in probe. With the removal of an eXiauera
shorter tube scanner can be used which will have a smaller expansion pedydhereforemore
sensitive measurements canrbade. Tochange into a conventionAFM would require more
substantial modificationshowever, sheaforce measurements can be easilytained. The
microscope is capable of simultaneous detection of transmitted and reflectdobiigkhte sample
and, thereforegan accommodateoth transparent and opaque sampledNf6OM operation. In
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addition, the choice of materials armssemblymake the
instrument cryogenically compatible. Sample mounting is
simple and can be accomplished in vacuum with a wobble
stick.

The resulting monolithic instrument ssnall, stable
and easily moved into differergnvironments. In the
remainder of the paper we wiiscussthe implementation
of the all-electroniccoarse positioningystem,the center
of mass probe oscillator, arfuhally the ability to collect
light along both axial directions simultaneously.

[1l. Coarse Positioning

In this microscope desigthe probe is scanned

rather than the sample. The scaressembly is a plug-in
module whichcan be removed tdacilitate the ease of
changingprobes. Arall electroniccoarse motion system
is employed to positiothe probe axially and the sample
laterally. The positioning can be operagghinst, with ,
or normal to gravitationaforces. We use ainertial
slip/stick approach to accomplighotion. Shearpiezos
§1/8" x 3/16" x 1/16") providethe mechanism for
instrument from a view looking at thngt'gat'”g movement. Sapphire hemispheres epoxied to
left in figure 1. e shear piezos slide on sapphire plates z-motion
giving a low coefficient of friction as well as a haftht
surface to movecross. There are eight hemisphere/padntacts. Four othese are rigidly
mounted to the frame and restriateral motionalong and rotation about the x andayes. The
otherfour on a spring-mounteblock restrict theblock's motion and insurehe scanner/slider is
held againsall the hemispheres.The scanner is free to move in z, and the rotation about z is
minimized. For x and y motion, the sapphire hemispheres slidieeosamplgor sampleholder).
A compressed spring is used to (evenly) adjustfrictional force between treapphire balls and
plates for both the x-y motion and the z motion as seen in figures 1 and 2th&tdtessliders are
supported solely bthe hemispheres antat theyall move at once to produceotion. Figure 1
shows the sapphire hemispheres and shear piezos used for coarse positioning.

For the slip/stick type ofnotion, a spiked/oltagepulse to giezo inducessliding. It is
important that thevaveform has a sharghange in 4
acceleration irorder to inducemotion. In addition,
according toCh. Renneret. al. [16], there is one |— —
acceleration condition required to move in th
direction of gravity and another condition to mo Q
against gravity; a cycloid waveform i
recommended. In our instrumenkhe cusp wave l_

Fig.]'ure 2. A photograph of thé

form shown infigure 3 isused. This signal is
generated by putting a ramp functidhrough a
nonlinear amplifierconsisting of an op-amp, twéigure 3. A S|mplex:|rCU|t to generate the
diodes,and a variableesistor alsshown infigure sharp waveforms necessary for producing
3. This has the advantages of being very simple slipdstick motion is shown. A ramp
inexpensive as well as effective. This sigpakseswaveform from a function generator
through a highvoltage amplifier so that the piezdsiggered by a computgpasses through a
experience +/-150 volts for each step. Reversingrtbelinear amplifier circuit(consisting of
polarity of the signal changes the direction twfo diodes, anop-amp and a variable
motion. The frequencyused for the steps isresistor) and ishenpassed through a high
approximately 2kHz. The number ofsteps isvoltage amplifier(not shown) before being
controlled by sending pulses froifme computer intoapplied to thepiezo's togenerate the slip
the trigger input on a functiomenerator. Thestick coarse motion.
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distance the timssemblycan travel isonly limited
by the size of theapphire plates whicare1/4" in
Step Size Frequency diameter.
01 ‘ ‘ ‘ ‘ ] There is a step size dependence on the
frictional force imposed by thepring. Thus, the
springforce is critical. If thespring force is too
low or toohigh, nomotion can beachieved. A
low spring force results in longer stepslowever,
for a givenspring force the step size is nominally
constant as can be seen in figure 4. The step size is
determined by taking single steps while in feedback
and monitoring the corresponding change in
] feedback voltage to thepiezo. Recording this z
1 21 31 42 52 voltage changdor several hundred singleteps
Step Size (nm) during several different sampdgpproaches, results
Figure 4. A histogram othe frequency ofin the histogranshown infigure 4. Using this
the step size for several hundred steps. method, we havebtained typicaktep sizes of 2-3
nm.

Number of Steps

V. Center-of-Mass Oscillator

The mechanism wese forgenerating the oscillating motion of the tipr shearforce
feedback is based on center of mass (CM) principles. Plate §ig¢165 x 1/8" x 1/8")are glued
to both sides of the end of the tube scanner assembly (described below) eswigaing silver
epoxy. Voltages are applied #wtone piezo contracts while the otlexpands. This causes an
oscillatory change in the piezo mass distribution, see figure 5.

The lateral resonant frequency of the piezo scanning tube and extender iEwerdihan
the typicall0's ofkHz required tadrive theprobe at resonanceThus, at these frequencigshe
end of the extender tube, probe, lens, and plate pazdi&e afreely floating body--theenter of
mass mustemainfixed. Since theplate piezomass distributiorchangesthe probe etc.. must
move in order to compensate just as your head moves as you move your arms in the same direction
in and out from your body. The amplitude of the fiber motnfiper, depends oithe amplitude

of the plate piezo motiod\L pjezo as well as on the mass of the lens, the maseqgblatepiezos,
the mass of the fiber holder and fiber and the mass of the displaced titanium leading to the equation

Mplatepiezo
Al fiber = ALplezo otal mass (1)

The tip of the fiber will oscillate at an amplitude) x (ALfiper) at resonance. This corresponds to

a tip displacement of 3 nior afiber with a Q =100 for lateral vibration and a 1 V oscillation
voltage for our partlcular instrument. ThIS method of produthiegtip oscnlatlon |s compact and
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tip tlp/ tlp/
ill o il 'II/
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. scanmn - scanmn : scanmn
piezo tube ° piezo tube ’ piezo tube °

Figure 5. The center omass approach @enerating a lateral oscillation of tipeobe isshown
schematically at a few points of the motion. As the oscillator piezos change their mass distribution,
the probe and othemass atthe end of thescan tube must move to compensate since the
combination freely moves in the lateral dimension at the driven frequency.
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effective. It takes advantage of componethizst

are already present in conjunctiasith only minor

additions. The methodhas twoadvantages over
the use of a singleplate piezo. First,the plate

piezo'sare mounted on the outer edge of the tubeso 10*+
assembly so that they do not block any oflijlet _. , 1 ¢
for operation in a reflection mode. Secotie use 3
of a tip glued to a single piezo at the end of 3010+ T
scanner piezo would still result incanter ofmass 2 20104 - 1
type motion, but it would complicate the
knowledge ofthe absolute tipnotion. In figure 6 ;
we show atip resonance generated by our o010-#
oscillator. The topographical image ifigure 7a
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V. Reflection/Transmission NSOM Figure 6. A resonance peak from a fiber

When operating arNSOM, there are aoptic probe tip ishown wherghe resonance
number of occasions wherenitay be desirable tdrequency is 68.4 kHz and the Q is 380. The
study either the reflected or the transmitted ligldsonance is driven by the center rofss
from a sample ofnterest. Rather than build twooscillator described above, and the tip
separatemicroscopes, wehave one microscop@scillation detected by an optical lever arm
which will perform either function or bothmethod.
simultaneously. The NSOM tapered aluminum-coated fiber ogiitobe is scanned across the
sampleusing atube scanner (1/4" diameter, Idng, 0.02"wall thickness) with a 1titanium
extender to increase tlsean range to 2m. The increase irscan range byhe addition of an
extender is analogous to bendiygur wristwhile you hold aruler in your hand verses bending
your arm. Thisgeometry seems to reduce distortion compardtiease of adarger piezotube,
since thdateral motionproduced bendintghe piezo along its length contains more distortion than
that produced by using the angle at the end of a shorter active element. Into the eriiaafuiime
extender, a glass aspheric I[g@8orning] with anumerical aperture d.55 is epoxied. Aole is
diamond-drilled into the center of thens into which ashort section of hypodermic tubing is
epoxied. The fiber is super-glued into the tube with its tiheafocal point of théens in order to
collect the reflected light from the sample. This geometry has advantages over light collection from
the side for severalreasons. When collecting the lighfrom the side it is possible fosample
features to block some dtie lightfrom reachinghelens. This shadowingcan be a significant
problem if the sample has coarse features. This geometry also allomsréofreedom in sample
mounting and manipulation. The transmitted light is collected with a similar asphere positioned so
that the sample surface is at the focal point. In this way both the reflected and transmitted light can
be collected simultaneously. Either can easily be directed into a detector or a spectrometer.

In figure 7 we show three 3 um x 3 um images obtained simultaneously. The sample is Rb
doped KTP. The Rb doped regions are elevated 12 nm #kd P surfacedue to the induced
stress. This can beobserved irthe lateralforce topographymageshown infigure 7a where the
upper right hand corner is a Rb doped region. The Rb ch#mgesfractive index of theaterial
so that the RTP region has an index 0.027 higher thakTRe This results inoptical contrast in
addition to the topographical contrast as cansbken in figure 7b andc. Figure 7b is the
transmission image and figure 7c is the reflection image.

VI. Conclusions

In conclusion we have developed a novel scanning probe microscope which is very stable and
capable of operating in a variety efivironments. The most notable features of this instrument
include an all electronic coarse positioning sységplicable to angcanned probe microscope, a

CM oscillator to drive a probe a¢sonancethe ability to simultaneouslgollect both transmitted

and reflected optical signals for NSOM, and overall stability.
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a) b) 0
Figure 7. Three simultaneously obtained 3 pm x3 um images of a Rb doped KTP sample.
a) shows the sample topography, b) is a transmission image and c) is a reflection image.
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