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ABSTRACT

Near-field scanning acoustic microscopy (NSAM) is a recent addition to the

developing field of scanning probe microscopy. Its historical roots are scanning acoustic

microscopy (SAM) first demonstrated in 1973 and scanning tunneling microscopy

(STM), introduced in 1981. The NSAM uses acoustic waves to probe the sample but

unlike the SAM that operates in the far-field regime, the resolution of the NSAM is not

bound by the diffraction-limited spot created by an acoustic lens. Instead of an acoustic

lens, the NSAM uses a sharp probe like those used in STM to contain the acoustic waves

and deliver them to a spot of sub-wavelength dimension on the sample. While

similarities in ins*fumentation exist between the NSAM and the STM, the contrast

mechanism for the NSAM is based on variations in the acoustic properties of the sample

in addition to surface topography.

The NSAM presented in this dissertation utilizes key components which are

microfabricated using manufacturing processes similar to those used in integrated circuit

fabrication. The microfabricated probes are comprised of silicon cones, with height on

the order of 100 pm, integrated with ultrasonic transducers which operate in the GHz

frequency range. Operation of the instrument has been demonstrated in contacting as

well as non-contacting modes. The latter mode relies on electrostrictive forces to couple

the sound from tip to sample. In the contacting mode, the vertical and lateral resolutions

of the instrument are 30 A and 1000 A respectively.

In addition to the topic of NSAM, some microfabrication technologies for STM

and atomic force microscopy (AFM) are also described in this dissertation.
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Chapter 1: Introduction to Scanning Probe
Microscopy and Microfabrication

1.1 Introduction to Near-Field Scanning Probe Microscopy

When one thinks of microscopes, one often thinks of the standard optical

microscopes that are common in high school biology laboratories. Those instruments

map the entire image simultaneously and use lenses to focus light down to a diffiation-

limited spot In the most common forms of optical microscopes, the lens also receives

the light reflected from the spot and forms a magnified image of the sample. The

resolution in this case is limited by the size of the spot that can be created (Figure 1.1 (a)).

The diffrction-limited spot size is the product of the f-number of the lens and the

wavelength of the radiation used, where the f-number is ratio of the focal length of the

lens to its diameter, f-numbers can only be reduced to approximately 0.5 so in order to

make substantial gains in resolution, the wavelength of the radiation must be made as

short as pissible. The other characteristic of most optical microscopes is that every point

in the focal plane is simultaneously mapped to a point on the image plane of the

microscope so that the entire image is produced at once-

Two types of optical microscopes that do not map the entire image simultaneously

are the confocal scanning optical microscope (CSOM) [1] and the near-field scanning

optical microscope (NSOM) [2, 3]. These instruments create images point by point by

scanning a diffraction-limited spot over a sample surface.
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Figure 1.1 a) The resolution of far-field micrscopes is determined by the

size of a diffraction-limited spot produced by a lens. b) In near-field

scanning probe microscopy a sharp probe confines the area of interaction

between the tip and sample to a sub-wavelength sized spot. The resolution

in this case is limited by the sharpness of the tip and the distance between

the tip and sample.

In contrast to traditional far-field microscopes, the recently developed near-field

scanning probe microscopes are not limited by diffraction and they compose the image

point by point. In near-field scannng probe microscopes such as the scanning tunneling

microscope (STM) [4], atomic force microscope (AF.) [5, 6], NSOM [2, 3] and near-

field scanning acoustic microscope (NSAM) [7, 8,9,10,11, 12] a sharp probe is used to

confine the interaction between the probe and the sample. The latm-al resolution of the

microscopes is typically limited by the sharpness of the tip and the spacing between the

tip and the sample (Figure 1.1 (b)) and since the probes can be made significantly sharper

than the characteristic wavelength of the interaction mechanism being used, resolution

significantly greater than )V2 can be achieved.

2



Chapter I Introduction to Scanning Probe Microscopy and Microfabrication

The image is composed point by point by scanning the tip in a raster fashion over

the sample while controlling the height of the tip by means of a feedback circuit that

monitors the strength of the interaction between the tip and the sample. In principle, the

resolution of these microscopes is constant at every point of the sample so the resulting

image is a true 3-dimensional mapping of the sample surface.

The best known example of a near-field scanning microscope is the STM. The

STM is an electron microscope like the more established scanning electron microscope

(SEM) but whereas the SEM uses lenses to focus an electron beam to a small spot on the

sample, the STM utilizes a sharp metal tip to conduct the electrons to a single atom at the

apex of the tip. When the tip is brought within a few angstroms of a conducting sample,

the electrons can quantum mechanicly tunel from the tip to the sample while never

exceeding the energy of the barrier represented by the vacuum gap between the tip and

sample [13]. When a small DC bias is placed across the tip and sample, the electron

transition probability becomes exponentially higher in one direction than in the other and

so a DC tunneling current flows. The tunneling current is also an exponential function of

gap spacing. If an atom at the apex of the tip is even one atomic radius closer to the

sample than its neighbors, the closest atom to the sample conducts almost all of the

tunneling current This confinement of the tunneling current to one atom is the source of

the STM's exquisite lateral resolution.

Although the STM has many unique features, its basic components are shared by

most scanning probe microscopes (Figure 1.2). In scanning probe microscopes, the

sample is mounted on a mechanical scanner. The scanners are typically tripods made

from segments of a piezoelecuic ceramic such as lead zirconium titanate (PZT). PZT is

chosen for its high sensitivity and relative stiffness. The tip is brought close to the

3



Chapter I Introduction to Scanimng Probe Microscopy and Microfabrication

sample while the interaction signal is monitored. In the case of STM, the interaction

signal is the tunneling current A feedback circuit controls the spacing between the tip

and sample by feeding an error signal to the z piezo of the scanner that controls the

separation between the tip and sample. The display is created by recording the incoming

interaction or feedback error signal at each x and y position and displaying the result on a

video monitor as a 2-dimnensonal array of gray scales.

While tripod scanners are still used in certain ultra-high resolution microscopes

such as UHV spectroscopy STMs, where the tripods' lower voltage sensitivity causes

smaller scan ranges and lower scanner noise, in many applications they have been

replaced by ptzoelectc tube scanners [14]. Tube scanners are hollow IZT tubes with

typical sidewall thickness on the order of 20 mils. The walls of the trbe are metallized to

form electrodes on both the interior and exterior. The interior metal film is continuous,

while the outer metal film is segmented into four sections to create four independently

addressable electrodes. To make the tube scan in x and y and maintain the spacing in z,

the inner electrode is biased with a DC voltage and the outer electrodes are fed a

combined voltage representing the scan and height information. The scan range for the

tripods is a few thousand angstroms while some long tube scanners can scan as far as 200

9uM

1.2 Applications of Microfabrication In Scanning Probe Microscopy

The STM can be built completely using traditionally machined parts. Its close

relative, the AFM however can not achieve its best resolution without the

microfabbication of certain critical components.

4
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In AFM, the forces between the atoms on the tip and atoms on the sample are

measured by monitoring the deflection of a force-sensing cantilever (Figure 1.3). The

deflection sensor can take various forms including tunneling sensors [5], optical

interferoe [15], optical beam deflection sensors [16] and integrated piezoresistive

detectors [17]. The forces used during imaging are typically on the order of 10-9 N [15].

The AFM can be operated in both the contact mode, in which repulsive forces deflect the

cantilever, and non-contact mode, in which the cantilever is vibrated near the sample

surface where forces between the cantileve and the sample affect the amplitude or

fiequency of the moving cantilever [15, 18].

The-Cogg M•. The instrument

to feedback circuit

foesnor displacement

x, y, z inputs

Figure 1.3 An AFM maps the topography of conducting or insulating

samples by measuring the interatomic forces between a tip and a sample

through the use of a force-sensing element shown schemaically as a

spring but actually embodied as a cantilever.

The first AFM [4] was equipped with a cantilever fabricated by cutting a thin gold

foil. While this AFM obtained some images and was able to resolve atomic steps, the

cantilever proved to be too crude to resolve the atomic comrgations of the sample. In

6



Chapter I Intvodon to Scanning Probe Microscopy and Microfabrication

order to improve the performance of the AFM the cantilever needed to be constructed in

such a way as to have both a low spring constant and a high resonance frequency. Since

the resonance frequency of the cantilever, OX, is given by

me = (1.1)

the mass, m, must be kept small if the resonance frequency, o0, is to be made high while

the force constant, k, is minimized. Even in 1986, the inventors of the first AFM

understood that these requirements suggest the use of microfabrication.

Microfabricated cantilevers for AFM were first introduced by Albrecht and Quate

in 1987 [6]. These cantilevers were made from silicon wafers and thin films using

microfabriation techniques usually found in the manufacture of integrated circuits.

Albrecht fabricated cantilevers with dimensions on the order of 100 x 20 x 1 pm, force

constants on the order of I N/m and resonance frequencies in the tens to hundreds of kHz

range. These cantilevers were used to obtain the first images of atomic corrugations with

the AFM. These early cantilevers were made from silicon dioxide and were very fragile.

They also did not have integral tips so naturally occurring asperities had to be relied upon

to act as tips when imaging. In the succeeding years, many improvements have been

made in the design and manufacture of AFM cantilevers including the use of silicon

nitride instead of silicon dioxide for increased cantilever robustness and the addition of

intgral, sharp tips to aid in the imaging of rough samples. Some of these improvements

are presented in this dissertation. Many other improvements have been presented by

other researchers in what has become a fertile common ground between microfabrication

and microscope research.

7
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1.3 Near-RFeld Scanning Acoustic Microscopy

The AFM creates images using DC force as the contrast mechanism. It is not a

large conceptual leap from the use of DC or low frequency forces in AFM to the use of

ultra-high frequency force modulations used in NSAM. An acoustic wave is simply a

time varying force wave which propagates in a medium. The first NSAMs were

demonstrated by Takata and coworAk at Hitachi Central Research Laboratory [7) and

Uozumi and coworker at Aoyama Gakulin University [8] both in Japan. In NSAM, an

acoustic wave is launched down a tip where it is subsequently coupled into a sample.

The interaction between the tip and sample can be measured either by monitoring the

transmitted acoustic power using a receiving ultrasonic transducer mounted beneath the

sample, or by monitoring the changes in acoustic resonance caused by loading of the tip.

The NSAM differs from the STM in that the NSAM can image insulators as well

as condutors. Unlike the AFM however, the NSAM may yield information about a

sample's material propets such as elasticity and acoustic impedance. By obtaining 2-

dimensional mappings of variations in these properties, the composition or mechanical

strctmu of samples may be detmined.

Since the NSAM's contrast mechanism is based on the relative efficiency of

acoustic coupling between the tip and sample, any force interaction that can generate

acoustic waves in the tip and sample can conceivably be exploited as an imaging

mechanism. One such example is the use of electric fields between the tip and sample to

generate acoustic waves. If an electric field is placed across a conductive tip and sample,

an attractive force is created much as in the case of a parallel plate capacitor. If the

elecmic field is varied at high frequencies, the attractive force also varies with time and an
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acoustic wave is launched into the tip and sample. Some of the acoustic power can be

collected by a transducer at the back of the tip and used for imaging.

The electrostrictive mode of acoustic wave generation allows the NSAM to be

used in non-contacting mode and perhaps more importantly to estimate the force between

the tip and sample for a given value of received acoustic power. Since the force caused

by an electric field can be known, and the acoustic power for a given electric field is

known, the force and acoustic power can be correlated to give the NSAM a meaningful

force calibration.

The first NSAMs, operated in the fequency range of 80 kHz to 5 MEIz, were very

simila in * __rmenm on to STMs, often using metal tips with bonded ultrasonic

transducers to create u saltive ptrobe& The NSAM described in this

dissertation uses miroabicated probes comprised of silicon tips and zinc oxide

piezoelectric trdcers. By utilizing m fabriction, it is possible to make tips with

raidii of cmutre of less than I000 A and tansducers with operating frequncie up to

several GH& The NSAM with micrfabrict NSAM has been demo in both

the tmnsmission and e modes of operation. While its curet demonstrat

resolution does not exceed that of the non-microfabricated insatrents, there are several

improvemens possible which may yield icreased resolution for the microfabticated

instrument. In addition, since the kmy components of our NSAM are icroa it

may be possible to integrate the acoustically active probes onto standard AFM cantilevers

to allow simultaneous operation in the AFM and NSAM modes.
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1.4 OvervIOw of Dismrtdion

"The principal theme of this dissertation is the use of microfabrication in the field

of scanning probe microscopy. Central to all scanning probe microscopes is the tip,

therefore a discussion of vaious microfabrication processes for tips is presented in

Chapter 2. The development of the AFM cantilevers with conical and pyramidal uips

descnibed in Chapter 2 was done in close collaboration with Tom Albrecht. Chapter 3

describes in detail the fabrication of the tetrahedral tip and its use in AFM. Images taken

by Rob Barret and me with various tips and flat cantilevers are shown side by side to

demonsat the positve effects of having sharp tips on AFM cantileves

Th experience making -mi tips and cantilevers was heavily

leveraged to design and demonstrate the NSAM with mic-ofabricated probes in

collboration with Babur Hadimioglu and Prof. Perre Khuri-Yakub. An overview of the

NSAM's history and a description of the NSAM insumentation ae presented in Chapter

4. The transmission mode opemon of the NSAM is desmcbed in Chapter 5. Images

taken in the transmission mode are shown in Chapter 6. The elecIrosrictive mode of

operation is described in Chapter 7 and some early images taken in this mode are shown.

Chapter 8 describes a microfab1ica1ed STM scanner made using a planar

microfabrication process. The device was invented by Tom Albrecht and Mark Zdeblick

and was developed in a team efbort. An atomic resolution image of graphite taken using

this fabdcated scanner is presented.

10
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Chapter 2: Microfabricated Tips

2.1 The Importance of Tip Sharpness in Scanning Probe Microscopy

It is commonly understood that a sharp tip is necessary to do scanning probe

microscopy effectvely. What constitutes a "sharp" tip however is open to debate. The

tip sharpness necessary is a function of both the eua type of microscope being used and

the nature of the sample under study. Generally speaking, the more sensi the

inmction signal is to changes in spacing between the tip and sample, the less sharp the

tip needs to be achieve high resolution. In addition, a flater sample requires a less sharp

tip for high quality imaing

The STM is a good example of a type of microscope that does not necessarily

need a sharp tip in order to obtain optimal resolution. The tunneing curret, which is t*e

STls interaction signal, decreases exponetially with incteasing spacing between the tip

and sample; therefore, even if the tip is relatively blunt, high resolmion images of

aomically flat samples can still be obwned since some atom on the tip usually extends

an atomic radius below its neighbors and conducts most of the tunneling current (Figure

2.1 (a)) [1].

When imaging a sample with surface roughness greater than the roughness of the

tip, the tunneling current is no longer strictly confined to a single atom (Rgure 2.1(b)). In

this case, the image contains artfacts associated with the switching of the tunneling

signal from one atom to another or from one atom to multiple atoms. Hence, when

13
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imaging rough samples, even a microscope that relies on a highly distance dependent

intraction signal suffers if the tip does not have a radius of curvature less than the

relevant features of the sample.

I 4I

D 00
0 0 '

(a) (b)

Figure 2.1 a) For imagg flat samples using a microscope lie the STM
whose intaction signal depeds strongly on distance, even a relatively
blunt tip is typically capable of achievms optimal resluti b) Whem
the sample has roughness comparable or in excess of the tip, multiple
sources can conribute to the image.

Just as in the case of the STM, a blnmt AFM tip can also be used to image•the

atomic corrugations of flat samples simply by relying on the presence of local aspeties

The first AFM to obtain images of atmic corrugations used a flat cantilever lacking any

extra tip (Figure 2.2) [2]. In AFM, the problem of tip sharpness is greater than in the case

of the STM. Since itratomic forces such as van der Waals and magnetic forces have

relatively long decay leIgths, from tens to hundreds of angs'oms, the interaction

between the tip and sample is rarely confined to a pair of atoms. Often the sample has

14



chpter 2 Mirofbricated rips

Figure 2.2 This silicon nitride AFM cantlever has no tip other Ohan its
sharply tapered end. When used to image atomically flat samples
however, local asperities on the cantilever act as tips and allow the
imaging of atomic corrugations. The cantilever is 100 pm long and 0.7
pm thick

features whose sharpness rivals that of the AFM lip and the resulting image can deviate

substantially from the actual surface topography. In Figure 2.3 a tip with finite radius, r,

is shown tracing a trench of width, w, with perfectly sharp corner The observed

topography (dashed line), shows that the apparent width of the trench is the actual width

minus twice the tip radius. Since the edges of the trench are sharper than the tip itself, the

edge in effect begins to image the tip and the result is an apparent edge radius that is

actually the radius of the tip itself. In the case where w is less than 2r the tip does not

even reach the bottom of the trench.

15
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tip

r

Figure 2.3 When a tip with finite radius is used to image a rough sample,
the apparent topography is a convolton of the sample topography and the
tip shape.

It is important to understand that the original topography of the surface cannot be

retrieved by gthe tip shape or by deconvolving it wiut the imae. In the

process of tracing the sample surface with a blunt tip, information is actually lost. Figure

2.4 demonst graphically that the same ip imaging diffeent samples can produce

identical images. It would be impossible to distinguish between dtese three samples even

if the up shape were known exactly.

The first tips to be used on AFM cantilevers were no integrally formed with the

cantilever but instad were attched to the cantilever after fiabication (3]. Ataching tips

individually is a painstaking and irregular process which can be eliminated through the

use of microfabrication to create tips which are integal to the cantileve. Since 1987,

num__ous processes for microfarg tips have been demonstraed [4,5,6,7]. In the

following sections several of thes tip fabrication techniques are discussed. They include

demonstrted processes for conical, pyramidal, etrahedral and truncated blade tips.
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,...........,,,.. .. .......

•)~ . ........... .. ....

Figure 2.4 The true topography of a sample can not be calculated by

deconvolving the measured imaged with the known tip shae. The
measured image is not unique to one sample topography as demnsated

here.

In addition to sharpness, there are several other desired characmst for AFM

tips. Tips should have high aspect ratios in order to probe into deep trenches but they

should not be so thin and whip-lie that they are easily damaged or bent by lateral forces.

Radial symmetry is desirable in order to obtain good images regardless of the cantilevers

orientation with respect to the sample, If possible, the tips should point away from the

17



Chapter 2 Microfabricated Tips

bulk of the substrate so that when they are fabricated on canilevers, dhe substrate does

not come into contact with the sample before the tip does. Tips which are self-aligned to

the candlev are advantageous since the location of the tip is not determined by the

registration error in photolithography. Finally, if at all possible, tip fabrication processes

should include or be compatible with sharpening processes not only to increase the

sharpness of the tips but also to improve uniformity. The factors such as high aspect

ratios, radial symmetry and orientation of the tp affect the image quality. The factors of

self-alignment and compatibility with sharpening processes affect the manity

of the devices. Improving image quality and manufactmabllity are both goals of this

22 Concal Tlips

A type of tip that has the shape of a right cone, li an inverted ice cream cone,

and exnds pependicularly from the surface of a cantilever a few microns has come to

be known as "conical tis. Conical tips ae currently gaining popularity because they

can be made from silicon and can therfore be sharpeed using an oxidation sharping

technique to tip radii of less than 100 A [8]. Their aspect ratio can be varied over alarge

range by modifying a few fabication parameams. Conical tips are radially symmetric and

point away from the surface of the wafer. They have two principal drawbacks, they are

hard to maie with high unifomity and they are not self-aligned to the cantilever. These

minor nigs notwithstanding, conical tips seem destined to become the tip of

choie for many AFM users

18
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2±1 Conical tip fabrication process

The fabrication process for conical tips is shown in figure 2.5. The fabrication

begins with the pattening of small circles of masking material (Figure 2.5 (a)). The

masking material can be oxide, nitride, refractory metal or any other material that is not

etched in the silicon eWth The thickness of the masking material depends on the desired

height of the tip and the etch selectivity between the masking material and the silicon

substrate. 2000 A of oxide is suffiient to make 10 pm tall silicon tips and 100 Pm tail

tips can be made using 1000 A of evaporated aluminum. Next, the wafer is etched in

either a plasma or wet etchant. Although most of the etching occurs in the vertical

direction, there is some finite undercmtting of the mask. By carefully monitoring the

etching process through periodic optical inspections, the etching can be stopped just

to or just after the masking material caps have fallen off (Figure 2.5 (b)). If the etwhing

time is too short, the tips are not fully tapered to a point at the apex but if the etching time

is too long, fte caps fall off and cease to protect the tip. If the tip is left in the etching

environment without its protective cap, the tip is immediately attacked at its apex and

rapidly loses its sharpness. In practice, when using plasma to etch the silicon, the caps

usually zl1,1l off and come to rest against the tip as shown in Fgure 2.5 (b) and thrby

afford a iew extra minutes of proction. In the final step of the fabrication process, the

caps are selectively removed and the tips are exposed (Figure 2.5 (q)).
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Sphotoreis

*oxide, aluminum, nitride, etc.

[]sificon

a)

silicon

b)

C)

FWgur 2.5 To fabricate conical tups a) a masking matera such as oxide
is pattered into circles b) Dry or wvet etching of the silcont udndect he
MAskin materWa and yields conica tips. c) To fully epose fth tips the
masiking mafteria is selectively removed.

2=2. Oxidatio sarpenin of silico "ps

TIM Most serious diavatg of thie conical ti process is that the etching

codiios and durtions am critdca for the proper formation of tis. Sinc etching rate

and duations wre fth two leas controllble fabrication parameters, a fabrication process
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that relies heavily on them is usually very difficult to reporduce from wafer to wafer or

even across a single wafer. Plasma etching is very non-uniform so that the tips in the

center may take longer to form than the tips at the perimeter of the wafer. If wet etching

is used, the etch time becomes more critical since the caps are washed away in the etchant

and the tips are quickly attacked

In order to make the tips sharper and at the same time increase their uniformity,

silicon conical tips can be sharpened using a low temperatum thermal oxidation process

[8]. This sharpening process is quite simple and elegant By using this technique, it is

possible to make many tips with radii less than 100 A with good uniformity. After the

tips are formed, they are thermally oxidized at 950 TC to form an oxide layer 2000 A•to 1

pzm in dickness. When the oxide is selectively removed in a HF acid solution, the

resulting silicon tips are sharper and have highb aspect ratio than they had prior to

oxidation. The mechmnism of oxidation sharpenung process is described in detail

elsewhere [9, 10], but it can be understood from a brief explanation.

When silicon is themully oxidized, it expands. Due to geomeric factors, the

oxide in highly convex regions can not expand as fully as the oxide grown in flat regions.

When the oxide can not fully expand, sess builds up in the film and reduces the

diffusivity of incoming oxidizing species, Since thick oxide formation is a diffusion

limited process, the reduction in diffusivity results in a slower oxidation rate in convex as

compared to flat regions. The net effect of these factors is that the silicon on the

sidewalIs of the tip teds to oxidizt more rapidly than silicon at the apex of the tip. The

consumption of silicon p tially from the sidewalls has the effect of increasing the

tips' aspect ratios and reducing their tip radii. Although the conditions exist to produce

this phenomeno using other subsaite materials such as iron, the only oxidation
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sharpened AFM ips demonstrated to dam have been made from silicon. A slightly

differnt oxidation sharpening process discussed in Section 2.3.2 has been used to make

sharp tips of silicon nitride.

2.3 Pyramdal Tips

Pyramidal tipped cantilevers are the most widely used AFM cantilevers in the

world. They were initially favored for two reasons, their uniformity and their radial

quasi-symmetry. Their numerous disava e include the fact that without sharpening,

they ae can raely be made much sharper than 500 A radius of curvature, they ae not

sel-alned, their aspect ratio is appoximaly 0.5 and when first fbrt they point

into the bulk of the substrae All of these d a however wre coun-trbalanced by

three factorw the relative case of fabricating the pyramidal ts, the development of a

method for flipping the tips upside-down onto a second subsua [4] and the

demonstration of a technique to sharpen the tips to 100 A radius [11].

2.3.1 Pyraidada tip fabricatoio proces

The fabrication of the pyramidal tip begins with the paterrng of small square

windows into a malkin material on a (100) silicon wafer FFu 2.7 (a)). The windows

are oriented so that their sides are parale to (110) planes in the silicon wafr. The

masking materi•l can be oxide, niutide, heavily doped silicon or various metals hIe

exposed silicon is then etched in an anisotropic etchant such as a potassium hydroxide

(KOH)/watm" or an ethyleedia yrocatehol (EDP)water solution [12].
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Figure2.6 a) Couicgtpsafterinialfabricationvryinsharpe across
the wafer and have typical radii of curvature of approximately 500 A. b)
When the tip ae oxidizmd at 950 *C to yield several thousands of
angstroms of oxide, the oxide growth is non-uniform. c) When the non-
uniform oxide is selectively removed, the resulting silicon tips can have
radii of cmrvature less than 100k
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These etchants etch silicon in the [100] directin up to 400 times faster than the

(IUI] directions (12] therefore when the silicon in these windows is etched the etching is

very rapid in the vertical direction but slows down almost to a stop when a (111) plane is

encounteril. Since silicon has a diamond-like crystal stucucre, after a certain amount of

etching in the [100] direction, the pit terminates with the meeting of four ( 11) planes.

The resulting pit has the shape of a pyramid with its apex pointing downward into the

bulk of the substrate (Figure 2.7 (b)). The tip is formed by casting the desired tip material

into the pyramidal pit and dheeore this fabrication technique is sometimes referred to as

a 11m- r- casting technique (Figure 2.7 (0)). The tip material can he oxide, nitride,

polysilk:on, metal or heavily boro doped single crystal silicon. Once the tip material has

beeni deposited the tip can be Urasfened to a Pyrez glass substrate by anodic bonding if it

is desired, as in AFM, that the tip point away froan th bulk of the substrate (iu 2-7

(d)) [4]. The original silicon substrate is selectively removed by etching again in KOH or

EDP and tde tip is fMuy exposed (Figure 2.7 ()).

2.32 Shrpening of mirocst lp by low tp u oaddadoa

Sharper tips with slightly higher aspect ratios ate obtainable using the

micrstin technikq in which the interior contour of th pyramidal pit is fmrt modified

by a low temperature silicon oxidation (FWig. 2-9). Lak th oxidant sharperung process

described in Section 22.-2, the microcast sharpening process also relies on the non-

uniform growth rate of low temperature thermal oxide. In this case however, the process

utilizes thin oxides at concave regions not the convex regions of the previous process.
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a) oxide or
silicon (100) onitrie

[11j11

b) 
o o
nitride

C)

oxide or
nitride

Fgure 2.7 a) The pyramidal tip fabricaion process begins with te
p of a small squa aperture in an oxide or niui& ings
material on a (100) silicon wafer. b) Anisouopic wet eWAing crees a

pyramid shaped pit whose sidewalls ae (111) planes. c) The desired
cantlever and tip material re cast into the mold. d) A cantilem is
pattrned and bonded to a second substruate such as Pyrex 7740. e) The
silicon sub te is selectvely removed to leave a fre-standing cantilever

with integral pyramidal .
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Figue 2.8 Unampened pyamidal tps can be formed integrany on
AFM cantilevers Their smhapened radii of curvature is app=roimately

500 A

By patterning the tip material it is possible to form cantlevers wfit integral

pyramidal tips such as the one shown in Figure 2.8 [4].

The mechanism for the depressed oxidation rate in concave regions is slightly

dif1eFeat from the mechanism in the convex regions. In the concave regions, the oxide

growth rate is depressed by geometdcal factors. Due to the concavity, the surface area

available for accepting incoming oxidizing species is smaller than the surface area of the

silicon available for reaction at the siconfoxide interfaae- The density of oxidizing
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species is smaller thderefore in concave areas than flat areas and the oxidation rate is

correspondingly depressed. This effect is responsible for observations of thiner oxide

films at edges of ridges and in the corners at the bases of vertical walls. At high

oxidation temperatures, above 1050 °C typically, this effect is not as pronounced since

the oxide undergoes viscous flow and smoothes out areas of high concavity [9, 10].

(a) Silicon (b)

MEM I, 
/ Nitride

Silicon~

Dioxide

SiliortSilicon

Figure 2.9 a) In the standard pyramidal tip fabrication process, a
pyraidalpit is etched into a (100) silicon wafer and the tip mateial is

cast directly into the cavity. b) In the microcast sharpening process, the
interior contour of the pyramidal pit is first modified by a non-uniform
thermal oxide before the tip material is cast. The resulting tips are sharper
and have higher aspect ratios

To determine the sharpening caacteristics, of the microcast sharpening

technique, an experiment was conducted makring pyramidal tips using various thicknesses

of oxide all grown at 950 PC [11]. Other than the inclusion of the oxide layer, the process

used is identical to that of conventional pyramidal tips. Several nitride coated (100)

silcon wafers were photolithographicafly patterned with squares varying in size from 2 to
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25 microns. An SF6 and C2CIFS plasma was used to transfer the pattern to the nitride

film. The silicon in the exposed squares was ewhed in a KOH and water solution (30%

by weight) at 60 TC for 2 hours using the nitride film as a masking material The etch

rate of silicon dioxide and silicon nitride in the KOH solution is less much than

50A/minute. At this temperature, the etch rate of silicon in the [100] direction is

approximately 0.4 micronsw-inute [13]. In order to ensure that the pyramidal pits would

all be terminated as much as possible by intersecting (11) planes the etch time used was

100% greater than would be necessary for the formation of 25 micron deep pyramidal

pits. The etch was done at 60 *C to enhance the anisotropy ratio between the etch rates in

the two directions even further in hopes of obtaining a sharper pyramid than would have

resulted by etching at 80 *C At 80 *C, KOH etches silicon in the [100] direction

appro. i ly 400 times fase than in the [111] directon and the anisotrop of the etch

ICese exnnaly with decreasing temnperature.

After the pyramidal pits were formed, the wafers were separatcd and silicon

dloxide films of varying thicknesses were mrown on each wafer in steam at 950 C

Tarset oxide thicknesses ranged from 0 A to I0,000 A in increments of 2000w . The

acuad thickness obtained am as follows: 0 A, 1830 A, 3890 A. 5240 A, 7820 A and

9500 The oxide thicknesses were me.sured on the (100) wafer surface in a region far

from a pit using a Nanospec optical interferommetr system. The wafers were then all

cleaned simultaneously in a modified RCA cleaning process including a 30 second etch

in 50:1 buffered oxide etch (BOE). The exposure to the BOE was brief but may have

resulted in a slight modification of the oxide surface contour of each sample, Next, 2000

A of silicon nitride were deposited on all the wafers by low pressure chemical deposition

(LPCVD) at a deposition temperature of 775 "C. Large rectangular openings were
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patterned on the back sides of the wafers and the exposed silicon was etched in KOH

solution completely through the wafers leaving only membranes composed of silicon

mtiide and silicon dioxide at the front surface of the wafers. After the silicon etch was

completed, the inverted nitride and silicon dioxide pyramids could be seen directly with

an optical microscope. The oxide was then selectively removed from each wafer by

etching in 6:1 BOE for a period appropriate for completely etching the oxide on each

wafer plus an additional, fixed time of 3 minutes for each sample including the sample

which had no thermal oxide. After the oxide was removed, 100 A of gold were sputtered

on both sides of the silicon ni, de membranes to reduce charging in dt scanning electron

A SEM equipped with a sample stage which held all samples at the same, fixed

anle was used to examine the samples. Cabon contamination can build up on the

sample quickly during high magnification imaging in the SEM; thereore, it is important

to obtain photos of the samples quickly before the containation can significantdy ater

the shape of the tip under study. Before making d examinations of a sample, the

tip uniformity over the sample was confirmed by imaging approximaty 20 tips.

Focusing closely on a single tip, the beam astigmation was corrected and the photo

exposure time was determined. The definitive photograph was taken of an adjacent tip so

as to minmizt the tip's exposure to the lectron beam. The radii of curvature and the

aspect ratios of the tips were measured from the photographs. We define the aspect ratio

as the ratio of the last 1000• in height of the tip to the full width of the tip at a point

1000 A down from its apex. The 1000 k value was chosen because it is relevant to the

mesoscopic structures which lie between the an strom scale of atomic features and the

micron scale of macroscopic structures.
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Tip Oxide Thickness Tip Radius Aspect Ratio

A 0 A 450 A 0.36

B 1830 A 2M A 0.64

C 3890 A i1ioA 095

D 5240 A 130 A 1.0

E 7820 A 180A 1.0

F 9500A 240A 1.0

Table 2.1 The oxide thiknesses used to fabricate microcast sharpened
tips are shown in this table. The tip radii and aspect ratios were measured
from SEM photos.

SEM photographs of the resulting tips are shown in Figure 2.10 (a - f) and

measured parameters are listed in Table 2.1. Tip A has an aspect ratio which is 51%

lower than the value of 0.7 calculated fiom a simple geometric consideration of a

pyramidal pit bounded by four (111) planes. On the sample containing Tip B, two

distnc typ of tip shapes were observed. Approximately 30% of the tips temiated in

a single point as does the tip in Fgure 2.10 (b) but the remainder of the tips, even those

directly neighboring this one, terminated in a cleft shape with two points separated by a

slight indentation. This may have been due to the oxide faces from the sidewalls barely

meeting in some of the pits while not quite meeting in others. Another cause of these

cleft tips may have been that the pyramidal pits terminated not at a point but rather in a

knife blade structure causing a cleft shaped tip with sharp horns corresponding to each
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end of the original knife blade. This appears unlikely however since knife blade tips were

not observed on any of the other samples.

The sharpet tips were fabricated in molds that had 3890 A of oxide. Tip C in

Fgure 2.10 (c) is representative of these tips, having a radius of cuvature of 110 A and

an aspect ratio of 0.95. Over 95% of the tips examined on this sample had similar radii of

curvature. All the tips in this study were covered with 100 A of sputtered gold before

imaging in the SEM, so the actual radii of curvature of these tips may be lower than those

measured from these SEM photos.

The graph in Figure 2.11 shows the trends for the radius of curvature and aspect

ratio as a function of the oxide thickness The radius of curvature drops significantly

fim a radius of450 A forno oxide to 110 A for oxide thickness of up to 3890 .k

Beyond that oxide thickness the radius actually begins to rise slightly. TIe aspect ratio

follows a similar rend, improving rapidly for oxide thicknesses of 0 A to 3890 A and

flattening out thereafor. The fact that both curves turn over at an aide tckess amound

30 A may be indicative of the meeting of tbe oxide faces from the sides of the
pyramidal pit The optimal oxide thickness is probably determined by the geometry of

the original pit.

A composite tip of oxide and nitride can be fabrkated if the oxide is only partially

removed from the nitride tip (Figure 2.12). I a conductive material such as polysilicon

or metal were used in place of the nitride, an insulated tip with a conductive center would

result. Such a tip could be useful in applications such as scanning electrochemical

microscopy [14] or scanming ion conductance roscopy [15].
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Figure 2.11 "he tips' radii of curvature drops suddenly with increasing

oxide thickness before reaching a minimumn at an oxide thickness of

a o ly 3890 A. The aspect ratios rise to a value of 1 which is

highe than the geometrically predicted value of 0.7.

If the silicon ntride were selectively removed from the center while leaving the

oxide covering, a hollow tip could be fabricated for use in applications such as near-field

optical microscopy [16, 171 and biological microscopy where micro pipettes are presently

beingsed.
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Figure 2.12 By selectvely removing auly part of de oxide film, it is
possible to fabricate a composite tip that may be usefNl in other types of
micrsco such as scanning ekcuocheic or near-field scanning
opdcal -irscp.

The microcast sharpening tcnique allows tips to be fabricated with a very

simple process without unduly sacrificing shapn or uniformt. While pywr dal pits

were used as molds in this work, Akitoshi Toda and cowoiers at Olympus Optical

Company have demonstrated that the cylindrical pits can be used to form conical tips

with radii of curvaue of 100 A or less [18]. This echnique of sharpening tips cast from
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various materials may find applications in other research areas such as microvacuum

electronics.

2.4 Tetrahedral Tips

Tetrahedral tips are single crystal silicon tips which are made using a combination

of anisowopic dry and wet etches. The pnncia advantages of the tetrahedral tips are that

tetrahedral tips have higher aspect ratios than pyramidal tips, point away from the bulk of

fte substrate as fabricated, are self-aligned and are self-sharpened to as low as 100 A radii

of curvatumr. This section describes the fabrication of the tips alone while Chapter 3

describes th fabrication of tetrahedral tips on niMid cantilevers and their use in AFM.

The fabrication process begins with the deposition of nitride on a silicon (100)

wafer. A post with sharp corners pointing in the <100> directions is plasma etched into

the silicon using the nitride and photoresist as masking materials. The wafer is them

dtneally oxidimd at 950 @C such that the exposed silicon everywhere is covered with

oxide but the nitride cap is unaffected (Rgure 2.13 (a)). The nitride cap is selectively

removed in hot phosphoric acid or in a SF6ICF3Br plasma. After the etch, the silicon

interior of the post is exposed from the top only (Fgure 2.13 (b)). The interior of the post

is etched using a wet anisotropic etchat mich as KOH or EDP. These etchants can not

effectively attacke tetrahedral volumes in the comers of the posts since these volumes

ar bounded on their sides by oxide and on their face by silicon (111) planes (Figure 2.13

(c)). The tips are finally exposed by the selective removal of the oxide sidewalls in an BF

solution.

It is sometimes assumed that the tetrahedral tips' sarpuess is limited by the

resolution of the lithography process used to pattern the initial post This is not the case
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however since the posts' sidewalls are thermally oxidized at a low temperunre to induce

the non-uniform oxide growth discussed in Section 2.2.2. As in the case of the conical

silicon tips, the non-uniform oxide growth sharpens the corners of the post to a sharp

blade since the corner represents highly convex regions. The apex of a tip is therefore

defined by a (111) plane intersecting a very sharp vertical edge at the comer of a post

(Figure 2.13 (b)). When fully formed, if further sharpening is desired, the tips can be

oxidized again to undergo further oxidation sharpening.

2.5 TruncatWl Blade Tips

Truncated blade tips ae sim"lar in shape to tetrahedral tips but they extend from

the edge of the wafer rather than extendiag pet diu y from its face. Although

arp, with tip radii as low as 200 A., because of their geometry truncated blade tips have

yet to be used in any microscope.

They are fabricated by forming a blade structure on one side of the wafer and then

truncating the blade with an intersecting (111) plane, exposed by wet anisotopic etching.

The resulting tip jam out fiom the edge of the wafer and has a shape roughly defined by

the itsecton of three (111) planes.

To fabricate a muncated blade tip it is first necessary to create a sharp blade

structure. Although a bade can be made by using undercuting as done in the conical tip

fabrication process, this method as previously described is not highly desirable since the

masking material can fall off and overetching of the blade can result

Instead, blade structures can be made by patterning a large suaight-edged feature

into a itide film. When etched in a wet anisotropic etchant, the side profile looks as

shown in Figure 2.15 (a).
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(VI)

(b)

(dO

Figmr. 2.13 a) A verdcal-wallcd post with itride top and oxide sidewall
is fabricated by plasma eching and thoma oxi~dato b) The nitride cap
ia selectively removed to expos the silcon inteior c) The s~iio is
zabiowopicll etche int a wet chan such as KOH or MRP d) The
oxde sidde"walsae selectively rMoved to expose fth tip.
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Fully formed tetrahedral tips are shown in Figure 2.14. By varying the size and

shape of the original post, differing configurations of tips can be made. The tips arm self-

allgnd to the corners of the posts and they point away from the bulk of the substrate. A

further advantage of the tetrahedral tip fabrication process is that it does not rely on any

critical eiching step& If the wet etch is done for too long, the height of the tip increases

but its shape does not change. This makes the tahedral tip fabrication very robust and

rteproducible.

Figure 2.14 Tetrahedral tips can be formed from posts of varying sizs

The wafer is then themally oxidized, at 950 0C if sharpening is desired (Figure

2.15 (b)). The nitride is sekcvely removed and the exposed silicon is etched in an
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a)

Lsilico (100) nitride

thermal oxide

C) fil

Figure 2.15 a) A njuide mu*k is patterned to have a long straight edge
parallel to the ( 110) planes. The exposed silicon is then wet
anisotropicaily etched. b) The exposed sfiio is hemally oxidized. c)
The tniide is selectively removed and the newly exposed silion is
anisotropically etched. d) T"he fully formed blade swwuwre is revealed
when the oxide is removed.

anisotropc etchant (Figure 2.15 (c)). When the oxide is selectively removed, a blade-like

structure, is left (Figure, 2-15 (d)).

Ti~s method of maling blades, is more reproducible than the umdercutting

technique sinc overetcling only changes the relative heights of the flat areas adjacent to
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te blade mucture but does not result in addifional etching at the apex of the blade. In

addition, the low temperature oxidation step can sharpen the blade.

Once the blades have been formed, they are procted by either a thrmal oxide or

LPCVD niride layer. Then large windows are paterned from the bacsde of the wafer

and etched in an anisouropic ewchan. The anisotropic etchant forms a pit whose sides are

bound by (111) planes and when these planes intersect the blade at the front surface of the

wafer, a tip is formed at the intersection of the three (111) planes (Figure 2.16). These

tips are highly reproducible and can be quite sharp as shown in Figure 2.17 (a, b).

blade tip

Figure 2.16 Truncated blade tips are formed at the inut cion of three
(111) planes
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b)

Figure 2.17 a) The tuncated blade tips are highly r~eproduible. b) The

radius of curvture of dh& ti is 170 A even after being covered with 100

Aof sputered gold for SEW imagng
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Chapter 3 Atomic Force Microscopy Using
Cantilevers With Tetrahedral Tips

3.1 Atomic Force Microscopy Using Cantilevers With Tetrahedral

Tips

In AFM a force-sensing cantilever is brought into close proximity of a sample so

that very small forces between the cantilever and the sample can be detected. The force is

measured by monitoring the displacement of the canilever that has a known force constant.

A two-dimensional mapping of surface forces can be obtained if the sample is scanned

under the tip in a raster fashion. While its lateral resolution is not as high as that of the

STM, the AFM has at least oe advantage over STM which is its ability to image insulators

as well as conductors This makes AFM ideal for investigation of ammically flat samples

[1]. inegrated circut devices [2], polymers [3], biological specimens [4] and other samples

which have eltvy poor conductivity.

The force-sensing cantilver is a crucial component in all AFMs. iobicated

cantilevers are ide I for use in AFM since thl have both low force constants and high

mechanical resonance fivquencies. [1,5] --'o i cantilevers without tips can be

used to image atomically flat samples since there exits some asperities which serve as local

tips even on flat cantilevers. The need for a sharp tip with a high aspect ratio arises when

sampe with rough surfaces are imaged When imaging rough samples with a flat

canilever, multiple aspezities can interact with the sample in different locations and create a
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Chapter 3 Atomic Force Microscopy Using Cantilevers With Tetrmhedral T"aps

image comprised of multiple signal sources These artifacts are most pronounced in areas

of the suam that have vecal walls and deep meches.

In the past, researchers have used sharpened wire cantilevers [6], flat

micrl n without tips, or cantilevers with tips attached by hand [4]. More recently,

methods for microfabricating cantilevers with sharp, integral tips have been presented [7,

8,9, 10]. The amnlem with tetrahedral tip presented in this chapter has numerous

advantages over most of the previous designs. 11e tetrahedral tip can have radius of

curvatmF less than 100 A due to the sharpening effect of a low temperature trmnal

oxidation process that is an inhern part of the device fabrcation process. The te•uahedral

tip is very regular and reproducible since its shape is determined by well-controlled dry

etchng processes and silicon crystallographic geometry. The tetrahedral tips are made

using a self-aligned process that ensures dh each tip is formed only at the very end of each

cantilever. Finally, the wrahedral tip can be integraly abricated on a silicon nitride

cantilever. Silicon nitzie is an ideal cantilever material since its yield strength of 14 x 1010

dynedcm2 is roughly twice that of silcon dioxide or single crystal silicon [11].

3.2 Tetrahedral Tipped Cantilever Fabrication Process

The process for fabricating a self-aligned, tetrahedral, single crystal silicon tip on a

diectric cantilever is shown in detail in Figure 3.1.
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V ....o.

(d)

Figure 3.1 a) The process for creatmig cantievers with integral tips begins
with the fabrication of a free-standing silicon and silicon nitride cantilever.

b) Exposed silicon surfaces are selectively oxidized. c) The niutride is
removed from the front of the wafer and the exposed silicon is

anisotropically etched leaving a tetrahedral volume at the end of the
cantilever. d) Selective removal of the silicon dioxide exposes the finished

cantilever with integral, self-aligned tip.
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A thin silicon membrane is created by wet,, anop etching of a lighdy doped

(100) onritation silicon wafer. The etching is done using a solution of KOH and water.

The wafer is then coated with a low saus silicon nitride film deposited using a low

prsss= chemical vapor deposition (LPCVD) process. Next, a cantilever is effetively

carved out of the silicon and nitzi membrane by masking with a photoresist layer and

etching vertically in a dry etcher. At this point, the freestanding cantileve is comprised of a

sandwich of the niide films surrounding a silicon cente. Thermally oxidizing the

cantiever at 950 OC long enough to grow approximately 4000 A of oxide causes the

exposed silicon at the sides of the canwtilever to be oxidized but does not modify either

nitride surface. Next, the nitride layer on the top of the wafer is removed using an

anisotropic plasma etch consisting of SF6 and CF3Br. Selectively removing the top nitride

layer exposes the silicon interior of the cantilever from the top surface only. The bottom

surface is still protected by the lower niuide layer and the sidewalls are protected by the

thermal silicon dioxide. When the cantilever is etched again in the anisotropic KOH

etchant, the silicon portion of the cantilever etches but only from the exposed top surface of

the cantilever and from the sides nor the underside At a rate of approxiaey 1

mniminute, the wet etchant completely etches the silicon portion of the cantilever leaving a

te1rahedaml volume of silicon at the end of the cantilever that is bounded by the silicon

nirde on the bottom, oxide on the sidewalls, and a (111) silicon crystal plane. The tip is

completely exposed by selectively etching the oxide sidewalls with buffered BF acid that

etches the oxide without attackdn the nitride or the silicon. For use in an optical or

tunneling detection AFM, 40 A of chrome and 400 A of gold are evaporated on the backs

of the cantilevers to increase their reflectivity and conductivity.

46



Chapte 3 Atomic Force MicroSCOPY Usin~g Camlevers With Tetrahedral 7"WS

474



Cqapter 3 Awmic Force Microscopy Using Camievers Wsi* Tetrahedral Ti4ps

a)

b)

Figur 3-3 a) Since the tetrhedral ipis made of singl crystal silicon it ca
also be oxidaion sharpened. b) This photo shows a sharpeed tip with les
than l00 A radius, of curvatur.
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The chrome adhesion promotion layer must be kept as thin as possible to rinimi,,

the sem on the canilev that can cause bending. A finished cantileve and tip are shown

in Figure 3.2. If further sharpening is desired, tetrahedral tips on nitride cantilevers can be

sharpened using the oxidation sharpening technique described in Section 2.2.2 (Figure

3.3).

3.3 Imaging with Tetrahedral Tips

The AFM results presented here were obtained using V-shaped cantilevers with

dimensions of 100 x 22 x 0.7 gm. The calculated force constant for these cantilevers is

0.59 N/n and the measured resonant frequency is 78.7 kHz. The tip height is 5.6 pam.

Most of the images were taken by Rob Banvett using an optcal beam delcon AFM of his

own design described elsewhere [12].

Cantilevers were evaluated by imaging samples of two disdtict cls atomically

flat samples (highly-oriented pyrolitic graphite (HOPG) and An(111) on mica [12]) as well

as samples with rougher topographies (a 2.6 pam pitch diffraction grating etched in glass, a

compact disk (CD) stamper and a vertical walled silicon grating of 6.25 pm period). Tie

results of the atomic scale imaging expeiments are presented in detail elsewhere [8] but one

inteveng effect bears noting here. h is known [6] that lateral forces are exerted on the

cantilever during AFM imaging. When using cantilevers with relatively tall tips such as the

tetrahedral tips, the lateral forces are magnified by the height of the tip. This can be

understood by thinking of the tip as a lever ann. The udler the tip, the larger is the effective

lever arm. Pronounced lateral bowing of the cantilever caused by Lael forces was

observed by Rob Barrett even on atomically flat samples at forces of 10-7 N which are quite

common in AFM.
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To evalua the pforman ofthdx pon imagin large-scale stractures,

2.6 pr pitch, 750 A deep diffraction grating was imaged with both the tipped cantlevers

and identical candkvers without tips. The images were take in constant-force mode with

an applied force of 10-8 N and a horizontal scan rate of 2 Hz. Figure 3.4 shows the

improvement in imagin quahy when tipped cantilevers are used. Images taken with the

unupped cantilever lose lateral resolution near tall sruoctures as the face or edge of the

cantilever comes into contact with the sample. The addition of the tip on the cantiever

provides enough cleamance to allow faithful imaging of sructures up to several microns in

height.

Te finift ap= angle of tetahedral tips limits the angular resolution of the imaging-

dwt is vertical walls will always appear to have a fim slope Since the trhedral tp has

one vertical edge, it may be possible t position the cantilever in such a way as to image at

least one wall of a uench with high fidelity. In order to evaluate the sidewall imaging

ablity of these tips a vertical-walled grating was imaged. This 6.25 pm period grating was

fabricated by a-isotropiafly etching a silicon (110) wafer. The grating's vertical sidewalls

ar defined by {111) cmysta planes From imagl of the vertical-walled grating, the

smallest full angle of these tips we have inferd is 460 for both te front-to-back and

side-t-side angles of the tip. In connast, the full angle of the tip itself when viewed from

the side is 34.80 and the full angle is 38.40 when viewed from directly in front of the tip,

looking down the length of the canlevr. The de between the angles inferred from

imaging the silicon grating and the measured angles may be attributed to ealor

and large sale roughness of the tip's surfaces.
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SEM micrographs of several tips before and after imaging clean graphite in air were

compared to determine possible changes to the tip caused by imaging. SEM micrographs

of the tips take before use showed them to be sharp to the resolution linit of the SEM

(approximately 200 A). After using the cantileves to image graphite for 30 minutes, the

tip were examined again in tde SEM and there was no perceivable change in the tip shape,

even for those tips that had been acidentally crashed into the surae On one occasion,

while imaging the diffirction grating with a tipped cantileve, the image quality suddenly

deteriaed. Examination of the tip in the SEM revealed that a ct particle

approxmtely half the size of the tip had become attached to the tip. Ceaning- the tip for 20

miues in a 4:1 H2SO4/ H202 solution removed the particle, The cantilever was rendered

useless for optical detection AFM however, since the acid solution removed the refective

gold coating from the cantilee.

A CD stamper was imaged using a tetrahedral tip, a pyramidal tip and a flat

cantilev with no fabrcated tip (figure 3.5). The spacing between uacks is 1.6 microns

and the height of each bump is approximately 8W0 A tan. The flat cantilever is clearly

unable to follow the steep sidewalls of the CD bumps. Notice that each bump has a similar

notch in the upper left. This feature is not on the sample but is rath a feat=e on the

cantiv that is being "imaged" by the bump as the cantilever tracks over them. While the

presence of eite the tetrahedral or the pyramidal tip gretiy enhances the image quality,

them is a discernible difference between the images that these two tips produce. The edge

transiions in the pyramidal tip image are less sharp than the those in the tahedral tip

image. This effect is expected since the apex angle of the wehedral tip is roughly half that

of the pyramidal tip.

52



Chper 3 Awmidc Force Micopy Using Cwileers With Tevahedral 7-ps

-'-•- •=v,-(D -

C•

LL U

0L.

'-i

.• / ... ... . ... ... ..

53

CL

29.
CU

&.-

53



Ozaxpe 3 Atomic Force Microscopy Using Cantlevers With Tetrahedrl Trips

The difference between imaging with a pyramidal tip and a tetrahedral tip is further

evidenced by the images of a gallium a (GaAs) metal semnionductor fold effect

transistor (MESFET). The gate region of the MESFET is shown in Figure 3.6. The aculal

gaft line which is 500 A wide and proimately 200, A ral is located at the bottom of a

5000 A wide, 1800 A deep trench. T tetrahedra tip is able to uack the trench and detect

the presence of the gate line whereas the pyramidal p does not have an aspect ratio high

enough to enter the rench completdy and themefore does not sense the gate wire.

3.4 Summary

The silicon naitide cmntile with tetrahedral silicn tps have sevrl advantages

over other types of cantilevers and tips. Tetrahedral tips are sharp, self-aligned and

re ucble. In use, they are capable of fithfully following the contour of rough samples

faidtfly. The silicon tips are robust and show little or no wear from normal imaging of

Conical silicon tips, when oxidation sharpened, can have radii of curvature in the

nanomem range, moreover they are radially symmetric. Process uniformity is still a

problem for these ultra-sharp conical tips however. The ttrahedral up may find an

application with users who want sharper tips than pyramidal tips but do not want to pay the

hier price of ultra-sharp, concal silicon ups.
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Chapter 4: Near-Field Scanning Acoustic
Microscopy and Instrumentation

4.1 Introduction to Scanning Acoustic Microscopy

The scanning acoustic microscope was demonstrated by Lemons and Qae in 1973

[1]. The type of scanning acoustic microscope they invented uses an acoustic lens to focus

sound waves in a fluid medium to a diffraction-limited spot A sample is mechanically

scanned through the focal spot. Variations in the acoustic properties of the sample alter the

amplitude and phase of the reflected signal and these changes are the source of contrast.

Lemons and Quate's instrument and its descendants [2, 3,4] utilize piezoelectric elements

to launch acoustic plane waves down a sapphire buffer rod to a hemispherical acoustic lens

located at its end (Figure 4.1). The lens and sample are immersed in a liquid that acts as the

ansmission medium for the acoustic waves between the lens and the sample. Since the

acoustic velocity in the buffer rod is significantly higher than in the liquid, it is possible to

focus the acoustic waves to a diffraction limited spot of size given by [2]

S = ( )
(4.1)

F# = zO
D (4.2)

where F# is thef-number of the lens, typically 0.75. zo is the focal length of the lens

which can vary from 0.2 mm [1] to 12 pm [5]. D is the diameter of the lens aperture.
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rf pulse circulator

input output

circuit""-

sample

FRgu'e 4.1 The far-fil scanning acoustic microscope utilize~s a
islerica, acous• lens to focus acoustic waves in a liquid 10 a

diffraction limited spot. (After Quate et aLa [2].)

Since it is a far-field insuumnent, the resolution of the scanning acoustic" micrscpe

is limited by the spot size. In order to reduce the spot size the instrmnent can be operated at

higher frequencie to reduce the acoustic wavelength; however, the frequency can not be

inrasdwithout bound since the attenuation of sound in most liquids is proportional to

the square of the freuency. Hence, if the freq~uency is increased, the acoustic path length

must be reduced by a corrspnding factor in order to matintain acoustic signal power"
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constant. Reducing the acoustic path length becomes a practical problem since it can be

difiTult to fabricate lenses with focal lengths on the order of a few microns. The far-field

scanning acoustic microscope can have resolution as high as 2000 A when operated in

water at an acoustic frequency of 5 GIz. In liquid helium at a temperature of 0.2 K, the

resolution can be as high as 200 A [3].

The advantages of the scanning acoustic microscope is not limited to its high

resolution however. It is an important analytical tool because it provides images based on a

different contrast mechanism than other forms of microscopy. The contrast mechanism in

acoustic microscopy relies on variations in the acoustic properties at various locations of a

sample. It is therefore possible to see details in acoustic images which are not detectable in

the optical microscope [6] A further distinction between the scanning acoustic microscope

and the scanning electron microscope (SEM) is that the scanning acoustic microscope

images samples under liquid which can be an advantage when imaging certain samples

such as living cells which can not be imaged in vacuum.

Imaging samples under liquid, although advantageous in some instances, can also

be isadvantageous in others since some samples are not compatible with liquids, this

represents a limitation on the use of the acoustic microscope. Although some low

resolution images have been obtained using air as the acoustic medium [7], in general it is

necessary to immerse the sample in a liquid. Another drawback to scanning acoustic

microscopy is that in order to resolve features of less than a micron, it is often necessary to

immerse the sample in either hot water or in cryogenic gases. These operating conditions

are problematic not only because they are incompatible with some samples, but also

because they make it more dfcult to inspect samples quickly.
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4.2 Near-field Scanning Acoustic Microscopy (NSAM)

The first microscope utiliAng the near-field effect was demonstrated by Ash

Nichols in 1972 [8]. Their instrument passed 10 GE-z rf waves through a 1.5 mm aperture

and achieved a lateral resolution of 0.5 mm, or V60. The growth in importance of the

STM, AFM and other scanning probe instruments in the 1980's kindled a renewed interest

in the near-field acoustic microscopy [9,10, 11, 12, 13, 14].

In near-field scanning acoustic microscopy (NSAM), much as in the STM and

AFM, a sharp probe is brought into close proximity to a sample such that acoustic energy

can be coupled between the two. In conutast to previmous scanning acoustic microscopes in

which the acoustic spot is created by focusing sound waves with lenses or by passing

acoustic waves through a small aperture, in the near-frld scanning acoustic microscopes

the acoustic spot is made small by usmg a solid tip with a very sharp apex. The extremity

of the tip is typically 10 to 10,000 times smaller than the wavelength of the acoustic waves

that it transmits. Hence, the resolution of the microscope is limited not by the diameter of a

diffraction-limited spot but rather by ti, radius of curvature of the tip and the acoustic

power that can be delivered to the apex of the tip.

A second limitation on the resolution of scanning acoustic microscopes is the

working distance between the tip and the sample. In order to obtain the optimum

resolution, the tip must not only be sharp, but its position must also be maintained within a

fraction of a wavelength from the sample surface. The resolution is therefore determined

by the larger of the spacing between the tip and sample or the radius of curvature of the tip.
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4.2.1 Resonance NSAM

TheM are two major types of NSAM instruments. The first type, exemplified by

acoustic microscope of GOthner and coworers, utilizes some form of an acoustic resonator

(Figure 4.2) [11]. In this case, one arm of a quartz tuning fork acts as a probe. The tuning

fork is driven at its resonance frequency of 32.7 KHz and the interaction of the tuning fork

with the sample is monitored by measuring changes in the resonance frequency or vibration

amplitude of the tuning fork. This configuration has yielded images of insulators with

lateral resolution on the order of 1 plm.

tuning fork

sample

Figure 4.2 Gitner and coworks use one leg of a quartz oscillator as a

tip to probe a sample acoustically. The image is obtained by monitoring the
amplitude of the oscillator's vibration.

Among several benefits of the resonator-type instrmnent is that when forces

between the sample and the tip are sufficiently large, the vibration of the resonator stops.
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TMs effect provides a convenient measure of the point where the separain between ip and

sample is z-o.

A fiurther advantage of the resonator-type acoustic microscope is that it is a single

port device that operates without a receiving tansducer on the back of the sample. Such

instuments are easier to use since they require no alignment of transmitting and receiving

ransducers and they are also capable of imaging samples of any reasonable thickness.

In order for the resonator-type instrument to function properly however, either the

resonator must have very high Q so that small changes in the applied force creat significan

viations in the resonance frequency or the microscope must be able to determine the

vibrain amplitude very accuaely.

4.2.2 Transmission NSAM

Other versions of NSAMs do not use acoustic resonators, but instead operate in

transmission node in which sound waves are excited in the tip by one ultrasonic transducer

and transmitted into the sample where they are received by a second transducer. Takata and

cowodks [9] demonstrat such a transmission instrument that vibates, a tip

approximately 10 Ap.p by applying a continuous wave 70 KMz sinusoidal voltage to the z

electrode of a piezoelectic scanner tube (Figure 4.3). The received acoustic signal is

rectfied and can be used to control the spacing between the tip and the sample through the

use of a feed back circuiL

While imaging in the Uansmission acoustic mode, Takata's instrument can also

monitor tunneling currents between the tip and the sample so that for conductive samples,

two different contrast mechanisms can be monitored and the separation between the tip and

the sample can, in principle, be controlled by either signaL
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piezo tube

tungsten tip

L..,t1o A

receiving transducer

Figure 4.3 Transmission mode NSAM has been demonstrated by several

researchers using moM F6ed STWs. Takata and coworker mo•late the z
piezo of a standard s nner to excite acousc waves into the sample.

Advantages of two-port NSAM instruments include the fact that since the tip need

not be an integral part of an acousticly resonator, common tungsten or pla-,,-rridium

tips similar to those used in STMs can be used. If the tip is damaged during use, it can be

replaced easily and quickly. Damage to the tip is of partcular concern for no-resonator-

type instrments since there is no inherent sign, in the absence of a tunnelimg current

signal, when the tip and sample come into contacL

In the resonator-type instruents, when the tip and sample come into contact, the

resonator stops resonating. In transmission instruments however, if the tip were to make
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contact with te sample, the transmitted acoustc signal could still show a distance

dependence since raising or lowering the tip could change the cross-sectional area of

contact between the tip and the sample and beeby modulate the transmitted signal.

The frequency range of operation for a NSAM using a piezoelectric tube scanner as

its uhrsonic source is determined by the resonance frequency of the piezodlectric tube.

Typical PZT piezoelectrc tube scanners have resonances on the order of tens to hundreds

of kHz. In lieu of the tube scanner, piezoelecric plates can be bonded on the end of metal

tips [10] but at frequencies in the range of several MHz and above, poor bond quality

between the piezoelectric transducer and the base of the tip causes coupling ifciencies

which limit the transmission of acoustic power from the transducer to the tip.

4.3 NSAM With Microfabricated Probe Assembly

Unlike other NSAMs the instrument presented in this dissertation uses integrated,

mic tips and uasducers instead of sharpened wires, piezoelectric ceramics and

crystal resonator Microfabrication techniques allow the fabrication of hundreds of tips

and transducers on each silicon wafer. In addition, as described in Chapter 2, the

technology for mi-rf n ing sharp tips has improved to a level such that it is possible to

miorofabicate silicon tips that are shaper than rpened metal tips. Utilizing ZnO thin

films for transducers instead of bulk piezoelectric ceramics such as PZT, it is possible to

obtain efficient, high frequency transducers with excellent acoustic coupling between the

Sansducer and the tip even at frequencies in the GHz regime. The following sections

describe the fabrication of the tip and ultrasonic transducer assembly as well as the

mechanical design of the instrument.
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4.4 Tip Fabrication Proces

The NSAM tips are fabricated using either the conical or the temaedral tip

fabrication processes described in Capter 2. Since the tips for use in NSAM are not

mounted on the ends of cantilevers but ar instead located in the center of a square silicon

die, the tips must be quite tall tD allow some tilt of the sample with respect to the tip

substrate without causing the edge of the die to touch the sample (Figure 4.4). Tips of 60

to 100 pm height were fabricated allowing a 2 degree tilt.

tip subsrate -.....

- 100 Pm .. -..

S.- .. . sample

- 5 mm

Figur 4.4 The NSAM tips must be tall so that the allowable tilt angle of the
tip substrae with respect to the sample is as large as possible.

Making such tall tips necessitates some modications to the tip fibrication

processes previously descrbed. In both the conical and the tetrahedral tip fabrication

processes the height of the tips is determined by a SF6dC2Cl5 plasma etch. To fabricate

tips of height up to 10 ^ro silicon dioxide, silicon nitride or even photoresist can be used

as a masking material. When the tips exceed this height however, the etch selectivity

between the silicon and the masking materials in the plasma is insufficient to allow

extended etching. For tall tips therefore, aluminum, chrome, tungsten or some other

refractory metal must be used as the masking material since the etch rawe of these materials

in the silicon plasma etch is insignificant
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To fabricate tall NSAM tips, 1000 A of evaported aluninum was chosen for a

masking layer due to alumimnm's ease of deposition, relatively low stress and compatibility

with other standard integrated circuit fabrication processes.

20jim

Figure 4.5 The complektd conical tip shown here is approximately 100 prm

tall.

Ile inclusion of a metal masking layer creates a process compatibility problem

since metal contmi ts can diffuse out of a wafer during subsequent high temperature

thermal cycles. For both the conical and the tetrhedral tip processes, the only high

temperature process step necessary after the long dry etch is a thermal oxidation at 950 OC.

These oxidations are carried out in a metal contaminated oxidation furnace typically used
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for tungsten annealing so contamination from the metal masking materils used during the

long dry etch process does not adversely affect clean furnaces reserved for electronic device

fabrication.

Although both conical and tetrahedral tip processes yield sharp tips, it is more

dffiut to make a tall tetrahedral tip than it is to make a conical tip of simila height. In

order to fabricate a terahedral tip, a vertical-walled post must first be formed. When the

desired tip height is on the order of 100 P~m, it is difficult to make a sufficiently tall vertical-

walled post. For this reason, conical tips are preferred for use in NSAM.

One modificatio included in the next genration of tips being fabricated by Andreas

Judas is the creation of relatively short conical tips of 1 to 10 pim height on sltcon mesas

which are approximay 100 pim tall (Figure 4.6). The fabrication process for such tips

begins with the oxidation of a double side polished, silicon (100) wafer. Small oxide

circles approximately 10 pm in diameter are patterned and etched Silicon nitrde is then

deposited over the entire wafer and large nitride squares on the order of 100 Wm on a side

are patterned and etched. The mesas are formed by using the silicon nitride as a mask

while wet etching the silicon in EDP or KOH. After mesas of a desired height have been

obtained, the nitride is stripped to expose the silicon dioxide circles. The circles are used as

masks during either a plasma or wet etch in EDP during which the silicon is etched until the

circles are almost completely undercut. The circles are then removed by etching in a

buffered -F solution.
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*oadde
0 nkrkle

b)

C)

d) -1oPun
I

-10 z

Figure 4.6 To make a tip on a mesa stuucture, a) a double laey mask of

nitide over oxide is pauered. b) An anisouopic wet etch is firt used to

form a mesa c) and a short plasma etch is then used to form the small

conical tip. d) The final tip is exposed when the oxide mask is selectively

removed.
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If further sharpening is desired, the ups are thermally oxidized in steam at 950 0C.

Due to the differential oxide growth rate on tips previously described in Chapter 2, the

silicon tip is sharpened by the oxidation and subsequent removal of the oxide.

The mesa tip process has two principal advantages over the previous conical tip

process. First, since the mesas are wet etched using nitride as the mask, no metal masking

layer is necessary and process compatibility problems are alleviated. An additional benefit

of the process is that since most if not all of the silicon etching is done with wet etchants,

uniformity from tip to tip is increased and the use of environmentally harmful

chloroflourocarbons for plasma etching can be reduced.

4.5 Ultrasonic Transducer Fabrication Process

Other than the fabrication of the tips the other major fabrcation process necessary is

for creation of the ultrasonic transducers. The ultrasonic transducers are simple, capacitor-

like structur consisting of a ZnO island sandwiched between a gold ground plane

electrode and a small gold top electrode (Figure 4.7).

Before the fabrication of the umrasonic transducers can begin, if the devices are to

be made on a silicon substrate, the silicon wafer must first be oxidized or covered with

silicon nitride in order to allow the subsequent deposition of well-oriented ZnO. In these

cases, a 1000 A thick film of silicon nitride is used. When the substrate has been properly

prepared, 1000 A of gold are evaporated on the wafer using a 40 to 100 A thick titanium

adhesion promotion layer. When the wafer is unloaded from the gold evaporation station it

is immediately placed in the ZnO sputtering station [15] where a XW2 thick film of ZnO is

deposited. A 1000 A thick, gold top electrode is then evaporated and patte-ued using a
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lift-off process. Finally, the ZnO is patnemed and etched from all areas except in islands

under and around the top electrodes.

' " gold
-nhtride or oxide

silicon

Figure 4.7 The ulwasonic transducers are simil in structure to capacitos

They are comprised of 2 gold electrodes each 1000 A thick on either side of

a ZnO layer. A 1000 A film of oxide or nitride on the silicon fcilitates the
growth of c-axis oriented ZnO. T1e thickness of the ZnO is chosen to be

equal to half te desired acoustic wavelngth. Diameter of the transducers is

100 to 200 pln.

Panernizig the ZnO serves two purposes, first it exposes the ground plane for

making elecurcal contact and secondly, it removes most of the highly stessed ZnO film

which is prone to peeling after long exposures to humidity.

4.5.2 Ultrasonic Transducer Design

When designing the transducers, there are two principal variables that can be

altered, the thickness of the piezoelectric material and the area, or size, of the transducer.

The thickness of the piezoelectrc mmrial is determied by the desired operating frequency.

Once chosen, the operating firequency in conjuncton with the acoustic velocity in the

pc material determines the wavelength of the acoustic wave. For a first order

design, if the transducer is considered to be air-backed, the thickness mode resonance of
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the device can be excited if the thicknes of the piezoelectric film is equal 1/2 the acoustic

wavelength in the piezoelectric material The longitudinal acoustic velocity in ZnO is 6.33

km/s [16] and the corresponding wavelength at 1 GHz is 6.33 .L Therefore, for 1 GHz

operation approximately 3.16 mun of ZnO are deposited.

The assumption that the transducer is air-backed is a good one in reality since the

1000 A gold top electrode and the gold bonding ball represent only a small amount of mass

loading. For the purposes of the NSAM, the small deviation between the theoretical and

actual operating friquencies is negligible since the transducers' operation is sufficiently

broad band to allow a matching network to tune the transducers within in an acceptable

frequency range.

The size of the transducer is primarily influenced by the need to generate plane

waves with uniform acoustic intensity. The acoustic fieid intensity generated by an

ulrLasonic transducer varies widely depending on the distance from the transducer along the

axis and the distance from the axis. It is convenient to consider twc tistinct regions

defined by the Fresel limit, S = 1, where S, for an isotropic substrate, is the Fresnel

parameter given by [16]

S =f-
a2  (4.1)

z is the distance from the transducer measured along the axis, X is the wavelength of the

acoustic wave, and a is the transducer radius.

The region where S < 1 is known as the Fresnel region. In the Fresnel region, the

acoustic intensity varies rapidly with z but is unixmn and well-confined within an area

roughly corresponding to the transducer cross-section. The Fraunhofer region where S >

1, is the region in which diffraction becones significant and the acoustic intensity falls
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monotonically as I/z2 along the axis. Due to diffraction the intensity also falls off in

directions orthogonal to the axis such that at the plane S = 1, the main lobe has its -3 dB

points at a radius of 0.35 a.

Given that acoustic intensity is such a strong function of radius and distance, the

transducer was designed to operate in the regime between S = I and S = 2 to deliver the

highest and most uniform feld intensity possible to the base of the silicon tip. If the ip

were too far in the Fresnel zone of the transducer, the field intensities across is base would

not be uniform. If in contrast, the tip was too far in the Franmhofer region, the field

intensity would be less than the maximum value possible. For these probes, transducers of

various sui were fabricated. For I GHz operaion on I mm thick silicon wafers these

transducer sizes correspond to 0.025 < S < 47.8. Since the last minimum of the field

intensity occurs at S = 1, transducers were designed to operate between S = 1 and S = 2 in

order to maximize efficiency. It was detemined empirically that transducers ranging in

radius from 28.79 to 57.57 Pm, or S parameter from 7.6 to 1.9 work best in the NSAM.
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Transducer Equivalent S parameter
Area 2) Radius (jim2)

416 11.5 47.8

2603 28.79 7.6

10,411 57.57 1.9

41,642 115.13 0.48

125,434 199.82 0.16

260,265 287.83 0.076

384,141 349.68 0.052

783,961 499.54 0.025

Table 4.1 Transducer areas and calculated S parameters are shown in this

table. Equivalent radii are indicated since transducers were not circular in all

cases.

4.5.2 Ultrasonic Transducer Performance

The transducers are designed to have a thickness resonance mode at a given

operating frequency. In order to operate efficiently the impedance of the transducer must

be well-matched to the impedance of the driving electronics which is commonly 50 U

Figure 4.8 (a) and (b) show the reflection coefficient, or I S1, of a 50 mun transducer

with and without a matching netwodk
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Figure 4.8 a) The plot of I Si I for an untuned rnsducer shows avmy
poor math to the 50 U b) When the wtwsduce is tuned with using a
mathing network the I S I1 I camv passes diiectly throgh the 50.Q point
at the came of the Smith chart
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L

XL =Q

Q= -I

Figure 4-9 The marching networks used to tune the transducers were made
using these circuits and design rules after Hardy [17].

The rules used to design the matching network are shown in Figure 4.9 [17]. The

Smith chart in Figure 4.8 (a) shows only a small resonance peak that is poorly matched to

the 50 Q impedance at the center of the chart while the reflectio coefficient of the same

tramsducer with the matching network passes directly through the 5012 point.

Matching networks are used in this manner to match impedances and tum the

opezating frequencies of the transducers used in most of the experiments described in this

disetation. The one-way insertion loss versus frequency of a tuned transducer on a

silicon wafer is shown in Figure 4. 10.
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Rsare 4.10 A taaed mmdacer • in a fairly broad ba•l and can

have insertion loss as low as 3 dB. The min•um insertion loss for this

uansducer is 6 dB.

4.6 Hybrid Probe Assembly Process

The processes described above for fabricating the tips and the ulwasonic wansducers

can be • out on single or separa• substrates. Initially, in on:..T to study the feasibility

oftbe project, a hybrid process was used in which the transducer is fabricated on a Pyrex

7740 glass mbstrate and the tipis fabrk:ated cm a separate d•on substrate (Figun• 4.I1).

Akhough in principle, the emire dp wafer could be anodic•y bonded to the entire

• submate, in this inidal stage of •on, the tip and transducer masks
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were not designed specifially for this project and therefore the tips and transducers were

not aligned to each other across the entire wafer. For expediency, the substrates were each

diced and individual tip dice were bonded to individual transducer dice.

gold 
n

Pyrex 7740 glass

silicon

Figure 4.11 In the hybrid process, the tip is fabricated on a silicon wafer

while the acoustic transducer is fabrncated on a 7740 Pyrex glass subsmate.

To form the probe, the tup and tansducer substrates are anodically bonded

together.

The bonding of the tip and transducer substrates was accomplished using a low

temperature anodic bonding process [18). To begin the process, the die with the tip is

placed in a special jig that holds the die with the tip facing downward into a cavity. The

Pyrex die with the transducer is placed on top of the tip die and aligned under a direct view

optical aligner which has coaxial optical objectives to view both sides of the sample. The

alignment is accomplished by hand using tweezers to adjust the position of the dice.

Approximat•ly 25 pm accmacy in alignment is achievable using this technique. When the
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alignment is completed, the entire jig assembly is transported to a hot plate. The silicon

substrae is grounded and a large negative voltage is applied to the Pyrex through a point

contact Since the Pyrex is transparent, the bonding front can be observed moving across

the entire 1 cm 2 die in a few minutes. To ensure proper bonding however, the voltage and

temperattre are maintained for 30 minutes After bonding, the device is placed in the

aligner again to confirm that the tip and transducer have in fact been bonded in alighnent

Lastly, a I mil thick gold wire is bonded to the top elctrode of the transducer to complete

the hybrid fabrication process.

The principal advantage of the hybrid fabrication process is that the tip and the

ansducer are fabricat indepeddently thereby reducing probiems of process

cmmpatibility. For example, tip fabrication processes typically include the use of chemicals

such as KOH or EDP, both of which would rapidly attack the ZnO in the transducers and

thieeore preclude the fabrication of transducers before tips. Fabricating tips before

transducers is also difficult because it necessitates the protection of the sharp and fragile

tips during all transducer fabrication steps. By fabricating the tips on silicon wafers in the

absence of the transduces, the entire fabrication process is greatly simplified.

The acoustic reflection coefficient, r, of the silicon/Pyrex interface is given by [16]

r = Z2 -Z1
Z2 + Z1 (4.2)

where the acoustic impedances of Pyrex, Z1, and silicon (100), Z2 , are 13.1 x 106 kg/m2s

and 19.7 x 106 kg/m2s respectively [19]. The siliconPyr interface therefore has an

acoustic reflection coefficient of 0.201. The power transmission coefficient is expressed as

[16]

7-= 1
"7(4.3)
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so for the silicon/Pyrex interface the power transmission coefficient is 0.960 or only

-0.358 dB. Thus the silicon/Pyrex bond is relatively Iossless.

4.7 Integrated Probe Assembly Process

After the hybrid process was used to demonstrate the viability of the NSAM, a

complete mask set was designed to fiarcate an integrated probe assembly. The most

important difference between the hybrid process and the integrated process is that in the

integrated process the tip and tansducer ar fabricated on the same substrate and the need

for anodic bonding is elminated.

To begin the integrated probe fabrication process, alignment mas are pa ed on

both sides of a I mm thick, double-side polished (100) silicon wafer which has previously

been coated with thmnal silicon oxide or LPCVD silicon mide. The alignment is done

using a Kasper 2001 contact aligner with an infrared transmission alignment capability.

Tips are then fabricated and oxidation sharpeed. on one side of the wafer. Once the tips

have been formed, all subsequent process steps are conducted using spacers to pevent the

wafer from being placed face down on the tips. In some pieces of equipment, special

stages are used which hold the wafer with the tips facing down over a depression

suspended only at the wafer's perimeter. Keeping the tips protected at all times, the

ultrasonic transducers are fabricated on the back side of the wafer using the fabrication

process described above. The wafer is then cleaved into the individuals dice and gold leads

are bonded.
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4.8 Tip and Sample Mounting

To use the microfabricated probes in the NSAM, dy must be mounted in a

housing which provides rf shielding and can contam the rf matching network. Maximum rf

shielding is desirable to prevent direct rf feed-through which results in high coherent

background signal levels. The size and mass of the housing must be kept at a minimum so

that the mass of the probe assembly will not load the piezoelectric tube scanner. Finally,

the housing must accommodat the rf matching network circuitry which typically consists

of a total of two or three chip capaciors and inductors. A photograph of a transducer

housing is shown in 4.12

ii . t . ot

Figure 4.12 The housing for the transducers and matching networks must

be small to pevent nmass loading of the piezoelectric tube scanners and they
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must be effective in shielding rf radiation. They are made from brass and

measure 5/8" on a side.

4.9 NSAM Mechanical Instrumentation

The nr-field acoustic microscope described in this work is shown in [igure

4.13]. Thme c instrumentation is based on the tripod design [20] and is largely

identical to that of an MTX The three 1/4-80 screws form an equilateral triangle with

height of 2 inches. These screws are used to adjust the tip height and tilt relative to the

sample. The Piezoelectric tube scaner is placed 0.3 inches from the base on the

perpendicu bisector of the triangle formed by the screws. Thereo, when the height of

the rear screw is adjusted, the tip rises with respect to the sample by an amount reduced by

a factor of 0.3/1.7 or 0.18. This lever arm reduction enables the re screw to have fin

control of the height than the two screws at the fiont. The head of the microscope was

constructed using the translation stage from a Pak Scientific Insuments AFM [21].

The translation stage is necessary for positiornig the tip precsely with respect to the

receiving transducer on the back of the sample. In transmission mode this alignment must

be accurate to within 25 pm. The disadvantage of the translation stage is that it may

comprom the Stiffness of the microscope and thereby increase drift or reduce the

frequency of its lowest mechanical resonance. In fact, the same stage has been used in the

Park Scientific Instruments' AFM and STM to obtain atomic resolution images successuy

so it does not appear to be a limiting factor in this i tr
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FRpe 4.14 Tbis photo shows the NSAM microscope. The width of the

base is 4 inches.
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4.10 rf Electronics

The electrni circuitry used for feedback and scan -omrol were primarily

constructed by Moris Dovek and Chris Lang for use with a SIM [22,23] (Figure 4.15).

Figure 4.15 T-his is the necessary rack of electronics to operate the NSAM.

Principal differences between this NSAM and a traditional SThI are the electronics

necessary to process the rf signals as well as the microfabricated tip and transducer. The

general rf electronics configuration is shown in (Figure 4.16).
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The master pulser, a Systron Donner 101 Pulse Generator, controls the timing of

the entire system. It triggers a HP 8112A 50 MHz Pulse Generator at 100 kHz and the HP

pulse generator in turn gates a 100 nS, 1 GHz tone bursts from the Fluke 6062A frequency

synthesizer. The tone burst is amplified by a power amplifier up to a peak power of 10 W

before being directed through a circulator to the NSAM probe. The third port of the

circulator is terminated with a 50 . load to prevent reflected signals from re-entering the

power amplifier.

Matching networks connected to both the tip and sample transducer are used to tune

the transducers to similar fiquencies as well as to reduce the impedance mismatch between

the 50 Q coax lines and the acoustic transducers. The if signal is converted into an acoustic

wave by the ultrasonic transducer. The signal then propagates down the tip into the sample

and is collected by the receiving transducer mounted on the back of the sample. The

received signal is amplified by a Miteq AM-5A-0520 which has 50 dBs of gain and a 1.9

dBs noise figure.

Three FET switches controlled by the master pulser gate out the direct if feed-

through, which arrives almost instantaneously, from the acoustically transmitted signal

which arrives after a time interval corresponding to the acoustic time of flight of the tone

burst in the tip and sample substrates.

The high frequency signal is then mixed down to a 160 MHz intermediate

frequency and amplified again. A cryMstal detector rectifies the signal and the rectified signal

is fed to a Princeton Applied Research boxcar averager with input and output time constants

of I00 g&s. The output of the boxcar averager corresponds directly to the acoustic power

transmitted from the tip into the sample and therefore, this signal is used in the feedback

circuit to maintain a constant tamitted power level as the tip is scanned over the surface.
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A topographic image of the surface is created by monitoring the feedback signal necessary

to maintain a constant acoustic power. The total dynamic range of this system is 129 dBs.
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Chapter 5: Transmission Mode Near-Field
Scanning Acoustic Microscope
Operation

5.1 NSAM Experimental Procedure

The NSAM described in this dissertation can be operated in a transmission mode

similar to other transmission NSAMs [1]. In this mode, acoustic waves are coupled from

the tip into a sample and are then detected by a receiving transducer on the back of the

sample (Figure 5.1). The spacing between the tip and sample is controlled by a feedback

circit that adjusts a piezoelectric positioner to maintain the transmitted acoustic power

constanL An image of the surface is obtained by recording the error signal of the feedback

circuit as the tip is scanned in a ras fashion over the sample.

Although the operation of the NSAM in transmission mode is reminiscent to that of

the STM, there is one important difference: while the tip in STM has constant size and

shape, the NSAM tip vibrates longitudinally as acoustic waves travel down its length. The

amplitude of the tip displacement, or particle motion, is determined in parts by 1) the shape

of the tip and 2) the amount of power reaching the location in the tip where its cross section

is comparable in size to half the acoustic wavelength.

There are roughly two regions of interest in the acoustic path from the transducer to

the apex of the tip, (Figure 5.2).
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Figure 5.1 In transmission mode NSAM, acoustic waves are generated by
the tip transducer, coupled to the sample through the tip and detected by a

second transducer on the back of the sample.

From the tip transducer up to the point in the tip where the cross-section is approximately

equal to )U2, the loss is proportional to the ratio of the tip cross-section at x = ZJ2 and the

area of the transducer. Since the acoustic impedance mismatch of the silicon tip to air is

19.7 x 106 to 0 kg/m2s, virtually nothing is transmitted from the silicon into the air. In this

region, the power density is constant along the longitudinal axis of the tip.
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Figure 5.2 The NSAM tip and substrate have two regions of acoustic
behavior. Region A has lateral dimension which are small compared to a
wavelength. In this region, energy density is not constant and particle
motion amplification results. In region B, the energy density is constant

Acoustically, the most interesting region of the tip is near the apex where its lateral

dimensions are comparable to half the acoustic wavelength. The particle displacement in

this region is amplified through a phenomena identical to the one exploited in tapering rods

for Mason horns and ultrasonic drills [2]. The particle motion in this region is amplified

because the tapered shape of the tip acts to increase the power density of the acoustic wave
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as it travels down to the apex of the tip. Since the power density is proportional to the

square of the strain, as the power density increases, the strain increases resulting in

amplified particle motion near the apex of the tip.

The region of the tip undergoing amplified displacement will be refened to as the

".amplifying- portion of the tip and the portion of the tip in which the lateral dimensions are

much larger than a wavelength will be called the "non-amplifying" portion of tip. For the

purposes of this analysis, we assume the the two regions are distinct when in fact, the

transition from one regime to the other is understood to be gradual and not clearly

delineated. It is the amplified vibration of the tip that is responsible for the large strain that

can be coupled from the tip into the sample.

5.2 Acoustic Power Propagation From Tip

The vibration amplitude of the tip can be calculated using a model for elastic motion

of a solid cone with known dimensions and input power entering its base [2, 3]. The

motion of the particles in the base of the tip can be determined from fundamental acoustic

principles but in order to model the motion in the amplifying portion of the tip, it is

necessary to detrmine the input power delivered not to the base of the tip but to a plane in

the tip where the width of the cone equals half the acoustic wavelength, for example 11.7

pm at 750 MHz in silicon.

DI n the power reaching the amplifying portion of the tip would be simple if

the tip structtre were a perfect waveguide in which case the total energy reaching the

amplifying portion of the tip would simply be equal to the energy impinging on the tip's

base. The power reaching the base of the tip structure is not difficult to determine since the

insertion loss of the NSAM transducer and silicon substrate can be measured.
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Determining the actual acoustic loss in the non-amplifying portion of the tip is

difficalt but this value must be known before the particle displacement in the amplifying

portion of the tip can be calculated

To determine the loss in the non-amplifying portion of the tp, a hemispheia

acoustic lens is focused on the amplifying portion of a NSAM tip and the power received

from the NSAM transducer is measured. Knowing the input and output power of such a

system, one can subtract all the known components of loss in the acoustic path leaving one

unknown component, the loss in the linear portion of the tip structre.

The experimental configuration and the measurement apparatus are shown in

F'gures 5.3 and 5.4. A hemispherical lens is mounted above the NSAM tip on manual

translaion stages capable of moving the lens in three, orthogonal directions for coarse

alignment. The h e lens has an F# of 0.7 and 1.5 Wm spot size. It is designed

for operation at 1 GHz. The NSAM tip is mounted on a piezoelectric tube scanner which

scans the NSAM tip in the x and y directions underneath the hemisph lens to produce

two-dimensional mappings of the radiated power from the tip. A resistive wire is wrapped

around the hemispherical lens housing to heat the watr to reduce its attenuation.

P'm and Plecvea were measured directly in the transrmi•ion emperiment. The

transmission experiment was conducted at 750 MHz. For an input power, Pin, of 1 W.

the received power, Preceived, was 12.5 pW, or -109 dB down from the input rf power.

The transmitted power versus frequency is shown in Figure 5.5.
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ac c microscope with a hemispherical es. T NSAM tip was

mounted on a piezoelecutic tube scanner to allow fine positioning and 3-

dimensional scanning.
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Figure 5.4 The far-fied acoustic microsope apparatus is shown here-
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Figure 5.5 The tansmission experiment was conducted at 750 MHz where
the total loss between the hemispherical acoustic lens and the NSAM tip
transducer is 109 dB.

The NSAM tip was scanned under the hemispherical lens by the piezoelectric

scanner to obtain a 2-dimensional acoustic intensity image of the tip. An image of the tip

taken with the tip apex in the focal plane is shown in Figure 5.6. The bright spot in the

center of the image corresponds to the convolution of the diffraction-limited spot size of the

lens and the size of the tip. The measured spot is larger than the tip radius since the

acoustic signal is received from the entire portion of the tip in the focal volume of the lens
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represented by lens' spot size and depth of field. A 1-dimensional scan of the same region

takWn with the apex of the tip in the focal plane of the lens shown in Figure 5.7. The -3 dB

points are approximately 3 pim apart.

Figure 5.6 This 10 pm x 10 pm far-field acoustic microscope image of the

acoustic intensity of an NSAM tip shows the presence of the sharp tip as a

bright spot 3 pm wide.

Turning now to an accounting of the losses in the acoustic path for sound

ion from the tip to the lens, the first component of loss in the acoustic path to be

considered is the insertion loss of the receiving lens assembly and the atenuation in the

water. The sum of these loss mechanisms is deumied by launching an acoustic pulse

from the lens and measuring the 2-way loss of the signal when it is reflected off of a

polished silicon wafer and collected again by the lens.
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Figure 5.7 The NSAM tip can be scanned under tichmspeia acoustic
tip to map the, acostic intensity proffie of the Vansminted, acoustic signa1
The-3 dB points width of the peak is 3 Pmo

o.5 dB of the 2-way loss is attributable to the filike tzasmsion of sound from the

wate into the polis.hed silicon reflector. The, 1-way loss, clculated, as half of the measumd

2-way loss, is shown as a fnction of frequenY in F'gure 5-8- At 750 MHz, the loss is

-39-5 dB.
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Figure 5.8 1-way transmission loss of the heispea lens as a function

of frequency shown here. At the frqec of the trnmiso exeiet

the loss is -39.5 d1B.

The next componet of loss is due to the inefficiency of coupling souid. into or out

of a small. body such as the apex of fth tip. In order to demie the magnitude of this loss

mechanim, we exmn the impedance mismawh between a small sourc radiating

spherical waves and the surrounding isotropic medium. This impedance mismawh

detemines. ft transmission coefficient between the -sourc and the medium. It is assumed

to be the same for sound traveling from the medium into the small body as well-
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The radius of curvamre of a NSAM tip is typically 1000 A or less. Since the tip

radius and gap spacing determine the NSAM's resolution, only the power transmitted from

a region 1000 A, or 0.009 of a wavelength, from the tip apex is of interes. The figure of

interest in this experiment therefore is the coupling efficiency between a 1000 A radius

silicon source and a water medium. It is assumed that the sidewalls of the tip are very stVe

and any acoustic transmissions originating there radiate perpedicularly to the tip sidewall

and are not collected by the hemisph lens.

For a small acoustic source, the displacement velocity and the pressure amplitude

are out of phase. This can be understood by noting that the pressure amplitude, T, is equal

to the particle velocity times the acoustic impedance, vZ. The following equation describes

the acoustic impedance encountesed by a spherical wave radiating from a small source [4]

[ +(kr)2 1 +[ (kr) 1 (5.1)
F1+c. L (k r)J F" 1 + (k r)2

where p is the density of the medium, c is the phase velocity, k is the wave number, and r

is the radial distance from the source. When kr is very large, far fiom the source, the

second term in the equation goes to zero and the acoustic impedance approaches the

impedance for a harmonic plane wave [4]

Z =+oc (5.2)

Near the source however, the second term dominates and the impedance becomes

almost purely imaginary. To obtain even a small value of real pressure amplitude, the real

particle umt near the source must be very large Therefore, the power radiation of

a very small source is quite ineffcient
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The equivalent impedance of the water medium seen by a spherical wave radiating

from a 1000 A sphere is 1.3 x 105 kg/m2s according to equation 5.1. The transmission

coefficient from silicon (Zu = 19.7 x 106 kg/rm2s) into this equivalent impedance of water

is 0.026, or -16 dBs. The coupling of sound from water into a small silicon sphere is also

assumed to encounter the same impedance mismatch and tlerefore the same 16 dBs loss.

The next region in the acoustic path to be examined extends from the tip's apex to a

plane where the lateral dimension of the tip is IS This is the portion of the tip which

experiences amplified motion. Since it is a relatively short region and the sidewalls are

steeply sloped, we assume that no loss occurs in this region. The power density increases

as the cross-sectional area of the tip decreases. These factors result in amplified particle

motion in the fashion of a Mason Horn.

Skipping the non-amplifying portion of the tip for the present, the next loss

component is the NSAM substrate and ransducer itself. The magnitude of this loss

component is evaluated by measuring the 2-way loss of a signal teling from a transducer

through the substratf and reflecting off of the polished silcon/air interace. The reflection

from the siliconh/a interface is almost 100% since the acoustic impedance of air is nearly 0.

The 1-way insertion loss of the umed NSAM transucer was shown in Figure 4.10. At

750 MHz, this component accounts for 7.5 dB of loss. Some additional power will be lost

since the area of the tip's base is small and some power from the ftansducer will fall outside

of this area. In the following discussion, this extra loss element will be lumped with the

loss attributed to the non-amplifying portion of the tip.

Having accounted for all of the known loss mechanisms, the loss in the non-

amplifying portion of the tip can now be determined. The total acoustic loss in the non-

amplifying portion of the tip, Ltip. is given by the following equation
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Lup = Pin -Preceived - LWMens d liqud - LWMi- sWm=
- Ltip substrate (5.3)

where Ltp is the loss in the non-amplifying portion of the tip, Pin is the total power input,

•Pe is the received power, L-Mand lbqtid is the loss of the hemispherical lens,

ansducer and water, Lpm somw is the loss due to inefficient radiation from a small

acoustic source and Ltjp sabom is the loss of the NSAM transducer and substrate.

Pin 1W

Pmmivnd 12.5 pW

L andlsimqd -39.5 dB

/-,oin SOMM -16rdB

Lt submw -7.5 dB

L* -46dB

Table 5.1 Total transmitted power, received power and values for each
component of loss are shown in this table. The operating frequency of the
experiment is 750 MHN.

Subituting the values from Table 5.1 into equation 5.3 yields the total loss in the

tip from the base up to a point in the tip where its cross-section is roughly half of a

wavelmgth. The loss in the non-amplifying portion of the tip, L*p, is thus detemned to

be -46 dBs.

-20 dBs of the -46 dBs of loss in the tip can be atiributed to the difference in areas

beween the tasucer and the cross-section of the tip where its diameter equals half the

acoustic wavelength. The remaining -20 dBs may be due to error introduced in calculating
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the radiation efficiency of the last 1000 A of the tip, previously modeled as a radiating

sphere.

In summary, when the NSAM tip is excited at its base by an acoustic wave, a total

loss in signal of 53.5 dBs is incurred before wave reaches the amplifying portion of the tip.

For a 1 W input rf power pulse, 4.5 gW reaches the amplifying portion of the tip.

5.3 Tip Motion Due to Acoustic Excitation

As described in the previous section, when the NSAM tip is excited by an acoustic

wave at its base, the displacement of the particks varies according to their position in the tip

(Figure 5.9).

Mason horn normal
effect displacement

y I .y

x=a

Figure 5.9 The particle motion in the tip is a ftmction of the location of the

particle in the tip. The figure above after Graff (3] indicates the axes which

will be used in the analysis of the particle motion.

In the non-amplifying region near the base of the tip, the particle velocity, v, is

proportional to the ratio of stress, T, to the acoustic impedance , Z [5] as shown
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z=- (5.4)z

The acoustic impedance in the non-amplifying region is a material constant and therefore,

the particle velocity is simply proportional to stress.

In the portion of the tip where the lateral dimension is comparable to half the

acoustic wavelength, the impedance is no longer constant and begins to have an imaginary

component. In this region, the particle motion is described by the following equation [3]

U(x,t) = (aj (.+..L)) (5.5)

Fo is the force of the driving function at a plane in the cone wahere the lateral dimension is

half of a wavelength, E is Young's modulus of the cone material, AO is the cross-sectional

area of the cone at a point x = a. The propagation constant, Jisequaltoawv5 . Asx

becomes very small near the apex of the tip, the displacement amplitude increases ini

proportion to x.

The force at the pointin the cone x = a, where the diameter is equal to half of a

wavelength, can be calculated from the rellation between power and force [5]

F=(PAZ)D1  (5.6)

where P is power, A is the cross-sectional area and Z is the acoustic impedance. The

power reaching the amplifying portion of the tip was determined in the previous section as

4.5 IW. The input conditions for the model of the NSAM tip's motion are shown in Table

5.2.
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A computer program was written to evaluate equation 5.5 for particle motion as a

function of distance. The particle displacement amplitude is plotted against distance along

the tip's longitudinal axis in Figure 5.10. As expected, the graph demonstates that the

particle motion amplitude increases near the apex of the tip.

FO 48 pN

Esihmo 1.9x1011 N/m2

Area 27 pm2

0O 2z (750 MHz)

va (silicon, long.) 8.8 km/s

0• 535xi03 m-1

Table 5.2 The values shown here are used in the model describing the

amplified particle motion of the tip.

In the case of our NSAM, the distance of most interest is about 1000 A since this is

the approximate radius of curvature for the NSAM tips. At distances less than 1000 A, the

true tip shape devies significantly from the conical geometry assumed in the modeL At a

distance of 1000 A, the tip displacement amplitude is 17 A, conresponding to a strain of 1.5

x 104 for an 11.7 pm wavelength. Alhough the strain limit of silicon is not well-defined,

it is believed to be on'the order of 104 [6] and therefore comparable to the swain due to the

calculated particle displacement of the tip undergoing amplified motion.
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Figure 5.10 A calculation of equation 5.5 yields this curve demonstrating

how dthe particle motion is amplified near the apex of the tip where the laterl

dimensons of the tip are comparable to the acoustic wavelegti.

5.4 Acoustic Transmission Mechanisms

Teare several ways in whih the sain from the tip can be coupled into the

sample In one non-contacting mode [1], the tip is brought sto 1 Aofthe sampcr and

the acoustic wave is thought to bi amopled by van de Waxls forces. These forces are

always adracimve and drop off as d-2 in th case of a sphere separatd from a plane by the

distance,o ds].

In non-contacting mode AFMs, which also utlie van der Waals forces, the typical

force applied between the tip and sample is on the order of 1011 N [8]. In our NSAM, the

detmecion circuitry is not phase sensitive and therefore does not distinguish between

attractive and repulsive forces.
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If the tip contacts the surface, strain can be coupled through an intermittent contact

in which the tp touches the sample over only part of its displacement cycle. In this mode

since the applied force is a clipped sinusoid, higher frequency terms are expected to be

excited.

If the force between the tip and sample is sucdiently large, a Hertzian contact is

formed in which elastic deformations bring the tip and planar sample into contact over a

circular area with radius ac. It has been shown that transmission through such a Hertzian

contact for a spherical body with radius of 20 cm contacting a planar sample can have

transmission loss as small as -1.19 dB at 7 GHz [9].

An analysis of Heitzin contacts for isotropic materials is provided by Landau and

Lifshitz [10]. Although the tip materi in our system, silicon, is a highly anisotropic

material, the first order solutions afforded by these formulations can give insight into the

system at hand.

In a Hertzim contact, the radius of the contact area is specified by the following

equation [9,1 0]

ac = (F B R)W (5.7)

where F is the force between the two bodies, B is an elastic constant which is a function of

Poisson's ratio and Young's modulus, and R is the radius of the tip. The elastic constant B

in this case is given by
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where 0 a and ob are the Poisson's ratios of the tip and sample material respectively. Ea and

Eb are the Young's moduli for the tip and sample materials respectively. If the tip and

sample are of the same naeia], B can be expressed as

B =31 (5.9)

The Young's modulus and Poisson's ratio for silicon are 1.9 x 1011 NI/m2 [11] and 0.22

[12] respectively. For a silicon tip contacting a silicon sample, the elastic constan B, is

"7.51 x 10-12 m2/N. The typical NSAM tip's radius of curvature is 500 to 1000 A. The

radius of contact for a 1000 A radiu silicon tip making a Hertzian contact with a silicon

sample with a force of 10-8 N is 20 A. The Hertzian con= radius as a function of applied

force and tip radius is shown in Figure 5.11.

The fact that the contact radius is on the order of just, a few nanometers is important

since if it were large, the contact area could limit the lateral resolution of the NSAM In

fact, dte observed lateal resolution of the microscope aears to be approximately 1000A

indicating that te contact area of the He-tzian contact is not a limiting factor in the

microscope's lateral resolution.

"Mhe magnitude of the elastic deformation, h, is given by [10]

h= F21(R (5.10)

A 1000 A radius tip contacting a surface with 10.9 N of force deforms 0.09 A. This

deforamation represents a sutain on the order of 10.5 which is less than the expected elastic

limift of silicon, on the order of I0-4 (6].
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Figure 5.11 The Hetza contact radius versus tip radius curves shown

here are calculated from equation 5.7. Hertzian contact radius is a weak
fun. i of tip radius and applied force.

5.5 Distance Dependence of Signal

In near-field scanning probe microscopy, fth resolution is denue by the

shrns of ft tip and th woddag distanc bewe the tip ad th sampk 11m tp

sharpnes and the working distance necessary to obtain a certain level of resolution is in

tun strongly dependent on the distanc dependence of the ineaton between the up, an

the sample.

It is a common msoepinthat the STM achieves atomic resolution because the

tips used in STM terminate at one atom. In fact, the tips used in MTM commonly have

microscopic radii of curvatue in excess of 1000 A. The sw~s exquisite laer resolution
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derives from the fact that the tumnneling current decreases exponentially with increasing

spacing between the tip and sample such that if a single atom on the tip is even one atomic

dameter closer to the sample than its neighbors, it conducts most of the tunneling current

[13]. It is the confinement of the tunneling current to one or two atoms on the tip that

allows STM to obtan atomic resolution images even with tps that are blunt on the

mc pic scale.

For scanning probe microscopes in general, the less sensitive the interaction

between the tip and the sample, the sharper the tip must be in order to confine the

interaction to a small lateral area. As shown in Figure 5.12, if the vertical sensitivity is

given by Vb, the interaction between the tip and the sample is limited to lowest local

asperity and the lateral resolution is given by Rb. If however, the signal is less vertically

sensitive, as indicated by Va, odter local asperities can interact with the sample degrading

the lateral resolution from Rb to Ra.

The dependence of lateral resolution on vertical resolution hints that dwre are two

paths that can be pursued in order to increase laIal resolution, one is to produce

increasingly sharpe tips which have no undesired asperities and the other path is to try to

increase the distance semitivty of the interaction between tip and the sample. If the vertical

sensitivity is high enough, such as in the case of M74 the microscopic tip sharpness is not

critical.

Vertical sensitivity is determined by measuring the interaction signal as a function of

distance between t tip and sample. The vansmitted acoustic signal as a function of the

distance is measured by bringing a tip close to a sample and monitoring the transmitted

acoustic signal as the spacing between the tip and sample is modulated by the application of

a sinusoidal voltage to the z piezo of the tube scanner.
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Figure 5.12 In near-field scanning probe microscopes, the lateral and
vertical resolutions am not independenL If the vertical resolution is poor,

Va, then the near-field signal wM be received from an area that could include

multiple asperities. If the vertical resolution is good, Vb, then all of the

interaction occurs at one asperity and lateral resolution improves.

The tranmitted acoustic signal is identified both in the frequency and the time

domains. The sinal can be identified in the frequency domain since the Erequency of the

local oscMator can be selected to detect signls only at ft transmitting frequencies of the

ultrasonic transducers The signal can be localized in the time domain by knowing the

acoustic velocities and thicknesses of both the tip and sample substrates. From these

values, it is possible to calculate the transit time of the acoustic pulse from tip transducer to

the receiving transducer.

When monitoring the received acoustic power signal on an oscilloscope, there is a

large, received pulse at time t = 0 corresponding to the if signal which feeds through the air

between the power amplifiers and the dertecon circuits. To distinguish between the

directly coupled rf signal and the transmitted acoustic signal, a time gate is placed at t = ti,
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where ti corresponds to the expected delay of the acoustic signal passing through the tip

and sample materials, so that only the signal which has undergone the appropriate delay

associated with acoustic propagation is detected.

A typical signal vs. distance plot is shown in Figure 5.13. The received acoustic

power is shown on the vertical axis and the distance between the tip and sample is shown

on the horizontal axis. The acoustic fiequency is 654 MHz. Te vertical axis is not very

linear but one division represents approximately I pW of power. The horizontal axis is 60

A per division as calculated from the sensitivity of the piezo tube and applied voltage. For

the vertica sensitivity and signal-to-noise ratio exhibited in FIgure 5.13, the vertical

resolution of the instrument is approximately 15

Figure 5.13 A typical signal vs. distance graph is shown in this

oscilloscope photo. The lateral and vertical axes are 60 A/division and

approximaely 1 pW/division respectively.
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One difference between the acoustic signal versus distance curve of NSAM and the

force versus distance curves commonly measured in AFM is that the NSAM curve does not

have a snap-in or snap-back point. The snap-in point appears in AFM force versus

distance curves as the tip approaches the sample and comes into contact with a thin liquid

contamination layer which exerts a large attractive force on the cantilever causing it to "snap

in" to the sample. When withdrawing the tip from the sample, the tip must be pulled

further away from the sample before the meniscus force of the contamination layer can be

overcome and the cantilever is released causing the tip to "snap back" (141.

The NSAM is more likm the STM than the AFM with respect to the fact that in the

NSAM has no flexible component. Since the NSAM tip is rigid like the STM tip, it can not

be pulled into the sample by a surface c a t layer thus explaining the absence of a

snap-in point. That is not to say however, that the surface contamination layer plays no

effect in signal versus distance curve of the NSAM. Even though the surface

contamination layer can not pull the tip into the sample, when it wicks up onto the tip

(Figu 5.14), it can act as a medium for conducting the acoustic signal from the tip to the

sample.

The effect of acoustic propagation through such a contamination layer is to degrade

the lateral resolution of the instrument since the contamination layer represents a larger

cross-sectional contact area than would be expected from a Henzian contact alone.

Additionally, the vertical resolution is also degraded since the signal does not decay as

quickly with increasing distance as long as the contamination remains in the gap and serves

to conduct the acoustic waves from the tip into the sample.
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tip
con~tamination
layer meniscus

sample effective area
of acoustic
coupling

Figure 5.14 A cotamination layer exists on almost all samples exposed to

atmosphere. This layer can behave as a liquid film and its meniscus force

exerts an at=ve force on the tip. Acoustic energy can couple between the
tip and sample thrugh the contamination layer compromising lateral
resolution.

It should be noted that the NSAMs transmited signal versus distance curve is

somewhat less informative than either dt ST's current versus distance or the AF_-Ms

force versus distance curves. In the case of the NSAM's curve, it is not possible from this

infonnation alone to detmine the point where the tip comes into contact with the sample.

In STM, the sgnal saturates and the bias voltage goes to zero when the surface is

contacted. ID)o such convenient zero point exists in the NSAM's signal versus distance

curve.

Another drawback to the NSAMs curve is that it is not calibrated in a meaningful

way. In AFM, the force can be calculated by measuring the displacement of the cantilever

and knowing the force constant of the cantilever used. In the STM, the transmitted current

is measured directly. In the NSAM, the measured quantity is transmitted acoustic power

and it can not be easily con'elated to force. In short, in NSAM, it is possible to plot the
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variation of the acoustic power with distance but it is not possible in a first order analysis to

detemin the contact point or applied force.

Figure 5.15 is a graph comprised of data points taken from the curve in Figure

5.13. The data points are scatter plotted and fitted with an exponentially decaying function

whose decay length of 62 A. In comparison, the decay length of the tunneling current

signal in STM is approximately 1 A and the STM can be sensitive to vertical displ em ts

as small of 0.01 A [13].

5

a

y --y=5.2 e"0.016x

33

no 2
0

02

0

0 50 100 150 200 250

Distance (A)

F'guem 5.15 Data points from Figure 5.13 are scatter plotted

and curve fit to a decaying exponential curve.
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S.6 Tip Damage

Damage to NSAM tips falls principally into three categories. The first category,

damage caused by "tip crashes", is familiar to anyone who has had experience working

with STM. Since neither the STM nor the NSAM have a flexible component such as the

force sensing cantilever in AFM, if the feedback circuit loses control of the tip for even an

instant, the tip can be pressed into hard contact with the sample in severe cases the tip can

be crushed into the surface. STM researchers often find, after obtaining atomic resolution

images, that the sharpened tungsten wire tip is "fish hooked". Catastohic tip damage,

being common to nmy forms of scanning probe microscopes is not of particular interest

heme. The two other forms of tip damage are more specific to NSAM with micrfabricat

tips and will be considered individually in the following subsections.

5.6.1 Acoustically Induced Tip Damage

The amplifying effect of acoustic waves traveling in a sharp tip was discussed in

Section 5.3 and calculated to be 17 A•for an input rf power of I W. Such adisplacement

epresents approximately 1.5 x 10-4 strain for a 750 MHz acoustic wave in silicon having

an 11.7 pm wavelength. Since the elastic limit of silicon is on the order of 104 a 17 A

particle dispAacement may cause permanmt, inelastic damage. If the power is increased

from 1 W to 10 W by the use of a higher power amplifier, the particle displacement at the

end of the tip becomes 45 A which is appro ately a strain of 3.8 x 10-4 which may

exceed the strain limit of silicon. An additional increase in power may arise from a

particularly eftient matching network. A 10 dB difference in insertion loss can exist

between two transducers with similar matching networs.
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Figur 5.16 (a) shows a tip before being acoustically excited. Figure 5.16 (b)

shows the same tip after it was acoustically excited with 10 W input rf power. Although

the tip was not approached to any sample, significant damat is evideLt. The pattern of

damage is inconsistent with other instances of tip damage resulting from simple contact

with a sample. Furthermore, the damage on the tip begins where its cross section is

roughly 5 pim, or half the acoustic wavelength. This is the point at which the Mason horn

model predicts that the amplification of the particle motion begins to occur. This is an

example of tip damage due to acoustic exitation alone.

5.6.2 Tip Damage Due to Non-Ideal Hertzian Contact

In addition to damage caused by overly powerful acoustic waves, a second cause of

tip damage is non-ideal Hertzian contacts. Hertzian contacts by nature are assumed to be

formed by elastic deformation of two bodies. In practice however inelastic dfomions

can occur. Figure 5.17 (a) shows a tip before use. The tip was then used in transmitted

signal versus distance measurements and as part of the measirement process, the tip was

approached to a sample 20 times The resuldtig damage to the sample can be seen in the

SEM micrograph of the tip shown in Figure 5.17 (b). Unfortunately, it is difficult to make

a direct comparison from these picture since the perspectve of the tip is different in each

picture. Nonetheless, one can see that fhe very fine spear-like asperities at the apex of the

tip in the first SEM have certainly been destroyed by the time of the second SEM.
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The plwu-like structure at the tip apex after use may be a contamination particle

that became attached to the tip during use. Although these SEM photos give some

indication of the magnitude of tip damage caused by non-ideal H zian conacts, the

damage due to this mechanism during imaging may be less than that shown here because

while making the transmitted signal versus distance su ts, the tip transmits at least

ten times more power than is used during normal, transmission mode imaging.
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Chapter 6: Transmission Mode NSAM Imaging

6.1 Two-Dimensional Transmission Mode Imaging

The NSAM described in this work can be operated in transmission mode in which

acoustic waves are coupled from the tip into the sample. An image is formed by scanning

the tip over the sample in a raster fashion while a feedback circuit is used to maintai the

trnmitted signal constant This chapter describes briefly the experdmental procedure of

tansmissn mode maging and presents several images.

6.2 Experimental Procedure

Before transmission mode imaging can be performed the transducers am first

cI cezed in the frequency domain. Both the tip and the sample transducers are then

tuned so that they have an insertion loss minimum at approxYma the same frepey.

The acoustic path length of the tip and sample substrate is &dftmmL after mtng. Path

length is determined by connecting the transducers to an rf source and monitoring the time

it takes an acoustic pulse to travel to the front surface of the substrate and echo back to the

transducer. Typically, the tip substrate is a 1 mm (100) thick silicon wafer. Since the

acoustic velocity in silicon is approximately 8400 m/s [1], the pulse takes 115 ns to travel

through the tip substrate. The time of flight in the sample is a simila value so the

transmitted acoustic signal in most cases can be expected to arrive approximatly 200 to

250 us after the application of the if pulse to the transducer.
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Duing transmission mode imaging, high speed FET switches are used as time

gates so that only signals arriving in a 50 ns window centered around the expected arrival

time are detected and all other signals are ignored. Stray rf signals reflecting from different

parts of the substrate and from mismatched terminations can often appear at unexpected

points in the time domain and can be confused for the true transmitted acoustic signal.

Predetermining the actual acoustic path length prevents such misidentificatins.

Once the expected acoustic delay is known, the tip is aligned directly over the

receiving tansducer. The alignment is done by approaching the tip to the sample using the

mechanical screws to lower the tip to within approximately 25 p~tm of die sample. Using a

hypodermic needle, deionized (Dl) water is injected into the gap to allow direct acoustic

transmission from the tip transducer to the sample transducer. Due to the sizes of the

transducer and the possibility of multiple acoustic echos, some acoustic signal can almost

always be detected even if the transducers are poorly aligned. When DI water is present in

the gap, flat regions of the silicon wafer surrounding the tip conduct most of the acoustic

power. Therefore, the acoustic signal intensity is very sensitive to the relative tilt of the

sample with respect to the tip since the acoustic plane waves can experience phase-

cancellation if the wafer substrates are not paralll. "11t is not a significant concern when

doing the actual transmission mode imaging however since the acoustic waves are

inarodced to the sample r a very small spot and they propagate spherically into the sample

independent of the exact angle of the tip reiative to the sample.

To perform the fine alignment, the x and y positions of the microscope head are

adjuste using the translation stage on the microscope head, until the signal is maximizd.

The precision of the translation stage is approximately 25 pm. Due to multiple lobes in the

intensity field of the transducers, multiple peaks typically appear, making it difficult to
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decide which peak represents the central lobe. In general, the central lobe can be identified

because it arrives earliest in time after the application of the rf pulse and its intensity drops

off most quickly with changes in lateral position. The time domar signal of two well-

aligned transducers coupled through DI water is shown in Figure 6.1.

Figure 6.1 This oscilloscope photo shows the feed-through rf pulse (left)
and the acoustically coupled pulse (right). The feed-through rf signal is

coupled from the rf source to the rf detector through the air and therefore

arrives almost instantaneously. The acoustically coupled pulse arrives after

a delay time determined by the path length and the acoustic velocity in

water. The horizontal axis is 50 rs/division.

When the alignment is properly completed, the DI water is blown out of the gap

with a filtered air gun and the sample is allowed to dry for a few minutes before proceeding

with the expeiment.
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6.3 Transmission Imaging

Imaging in the transmission mode is accomplished in a maime similar to the

constant current mode for STM or constant force mode for AFM. The tip is scanned over

the sample while a feedback cirmut controls the z piezo of the scanner tube constanly

adjusting the spacing between the tip and the sample to keep the tnsmined signal constant.

The image of the surface is created by recording the output of the feedback circuit for each

x and y position. Figure 6.2 shows a SEM image of a 6-5 micron period gating fbicated

by plasma etching trenches into a silicon wafer.

Figure 6.2 This SEM photo shows a 6-5 micron period silicon grating with

step height of 940 .
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Figure 6.3 A close-up SEM photo of grating profile shows that the depth of

the trenches is about 940 A. The grating edges are not sharp.

The depth of the trenches as measured from the SEM in figure 6.3 is 940 A.
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Figure 6.4 This transmissin NSAM image of the 6.5 micron period silicon

grating was taken using a tetrahedral tip and an acoustic frequency of 135

MHz. A hybrid NSAM assembly was used to take this image'

The NSAM image of the same grating is shown in figure 6.4. The depth of the

utenches as measured from the NSAM images is 960 A. It took approximately 3 minutes to

scan this 512 x 512 pixel image.
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Figure 6.5 The scan directon was roaed to yield this 3-dimensional
.ansmis.on NSAM image of a 6.5 pm period silicon grating with 940 A

step height The image was taken using a tetrahedral tip and an acoustic

frequency of 135 MHz.

The scan angle was rotated to produce the three-drumnsionally rendered inage of

the same grating shown m Figure 6.5 These inages were taken using 135 MHz acoustic
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waves in the constant height mode. A tetrahedral tip with anodically bonded tansducer

was used to obtain this imag.

Figure 6.6 During imaging, the ftrusmitted acoustic signal became unstable
and t imag quality was permarenty degraded. Upon inspection i ft
SE the tip was found to be fratured apparenty along cystallographic
planes.

During imaging the feedback loop momentarily became unstable and the resolution

degraded significantly. Inspection of the tip in a SEM revealed that the tip had probably

came into hard contact with the sample resulting in the fawcrng of the tip (Figure 6.6).

On several occasions, the fiacturing of te tetahedral tips seemingly along crystallographic

planes was observed.
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The 6.5 micron grating was also imaged using a conical tip with an integrated

transducer fabricated on the same silicon substrate. For the image shown in figure 6.7 the

acoustic frequency was 815 MHz. The signal-to-noise ratio of this image is noticeably

higher than that for the images taken at 135 MHz.

The SEM cross-section of the grating shown in Figure 6.3 shows that the transition

width from 10 to 90% height is 1250k The 10 to 90 % tansition in the NSAM image is

1300 A as shown in Figure 6.8.

Figure 6.7 A conical tip integrally fabricated with a 200 pim transducer was

used to obtain this image of the 6.5 pJm silicon gpaing. The acoustic

frequency was 815 MHz.

The 6.5 micron grating was also imaged using a conical tip with an integrated

transducer fabricated on the same silicon substrate. For the image shown in figure 6.7 the
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acoustic frequency was 815 MHz. The signal-to-noise ratio of this image is noticeably

higher than that for the images taken at 135 MHz.

The SEM cross-section of the grating shown in Figure 6.3 shows that the transition

width from 10 to 90% height is 1250 A. The 10 to 90 % wansition in the NSAM image is

1300 A as shown in Figure 6.8.
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Figur 6.8 An NSAM image of a reduced scan are is used to obtain a 1-
dimensional trace. The 10 to 90 % tranition of the step is measured fomm

the trace to be 1300 A whereas the gcating nrnsition as measured from the

SEM profile in Figur 6.3 was 1250 A.
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Chapter 7: Electrostrictive Mode Near-Field
Acoustic Operation and Imaging

7.1 ElectostuictUW Mode

In previous chapters the transmission mode operation of NSAM has been

discussed. While transmission mode NSAM imaging provides good lateral resolution

and can be used to image insulators as well as conductors, this mode of operation has

several experiment disadvantag s.

The foremost disadvantage of the transmission mode is that it necessarily utilizes

two transducers, one on the tip substre and the other on the sample. The need for a

transducer on the sample means that any potential sample must first have an ultruanic

transducer fabricated on its back side. This requirement limits the range of samples that

can be examined in the NSAM. A second consequence of using two transducers is that

alignment of the tip with respect to the sample is important. Even if both transducers are

working properly and are tuned to the same frequency, any mislgnment results in

attenuation of the transmitted acoustic signal.

Another possible disadvantage of transmission mode imaging is that the tip may

be in contact with the sample during operation in this mode. While Takata has suggested

the operation of the NSAM in a non-contacting transmission mode using van der Waals

attractive forces to couple acoustic power from tip to sample [1], such a technique has yet
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to be demonstrated. Contact imaging is common in the field of AFM but even there, a

growing number of researchers are moving toward non-contact mode imaging to avoid

problems associated with friction and sample damage [2].

Electrosuictive imaging mode is a non-contact mode of operation that utilizes

electric fields between the tip a sample to generate acoustic waves [3]. An rf electric

fild applied between the tip and the sample exerts time-varying attractive forces between

tip and sample. These attractive forces generate acoustic waves which propagate up the

tip where they are detected by the tip transducer (Figure 7. 1). Only one transducer is

necessary in electrosuictive mode operation, hence the problem of aligning transducers is

eliminated.

Vksin(2wt) . torfeedback
circuit

ý,P VosinXwt) Et• Paoustic CC E 4

Figure 7.1 Applying an rf electric field between a conductive tip and

sample electrostrictively generates acoustic waves which can then be

detected by the tip transducer.

136



Chapter 7 EecrosIctive Mode Near-Field Acoustic Operation and Imaging

The electrostrictive mode is not without its own disadvantages. First since the

electrostrictive mode is non-contacting, the resolution may be lower than in the

transmission mode because the spacing between the tip and sample is increased.

Secondly, since the electrosuictive mode relies on electric fields, the sample and tip must

be somewhat conductive to localize the electic field.

The following sections describe our first attempts at electrostrictive mode

imaging. A simple model for acoustic generation will be presented and some tip damage

mechanisms will be discussed.

7.2 ElxtrosctiW Generation of Acoustic Waves

If a tip and sample are conductive, acoustic waves can be generated by applying a

time-varying electric field between the tip and sample acting as counter electrodes. The

presence of the electric field creates an attractive force between the tip and the sample

that is identical to the force which exist between plates of a parallel plate capacitor. The

acoustic power that is generated from a given electric field strength is found by

expressing the acoustic power as a function of force and force as a function of the electric

field.

If the medium is assumed to be lossless, the acoustic power generated by a given

force can be calculated from the equation

P-- =VaTS
A (7.1)

where Pac is the acoustic power, A is the area of each capacitor plate, Va is the acoustic

velocity, T is stress and S is stain. In order to express the acoustic power as a function of
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force, the two following relations are necessary [4]. The first is simply Hooke's Law

relating stain to stress uy an elastic constant, c.

s.T
c (7.2)

The second necessary relation is the expression of the acoustic velocity in terms of the

elastic constant and the density, pK This relation results directly from the solution to the

wave equation for acoustic waves.

va=((Po-)i 
(7.3)

Using equations 7.1, 7.2 and 7.3, the acoustic power can be wrinen as a function

of force on the plates of a capacitor. The force on the plates of a parallel capacitor can be

expressed as

F=q2
2'A (7.4)

where F is the force on the capacitor plates, q is the charge on either plate and E is the

dielectric constant of the material in the gap. In the case of a parallel plate capacitor the

capacitance, C, can be written as C =qV and C = EA/d, where d is the distance between

the plate Thus, equation 7.4 can be rewritten as

F=-1EAE2
2 (7.5)

where E is the electric field between the electrodes.

Finally, the relation between the acoustic power and the electric field can be

expressed by substituting equations 7.2,7.3 and 7.5 into equation 7.1 to yield
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pP=) A g! E4

•v p! 4 (7.6)

Equation 7.6 shows that the acoustic power increases with area, as expected, and is

proportional to the fourth power of the electric field. Since the electric field goes as d-c

for a fixed voltage, this equation indicates that the acoustic power falls off as the d-4.

Although the d-4 dependence of the acoustic power on distance is not as strong as

the exponential signal dependence obtained in STM and experimentally observed

tras¢mission mode NSAM, by comparison, van der Waals force, which is the measured

quantity in attractive mode AFM, only decreases as d0.

An important consequence of the E2 behavior of force is that frequency mixing

can occur through this non-linear interaction. For example, a time varying electric field,

E = Eosin(cot), applied to the electrodes produces a force

F= I 2 [~1-sin(2(ot-4)]
4 (7.7)

where 4p equals -d/2. Since the force generated by the electric field goes as E2, the total

force consists of a sum and difference tem. The sum term yields a signal at frequency

2co while the difference term produces a DC component.

The mixing effect of the electric force interaction can be beneficial in several

respects. Since an input electric field signal at frequency co produces an acoustic signal at

2w, the detection electronics can provide a better signal-to-noise ratio by filtering out the

unwanted rf feed-through signal at m Knowing the acoustic signal's expected frequency

and acoustic time delay allows proper identification of the received signal from among

other sources of stray rf noise.
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Other researchers are investigating the use of this mixing effect with the AFM to

sample high frequency signals. If a sample has a high frequency signal, ml, on board this

signal can be detected electricaly by applying a second rf field, ft2, between the tip and

sample and sweeping the frequency of the applied field. The applied field and the

sample's if signal mix and electrostrictively generate acoustic waves at ol-012 and co1+o)2.

A peak response will be detected by the acoustic transducer when ((O1-ft) or (ol-o(2)

equals the tip transducees operating frequency [5, 6].

7.3 Acoustic Power Versus Distance

There has been some conjecture that electrostrictive forces do not decay with

distance rapidly enough to be useful as a feedback signal in near-field imaging [3]. While

such claims certainly have much empirical support, without frther investigation they are

not completely justifiable since factors such as the signal-to-noise ratio and the sharpness

of the tip also help determine whether or not a particular interaction mechanism is

suitable for use in near-field microscopy.

To determine whether or not a particular interaction mechanism can be used to

produce a feedback signal for near-field imaging we measured the signal vs. distance

curve for the system. A description of the measuremen procedure for the transmission

mode signal versus distance curve was presented in Chapter 5. In a similar fashion the

electrostrictively generated acoustic power ds a function of distance is measured by

approaching the tip to the sample until a signal is barely detectable. The curve is plotted

by monitoring the acoustic power signal while the spacing between the tip and the sample

is electronically modulated by extending and contracting the piezoelectric tube scanner.
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A measured signal versus distance curve is shown in Figure 7.2 The rf excitation

frequency was 355 MHz and the acoustic signal was detected at 710 MHz. The input rf

power was 10 W. Similar to the transmission mode acoustic signal, the electrostrictively

generated acoustic signal also does not display a snap-in behavior. When the vertical axis

is corrected to be linear in power, the acoustic power can be replotted as in Figure 7.3.

Figure 7.2 This oscilloscope photo displays the electrostrictively

generated acoustic signal power vs. distance between the tip and sample.

The horizontal axis is 1000 A/division. The non-linear vertical axis

represents power from 0.03 to 6 nW as measrd at the detection circuit

output.

It was seen in equation 7.6 that the acoustic power is expected to be proportional

to E4. To confirm that this behavior occurs, the acoustic power is plotted as a function of

1/distance. 1/distance is chosen as the horizontal axis since the electric field is

proportional to 1/distance when the input rf voltage is held constant. Data points were

taken from Figure 7.2 and scatter plotted (Figure 7.4).
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Figure 7.3 Data points are taken from the oscilloscope photo in Figure 7.2

and plotted against the vertical axis which is corrected to be linear in

power. Electrostrictively generaed acoustic signal power is ploatd

against increasing distance between the tip and sample.

The E4 dependence for large distances supports the contention that the monitored

signal is in fact the acoustic signal that is generated by the electrostrictive generation

mechanism. At small spacings, where the data deviates from the expected E4

dependence, some portions of the tip may actually be coming into contact with the

sample or contamination layer thereby changing the effective impedance of the gap.
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In addition, if the electrical contact is large enough to support significant current

flow, local resistive heating may initiate thermoacoustic generation of acoustic waves.

Resistive heating is proportional to the square of the voltage and therefore, any acoustic

signal generated by this mechanism would also display exhibit frequency doubling.
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Figure 7.4 The relation of acoustic power to distance eabibits E.4 behavior

at large spacigs and is well fit: by a cmve, Y =0.042 + 1.4 -0. The datais

plotted as a dashed line and the fitting curve is shown as a solid line.

7.A Relation of Acoutidc Power to Foroe.

in addition to the advantages of single transducer operation and non-contact

imaginig, the electrusu.tiave mode of operation has one other clear advantage over the

smsson mode imaging. In the electrostrictive case, the coupling mechanism

between the sample and tip is relatively clear compared to the transmission mode case
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where it is still uncertain as to which coupling mechanism dominates the interaction

between the tip and sample.

In the elecostrictive case, the acoustic power generated by the electric field can

be modeled and calculated knowing the magnitude of the applied rf electric field as

shown in equation 7.5. The force for a given if voltage, V, is

I =_ AV2
2 d2  (7.8)

For 10 W input rf power the co son: ing & rns voltage is 22.2 V on 50 0l coaxial

lines. In the electrostrictive mode, the rf field is applied to the open circuit represented by

the gap between the tip and sample so the actual voltage including reflection will be 44.4

V. The dielectric in the gap is assumed to be air or vacuum. The area is taken to be a fla

circular area of 1000 A radius. This is a reasonable assumption for the first order since

the force is a weak function of distance and the entire cross-section of the 1000 A tip

radius is assumed to interact with the sample

When equation 7.8 is calculated it can be plotted against distance as is shown in

Figure 7.5. In the electr os-ic-dve case, the minimum detectable force is found to be on

the order of 10-9 N. Electrostrictive imaging is typically conducted at a spacing of 1000

Aso the force associated with imaging is actually in the mid-lO'8&'
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Figure 7.5 In the electrostaictive mode of operation, the force between the

tip and the sample can be calculated from the acoustic power =ecedved.

Typical force used during imaging is in the 10-8 N range.

The parallel plate capacitor model for calculating applied force during

electrostrctive mode imaging is very crude, A more detaled model should include the

actual capacitance between a plane and a sphere or a plane and a cone [7]. At a spacing

of 1000 A from a conductive plane, a 1000 A radius sphere has a capacitance of 1.5 x

(4xer), where r is the radius of the sphere [8]. Calculated in this manner, with an applied

voltage of 44.4 V, the force on the sphere is -10-6 N compared to -3 x 10-8 N calculated

assuming the parallel plate model One factor which would tend to reduce the calculated

forces is the assumption for applied voltage. In the present model the voltage between
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the tip and the sample is simply calculated from V = (PR)-14 2 where P is 10 W and R is

50 Q. In reality, parasitic capacitances between the line and ground may reduce the

actual voltage which appears between the tip and sample. Even a small reduction in

voltage could be significant since the force goes as the square of voltage.

Another simplifying assumption which could be enhanced is the assumption that

the dielectric medium in the gap is air or vacuum. At large distances, it is a good

assumption to let e = so but as the gap becomes smaller, the capacitance is increasingly

dominated by the dielectric coefficient of the 10 to 100 A thick conmination layer

which is assumed to have a dielectric coefficient similar to hydrocarbons. The

capacitance and force increase linearly with increasing e and therefore the force is

expected to rise faster than d-2, predicted by the air dielectric assumption, as the spacing

decreases below 1000 A.
Due to these and other factors which are at present unknown, the model presented

above can only be useful in giving a heuristic sense of the force behavior in the

eler ro s• t ve mode. More rigorous analysis may be possible when an NSAM is

demonstraed, in vacuum where-contmiaon layers are eliminated

7.5 ElectrostuictW Made Imaging

In order to use the electrostrictive imaging mode a few simple modifications must

be made to the NSAM. The most important modification is the introduction of a rf

coaxial line very close to the tip and sample. The magnitude of the acoustic signal that

can be generated relies directly on how efficiently the rf electric field can be introduced

into the gap. The rf electric field must be brought as close to the gap as possible through

a coaxial line terminating in the open circuit gap. A special fixture to hold the tip was
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designed with one coaxial line to deliver the if power to the gap and a second line to

tranmit the detected acoustic signal from the tip transducer to the detection electronics

(Fgure 7.6).

Figure 7.6 The tip holding fixture has one coaxial line to bring in the rf

field to be applied to the gap and second coaxial line to receive the

detect acoustic signal from the tip transducer.

The tip is mounted on the specialized tip holder and a gold wire is soldered

between the tip and the center conductor of the rf delivery coaxial line. The tip is then
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brought within a hundred microns of the sample using the positioning screws. A I mil

gold wire is then attached from the sample to the outer conductor of the coaxial line so

that the sample is effectively grounded. The length of each gold wire is made as short as

possible and is typically 1 cm. Then, without the need for any alignment, the tip is

lowered to its final position over the sample and the rf electric field is excited. The final

approach is made electromcallfy by extending the piezoelectric tube scanner while

monitoring the acoustic signal.

When the tip is sufficiently close to the sample, an acoustic signal is detected.

Since the elecuic force interaction is non-linear, an exciting electic field at frequency (o

produces an acoustic signal at frequency 2a. Filters are used to attenuate the feed-

through signal at &e fuldlamental frquency to improve the signa-to-noise ratio at 2a.

As in the transmission mode case, a time gate is placed on the received signal so that only

the incoming signal which has undergone the expected delay associated with acoustic

propagation in the tip is captured to create the image. The ability to identify the signal in

ftequency and time, allows higher confidence that the image is composed of the

evely generated acoustic signal only.

The sample and tip must be conductive in order for the electrostrictive mode to

finction. The grating shown in Figure 7.7 consists of 4000 A thick gold lines on an

evaporated aluminum film on a silicon substrate. The lines are 2 tun wide and the grating

period is 7.5 gum. The quality of the edges is low due to poor lift-off of the gold film

during fabrication.
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Figure 7.7 The gold gating consists of 4000 A thick gold lins deposited

on an aluminum covered silicon wafer. The period is 7.5 pm and the line

widths is 2 gm.

The image of the sample taken in electrostriive mode is shown in Figure 7.8.

The apparent non-linearity in the grating period is due to the non-linearity of the large

scale piezo scanner used. The bright object at the right is the smallest individual feature

that was resolved and therefore the lateral resolution of the microscope in this instance is

approximately 5 pm. The received acoustic power level during imaging was set at 0.5

nW which conresponds to a force of 50 hN. The spacing between the tip and the sample

was approximately 1000 A. The image took approximately 3 minutes to create.
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Figure 7.8 An electrosuictive mode image of 7.5 pm period gold grazing.

is shown here.

The thin gold lines which should be 2 pm appear much wider in the image.

Several factors may be contributing to this effect. The first is simply the sharpness of the

tip. Although most tips have approxim y 500 to 1000 A radius when they are

fabI cae the presence of th metal coating or damage to the tip could cause the p to be

duller than expected.

More fundamental problems esult from the fact that the equipotetial lines over

the sample surface may not be faithful to the surface topography at the height of the tip

over the sample. For example, electric field lines are concentraed around sharp edges

and points and therefore, such feanures should be accentuated in the images.
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In Figure 7.8, the quality of the tip and not the electric field effects is probably

responsible for the poor resolution. These are the first images obtained in electrostrictive

mode, and therefore there is much room for improvement. An order of magnitude of

improvement in the resolution should be attainable simply by improving the quality of the

tips and optimizing the rf electronics for use in electrostricive mode imaging.

7.6 Tips For Elctrosictive Imaging

In electrosuictive mode imaging, the tip and sample must be conductive in order

to confine the electric field to the gap between the tip and the sample. The best way to

make conductive a tips might be to heavily dope the surface of the silicon

tip during fabrication. At the time the tips were fabricated for this generation of the

NSAM, the need for conductive tips was not anticipated and therefore the silicon tips

were fabricated using lightly doped silicon. In order for the tips to be useful in the

electrostrictive mode, a way had to be found to make the tips conductive.

7.6.1 Damage to metalzed tips

The easiest method for making the tips conductive without doping the silicon is to

coat them with a metal. The metal coating must be thick enough to be conductive while

not being so thick as to detract greatly from the sharpness of the tip. Gold was chosen as

the metal for the coating since it is highly conductive and tefore can be used in thinner

films while maintaining good conductivity. Figure 7.9 and 7.10 show the same tip before

and after the deposition of 2000 A of gold. The radius of curvature has increased from

300 A before the gold coating to 1500 A after the sputter deposition of gold.

151



Chapter 7 Ecvrsvur• w Mode Near-Field Acoustic Operation and Imaging

Figure 7.9 A silicon tip with no metal layer has a radius of curvare of

approximatey 30o A.

The tips coated with sputteed gold did produce some acoustic signals but their

operation was very unstable. Often the image quality was quite poor from the start or

degraded rapidly over a few minutes. Inspection of the tips after imaging revealed

substantial damage to the gold film.
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Figure 7.10 After the sputter deposition of 1500 A of gold, the radius of

curvature of the tip has increased from 300 A to over 1500 A.

The damage to the metal coating is most likely due to two mechanisms. The first

mechanism is resistive heating upon contact with the sample. If the tip comes into

contact with the sample a large current can flow and cause the gold layer to melt. If the

contact is not sufficiently conductive to short out the field completely, the electric field

can exert high forces on the molten metal. The tip in Figure 7.11 was being used to

image a gold grating when the signal suddenly saturated When the tip was examined in

the SEM, a metal line from the sample was found fused to the tip after apparently having
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been pulled off the surface. A cloaer inspection of the areas of damage reveals that the

gold film was not simply rubbed off from contact but was in fact melted in the presence

of a high field (Figure 7.12). When molten metal drops are extracted by high fields, very

sharp cones can be left behind. This behavior suggests the possibility of fabricating sharp

metal tips.

Figure 7.11 This tip was damaged by coming into contact with one of the

metal lines of a paring
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Figure 7.12 The damage to this tip was caused by tde field emission of

molten gold from the silicon tip.

In addition to melting of the gold film, a second damage mechanism is the loss of

adhesion between the gold film and the tip. At the time of metal deposition, the tip's

suace is covered by a layer of native oxide and a contamination layer due to exposure to

atmosphere. The adhesion of gold to silicon dioxide is notoriously poor and the presence

of the contamination layer compounds the problem. When a tip covered with gold is

used in thb ,etrostrictive mode the high electric fields in the gap between the tip and
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sample can exert considerable forces on the gold film leading to the destruction of the

film in some cases.

[H

Figure 7.13 The gold layer of this tip is damaged over an area of

a m aly 10 pm while the silicon tip itself is only slightly damaged
over a 2 pm region. Electical factors caused the damage to the gold film
while mechanical contact is probably responsible for the damage to the

silicon.

One tip which was damaged in this manner is shown in Figure 7.13. This image

shows the gold film damaged over a 10 pun region whereas the underlying silicon is only

damaged over a 2 pm region. This photo indicates that at least in some cases the
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instabilities in the electrostrictive signal are caused by failure of the metal coating and not

mechanical damage to the silicon tip itself. In other words, the instabilities in the signal

stem from electrical rather than mechanical factors.

The adhesion of the gold to the tip was improved by first sputner cleaning the tip

for 20 seconds with argon at a power of 100 W on a 6" target. Then 20 to 40 A of

chrome are sputtered on the tips to act as an adhesion promoting layer. The tips are

ransferred through air to an evaporation chamber where they are coated with 2000 to

4000 A of evaporated gold. Tips made using this process never exhibited an adhesion

failure as shown in Figure 7.13.

7.62 Tip dantage due to acoucs aone.

The damage to the tips discussed thus far has centered on the damage to the metal

film caused by mechanical contact as well as effects due to the high electric fields present

in the gap between the tip and sample. In addition to these effects, damage resulting

simply from the motion of the tip induced by the presence of acoustic waves has also

been observed. As described in Chapter 5, when the acoustic wave travels down the tip,

the particle displacement within the tip is amplified toward the apex of the tip where the

lateral dimension of the tip becomes comparable to half the acoustic wavelength. If the

particle motion is sufficiently large, the adhesion of the metal film to the tip can be

compromised. This form of acoustically induced damage to the tip can occur even when

no electric field or sample is present.

To demonstrate the effect of acoustically induced tip damage, a tip was coated

with sputtered chrome and evaporated gold as described previously (Figure 7.14 (a)). It

is not entirely clear from the SEM photo that the metal film is continuous to the very apex
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of the tip but this ambiguity is probably caused by poor contrast between silicon and gold

in the SEM. This tip was acoustically excited for 1 second at 1 GHz with 1 W of rf

power delivered to the transducer. During excitation, the tip was held in air with no

sample present. There is no significant change to the appearance of the tip as a result of

the acoustic excitation (Figure 7.14 (b)).

Figure 7.14 (c) shows the same tip after a I second excitation with 10 W of rf

power. There is noticeable damage to the metal coating concentrated at locations with

small radii of curvature. Since the amplification of particle motion is proportional to the

reduction of cross-sectional area of tip, it is expected that asperities, edges and other

sharp regions would experience the greatest degree of amplified particle motion.

To determine whether further damage would result with increased duration of the

acoustic excitation, the tip was excited again for 10 minutes at 1 W. Figure 7.14 (d)

shows that even after extended periods, the excitation at 1 W is insufficient to cause

further tip damage. Extensive damage to the metal film does result however, if the tip is

excited for 10 additional minutes at an rf power of 10 W (Figure 7.14 (e)). A close up

view of the damage (Figure 7.15) clearly shows that the metal film is being torn off of the

undamaged silicon tip.
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Figure 7.15 Closer inspection of the damaged metal film confirms that the
metal layer is being broken up and adhesion to the substrate is

compromised

Figure 7.16 shows that the damage to the gold film is limited to the end of the tip.

The fact that the damage is limited to the end of the tip is likely due to the fact thathe

particle motion is amplified near the apex of the tip by the Mason horn effect [9]. The

amplification of particle motion in a sharply tapering tip is large enough to destroy the

metal layer near the apex of the tip even though the loss in the majority of the tip,

detmmined to be -42.5 dB (Chapter 5), indicates that it is a very poor wave guide. The
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losses however, are small in the last segment of the tip comparable to an acoustic

wavelength and therefore there is still significant particle motion amplification from that

point to the tip's apex.

i10 PM

Figure 7.16 The damage to the metal film caused by acoustics alone is
confined to the region of the tip roughly proportional to the acoustic

wavelength.
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7.7 Future directlons for electrostrictive mode Imaging

The electrostrictive mode of imaging may prove to be very fruitful. The

resolution achieved to date is quite low but since it was the first attempt, an order of

magnitude ihprovement is a reasonable goal.

Heavily doped silicon tips will decease the instabilities currently associated with

failure of the metal films. In addition, a great increase in resolution and reliability may be

achievable if the NSAM with microfabricated probe is radically reconfigured to operate

as a resonant mode instrument, simils to Gfthner's micrscope [lO]. In the resonant

mode, continuous wave operation may be possible and thereby lead to increased signal-

to-noise ratios.

If the lecuvetrictive mode can be used reliably, it may become possible to detect

high frequency signals on the sample by mixing a carrier rf signal with the signal carried

on the sample. Other applications of the lectrostrictive mode might include its use in the

chrateization of sample conductivity or thin film permittivity. The key to the success

of any of these possibilities will be to improve the microscope's reliability through the

itdcoof new conductive tips andlor new detection techniques.
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