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1. Introduction

Scanning Tunneling Microscope (STM) developed by Dr. Gerd Binnig and his colleagues
in 1981 at the IBM Zurich Research Laboratory, Rueschlikon, Switzerland, is thadtrsiment
capable of directly obtaining threkmensional (3D) images of solid surfaces with atomic
resolution (Binnig et al., 1982). G. Binnig and H. Rohrer received a Nobel Prize in Physics in
1986 for their discovery. STMs can only be used to study surfaces which are elgctricall
conductive to some degree. Based on their design of STM, in 1985, Binnig et al. developed an
Atomic Force Microscope (AFM) to measure ultrasmall forces (less th&l) present between
the AFM tip surface and the sample surface (Binnig et al., 1986; also see Binnid @83).
AFMs can be used for measurement of all engineering surfaces which may be eithealyjectri
conductive or insulating. AFM has become a popular surface profiler for topographic and
normal force measurements on micro to nanoscale (Bhushan, 1999a). AFMs modified in order
to measure both normal and lateratts, are called Lateral Force Microscope (LFM) or Friction
Force Microscope (FFM) (Mate et al., 1987; Erlandsson et al., 1988; Matrti et al., 1990; Meye
and Amer, 1990b; Bhushan and Ruan, 1994; Bhushan et al., 1994, 1995). FFMs have been
further modifiedto measure lateral forces in two orthogonal directions (Fujisawa et al., 1994a, b;
Grafstrom et al., 1994; Overney et al., 1994; Warmack et al., 1994). A number of researchers
have continued to improve the AFM/FFM designs and used them to measure adhesion and
friction of solid and liquid surfaces on micro- and nanoscales (Burnham et al., 1990, 1991;
Frisbie et al., 1994; Koinkar and Bhushan, 1996; Scherer et al., 1997, 1999; Bhushan and
Sundararajan, 1998; Krotil et al., 1999; Bhushan and Dandavate, 2000; Bhushan, 1997, 1999a, b,
2001, 2002; Reinstaedtler et al., 2003). AFM have been used for scratching, wear, and
measurements of elastic/plastic mechanical properties (such as irmehtatiness and modulus
of elasticity) (Burnham and Colton, 1989; Maivald et al., 1991; Bhushan et al., 1994, 1995, 1996;
Bhushan and Koinkar, 1994; DeVecchio and Bhushan, 1997; Scherer et al., 1997; Bhushan and
Sundararajan, 1998; Bhushan, 1997, 1999a, b, 2001, 2002; Amelio et al., 2001). AFMs have
been used for manipulation of individual atoms of Xenon (Eigler and Schweizer, 1990),
molecules (Weisenhorn et al., 1990), silicon surfaces (Lyo and Avouris, 1991), and polymer
surfaces (Leung and Goh, 1992). STMs have been used for formation of nanofeatures by
localized heatingr by inducing chemical reactions under the STM tip (Abraham et al., 1986;
Silver et al., 1987; Kobayashi et al., 1993) and nanomachining (Parkinson, 1990). AFMs have



been used for nanofabrication (Majumdar et al., 1992; Bhushan et al., 1994; Bhushan, 1995,
1999a; Tsau et al., 1994) and nanomachining (Delawski and Parkinson, 1992).

STMs and AFMs are used at extreme magnifications ranging fréro I@Px in x, y and
z directions for imaging macro to atomic dimensions with high resolution informattbfola
spectroscopy. These instruments can be used in any environment such as ambient aét(Binnig
al., 1986; Bhushan and Blackman, 1991), various gases (Burnham et al., 1990), liquid (Marti et
al., 1987; Drake et al., 1989; Binggeli et al., 1993), vacuum (Binnig et al., 1982; Meyer and
Amer, 1988), low temperatures (lower than about 100 K) (Coombs and Pethica, 1986; Kirk et al.,
1988; Giessibl et al., 1991; Albrecht et al., 1992; Hug et al., 1993) and high temperatures (Basire
and Ivanov, 2000; Liu and Bhushan, 2002). Imaging in liquid allows the study of live biological
samples and it also eliminates water capillary forces present in ambient ait ptekertip
sample interface. Low temperature (liquid helium temperatures) imaging is usehe stady
of biological and organic materials and the study of lemperature phenomena such as
superconductivity or charge-density waves. Low-temperature operation is alscagdoastfor
high-sensitivity force mapping due to the reduction in thermal vibration. They also have been
used to image liquids such as liquid crystals and lubricant molecules on graphitess(Ffzster
and Frommer, 1988; Smith et al., 1989, 1990, Andoh et al., 1992). While the pure imaging
capabilities of SPM techniques dominatkd application of these methods at their early
development stages, the physics and chemistry of maimgle interactions and the quantitative
analyses of tribological, electronic, magnetic, biological, and chemical suHacesow
become of increasingterest. Nanoscale science and technology are strongly driven by SPMs
which allow investigation and manipulation of surfaces down to the atomic scale. Withgr
understanding of the underlying interaction mechanisms, SPMs have found applicationg in ma
fields outside basic research fields. In addition, various derivatives of all tie¢iseds has been
developed for special applications, some of them targeting far beyond microscopy.

Family of instruments based on STMs and AFMs, called Scanning Prichesbbpes
(SPMs), have been developed for various applications of scientific and industriatinignese
include - STM, AFM, FFM (or LFM), scanning electrostatic force microscop¥{HEMartin
et al., 1987; Stern et al., 1988), scanning force aeuomstroscopy (SFAM) [or atomic force
acoustic microscopy (AFAM)] (Yamanaka et al., 1994; Yamanaka and Tomita, 1995; Rhpe et a
1996; Scherer et al., 1997, 1999; Amelio et al., 2001), scanning magnetic microscopy (SMM) [or



magnetic force microscopy (MFMjMartin and Wickramasinghe, 1987; Rugar et al., 1990;
Schoenenberger and Alvarado, 1990; Hartmann, 1999), scanning near field optical microscopy
(SNOM) (Pohl et al., 1984; Betzig et al., 1991, 1992; Barbara et al., 1999), scanning thermal
microscopy (SThM) (Williams and Wickramasinghe, 1986, 1990; Majumdar, 1999), scanning
electrochemical microscopy (SEcM) (Husser et al., 1989), scanning Kelvin Protoscopy
(SKPM) (Martin et al., 1988; Nonnenmacher et al., 1991; Weaver and Abraham, 1991;
DeVecchio andBhushan, 1998; Bhushan and Goldade, 2000), scanning chemical potential
microscopy (SCPM) (Williams and Wickramasighe, 1990), scanning ion conductance
microscopy (SICM) (Hansma et al., 1989; Prater et al., 1991), and scanning capacitance
microscopy (SCM) (Mtey and Blanc, 1985; Martin et al., 1988; Williams, 1999; Lee et al.,
2002). Family of instruments which measure forces (e.g., AFM, FFM, SEFM, SFAM, and
SMM) are also referred to scanning force microscopies (SFM). Although theseniests offer
atomicresolution and are ideal for basic research, yet these are used for cutting edgalindus
applications which do not require atomic resolution. Commercial production of SPMs start
with STM in 1987 and AFM in 1989 by Digital Instruments Inc. For comparisons of SPMs with
other microscopes, séable 1 (Veeco Instruments, Inc.). Numbers of these instruments are
equally divided into U.S., Japan and Europe with following industry/university and Government
labs. splits: 50/50, 70/30, and 30/70, respedtivélis clear that research and industrial
applications of SPMs are rapidly expanding.

This chapter presents an overview of STM and AFM and various probes (tips) used in

these instruments, following by details on AFM instrumentation and analyses.

2. Scanning Tunneling Microscope

The principle of electron tunneling was proposed by Giaever (1960). He envisioned that
if a potential difference is applied to two metals separated by a thin insulating filmeatawvill
flow because of the ability of electrons to penetrate a potential barrier. To be atdadure a
tunneling current, the two metals must be spaced no more than 10 nm apart. Binnig et al. (1982)
introduced vacuum tunneling combined with lateral scanning. The vacuum provides the ideal
barier for tunneling. The lateral scanning allows one to image surfaces with ¢éxquisi
resolution, lateral-less than 1 nm and vertical-less than 0.1 nm, sufficient to Hefimasttion of

single atoms. The very high vertical resolution of STM is obtained because of the tune@ c



varies exponentially with the distance between the two electrodes, that is, themaetd the
scanned surface. Typically, tunneling current decreases by a factor of 2 as theosejgarati
increased by 0.2 nm. Very high lateral resolution depends upon the sharp tips. Binnig et al.
overcame two key obstacles for damping external vibrations and for moving the tunneling probe
in close proximity to the sample. Their instrument is called the scanning tunnelingcojmeo

(STM). Today's STMs can be used in the ambient environment for agwale-image of

surfaces. Excellent reviews on this subject are presented by Hansma and(T8859ffSarid

and Elings (1991), Durig et al. (1992); Frommer (1992), Guntherodt and Wiesendanger (1992),
Wiesendanger and Guntherodt (1992), Bonnell (1993), Marti and Amrein (1993), Stroscio and
Kaiser (1993), and Guntherodt et al. (1995).

The principle of STM is straightforward. A sharp metal tip (one electrode airthelt
junction) is brought close enough (0.3-1 nm) to the surface to be investigated (second glectrode
that, at a convenient operating voltage (10 mV-1 V), the tunneling current varies from 0.2 to 10
nA which is measurable. The tip is scanned over a surface at a distancé ohf).8hile the
tunneling current between it and the surface is sensed. The STM can be operatedtiveeither
constant current mode or the constant height nfeidel. The lefthand column oFig. 1 shows
the basic constant current mode of operation. A feedback network changes the height of the tip z
to keep the current constant. The displacement of the tip given by the voltage applied to the
piezoelectric drives then yields a topographic map of the surface. Alternativilg constant
height modea metal tip can be scanned across a surface at nearly constant height and constant
voltage while the current is monitored, as shown in the right-hand coluRig.df In this case,
the feedback network responds only rapidly enough to keep the average current constant. A
current mode is generally used for atomic-scale images. This mode is nagpfactiough
surfaces. A thredimensional picture [z(X,y)] of a surface consists of multiple scans [z(X)]
displayed laterally from each other in the yediton. It should be noted that if different atomic
species are present in a sample, the different atomic species within a sample magy produ
different tunneling currents for a given bias voltage. Thus the height data may notda a dir

representationfdhe topography of the surface of the sample.

2.1 Binnig et al.'s Design



Figure 2 shows a schematic of one of Binnig and Rohrer's designs for operation in
ultrahigh vacuum (Binnig et al., 1982; Binnig and Rohrer, 1983). The metal tip was fixed to
rectangular piezodrivesyPR;,, and R made out of commercial piezoceramic material for
scanning. The sample is mounted on either superconducting magnetic levitatiorstagevo-
spring system to achieve a stability of the gap width of about 0.02 nm. Tred tumrent Jis a
sensitive function of the gap width d thati®adVrexp(Ad*?d), where \f is the bias voltage)
is the average barrier height (work function) and the constant A = 1.62%dv With a work
function of a few eV, dchanges by an order of magnitude for every angstrom change of d. If the
current iskept constant to within, for example, 2%, then the gap d remains constant to within 1
pm. For operation in the constant current mode, the control unit CU applies a veltagee/
piezo R such thatdremains constant when scanning the tip withriRIP; over the surface. At

the constant work functions V-(Vx, Vy) yields the roughness of the surface z(x, y) directly, as

illustrated at a surface step at A. Smearing the 8t@ateral resolution) is on the order of {R)
where R is the radius of the curvature of the tip. Thus, a lateral resolution of about 2 nesrequir
tip radii on the order of 10 nm. Arhm-diameter solid rod ground at one end at roughly 90
yields overall tip radii of only a few hundred nm, but with closest protrusion of rather sharp
microtips on the relatively dull end yielddaderal resolution of about 2 nm. In-situ sharpening

of the tips by gently touching the surface brings the resolution down to the 1-nm range; by
applying high fields (on the order of®9/cm) during, for example, half an hour, resolutions
considerably below 1 nm could be reached. Most experiments were done with tungsten wires
either ground or etched to a radius typically in the range of OiviLOIn some cases,-Bitu

processing of the tips was done for further reduction of tip radii.

2.2 Commercial STMs

There are a number of commercial STMs available on the market. Digital Instruments
Inc. located in Santa Barbara, CA introduced the first commercial STM, the Nandscope
1987. In a recent Nanoscope IV STM for operation in ambient air, the sample is held in position
while a piezoelectric crystal in the form of a cylindrical tube (referred to asuhé&lstanner)
scans the sharp metalprobe over the surface in a raster pattern while sensing and outputting
the tunneling current to the control statiéig. 3. The digital signal processor (DSP) calculates

the desired separation of the tip from the sample by sensing the tunneling currerg flowi



between the sample and the tip. The bias voltage applied between the sample and the tip
encourages the tunneling current to flow. The DSP completes the digital feedback loop by
outputting the desired voltage to the piezoelectric tube. The STM operates in both thentcons
height” and “constant current” modes depending on a parameter selection in the controlmpanel
the constant current mode, the feedback gains are set high, the tunneling tip cldseihéa

sample surface, and the vaiaat in the tip height required to maintain constant tunneling current

is measured by the change in the voltage applied to the piezo tube. In the constant height mode,
the feedback gains are set low, the tip remains at a nearly constant height as ibseetEs

sample surface, and the tunneling current is imaged.

Physically, the Nanoscope STM consists of three main parts: the head which houses the
piezoelectric tube scanner for three dimensional motion of the tip and the prearoipdiie
(FET inpu amplifier) mounted on top of the head for the tunneling current, the base on which the
sample is mounted, and the base support, which supports the base and head (Bhushan, 1999a).
The base accommodates samples up to 10 mm by 20 mm and 10 mm in thi€kaessizes
available for the STM are Opin (for atomic resolution), 1gm, 75um and 125um square.

The scanning head controls the three dimensional motion of tip. The removable head
consists of a piezo tube scanner, about 12.7 mm in diameter, mounted into an invar shell used to
minimize vertcal thermal drifts because of good thermal match between the piezo tube and the
Invar. The piezo tube has separate electrodes for X, Y and Z which are driven by separate dr
circuits. The electrode configuratiofig. 3) provides x and y motions whi@re perpendicular
to each other, minimizes horizontal and vertical coupling, and provides good sensitivity. The
vertical motion of the tube is controlled by the Z electrode which is driven by the feedbpck |
The x and y scanning motions are each controlled by two electrodes which are driven legvoltag
of same magnitudes, but opposite signs. These electrodes areXalled+Y, and +X.

Applying complimentary voltages allows a short, stiff tube to provide a good scan rizinget w

large voltages.The motion of the tip due to external vibrations is proportional to the square of
the ratio of vibration frequency to the resonant frequency of the tube. Therefore, to mihieniz

tip vibrations, the resonant frequencies of the tube are high about 660 #iézvertical direction

and about 40 kHz in the horizontal direction. The tip holder is a stainless steel tube with a 300
um inner diameter for 250m diameter tips, mounted in ceramic in order to keep the mass on the

end of the tube low. The tip is mounted either on the front edge of the tube (to keep mounting



mass low and resonant frequency hidhy(3) or the center of the tube for large range scanners,
namely 75 and 12pm (to preserve the symmetry of the scanning.) This commercial STM
accepts aptip with a 250um diameter shaft. The piezotube require¥ Xalibration which is

carried out by imaging an appropriate calibration standard. Cleaved graphite isruked f
smallscan length head while two dimensional grids (a gold plated ruling) can be used for longer
range heads.

The Invar base holds the sample in position, supports the head, and provides ¢barse X-
motion for the sample. A sprirgjeel sample clip with two thumb screws holds the sample in
place. An xy translation stage builbto the base allows the sample to be repositioned under the
tip. Three precision screws arranged in a triangular pattern support the head and peogele c
and fine adjustment of the tip height. The base support consists of the base support riag and th
motor housing. The stepper motor enclosed in the motor housing allows the tip to be engaged
and withdrawn from the surface automatically.

Samples to be imaged with STM must be conductive enough to allow a few nanoamperes
of current to flow from the bgvoltage source to the area to be scanned. In many cases,
nonconductive samples can be coated with a thin layer of a conductive materialtaidacili
imaging. The bias voltage and the tunneling current depend on the sample. Usually they are s
at a $andard value for engagement and fine tuned to enhance the quality of the image. The scan
size depends on the sample and the features of interest. Maximum scan rate of 122 Hz can be
used. The maximum scan rate is usually related to the scan sizeratecamove 10 Hz is used
for small scans (typically 60 Hz for atorrscale imaging with a 0. 4m scanner). The scan rate
should be lowered for large scans, especially if the sample surfaces are roughiorlaaye
steps. Moving the tip quickly along the sample surface at high scan ratearggist¢an sizes
will usually lead to a tip crashEssentially, the scan rate should be inversely proportional to the
scan size (typically-2 Hz for 1um, 0.5-1 Hz for 12um, and 0.2 Hz for 12hm scan sizes).
Scan rate in length/time, is equal to scan length divided by the scan rate in Hz. rijolechoa
10 um x 10pum scan size scanned at 0.5 Hz, the scan rateimi€) Typically, 256 x 256 data
formats are most commonly used. The lateral resolution at larger scans israpfaly equal to
scan length divided by 256.

Figure 4 shows an example &TM images of an evaporatedo@lm on a goldcoated

freshly-cleaved mica taken at room temperature and ambient pressure. Images with atomic



resolution at two scan sizes are obtained. Next we describe STM designs whichlabéedor
special applicéons.

2.2.1 Electrochemical STM

Electrochemical STM is used to perform and monitor the electrochemical reansales i
the STM. Itincludes a microscope base with an integral potentiostat, a short teadwjtm
scan range and a differential preamp and the software required to operate the faitantios

display the result of electrochemical reaction.

2.2.2 Standalone STM
The stand alone STMs are available to scan large samples which rest directly on the
sanple. From Digital instruments, it is available in 12 anduiibscan ranges. It is similar to the

standard STM except the sample base has been eliminated.

2.3  STM Probe Construction

The STM probe should have a cantilever integrated with a sharp metéhtigp low
aspect ratio (tip length/tip shank) to minimize flexural vibrations. Ideally, the tiddbe
atomically sharp, but in practice, most tip preparation methods produce a tip withr aagtjesl
profile and that consists of several asperivéh the one closest to the surface responsible for
tunneling. STM cantilevers with sharp tips are typically fabricated from meta wfiteingsten
(W), platinumiridium (PtIr), or gold (Au) and sharpened by grinding, cutting with a wire cutter
or razorblade, field emission/evaporator, ion milling, fracture, or electrochemical
polishing/etching (Nicolaides et al., 1988; Ibe et al., 1990). The two most commonly used tips
are made from either a-Rt(80/20) alloy or tungsten wire. Iridium is used to provide stiffness.
The PtlIr tips are generally mechanically formed and are readily available. The tungstaretip
etched from tungsten wire with an electrochemical process, for example by usiohgr K@H
solution with a platinum electrode in a electremical cell at about 30 V. In generaklIPtips
provide better atomic resolution than tungsten tips, probably due to the lower reactitity of
But tungsten tips are more uniformly shaped and may perform better on samplesepith ste
sloped featuresThe tungsten wire diameter used for the cantilever is typically2b@ith the

radius of curvature ranging from 20 to 100 nm and a cone angle ranging from K) Fog6®.



The wire can be bent in an L shape, if so required for use in the instrument. For calculations of
normal spring constant and natural frequency of round cantilevers, see Sarid and Elings (1991)
For imaging of deep trenches, higbpectratio, controlled geometry (CG) Pt-Ir probes

are commercially availabl&jg. 6. These probes are electrochemically etched frem (B80/20)
wire and polished to a specific shape which is consistent from tip to tip. Probes hawoadull

angle of approximately 15 and a tip radius of less than 50 nm. For imaging of very deep

trenches (>0.2am) and nanofeatures, focused ion beam (FIB) milled CG probes with an
extremely sharp (tip radius <5 nm) are used. For electrochemistry, Pifspace coated with a
nonconducting film (not shown in the figure). These probes are available from Materials
Analytical Services, Raleigh, North Carolina.

Pt alloy and W tips are very sharp and have high resolution, but are fragile and semetime
break when contacting a surfadeiamond tips have been used by Kaneko and Oguchi (1990).

The diamond tip made conductive by boron ion implantation is found to be chip resistant.

3. Atomic Force Microscope

Like the STM, AFM relies on a scanning technique to produce very high resolufion, 3-
images of sample surfaces. AFM measures ultrasmall forces (lessriNapresent between
the AFM tip surface and a sample surface. These small forces are measured by measuring th
motion of a very flexible cantilever beam having an ultrasmalsmaghile STM requires that
the surface to be measured be electrically conductive, AFM is capable of invessgataogs
of both conductors and insulators on an atomic scale if suitable techniques for measofrement
cantilever motion are used. In the operation of high resolution AFM, the sample islgeneral
scanned instead of the tip as in STM, because AFM measures the relative displacement bet
the cantilever surface and reference surface and any cantilever movement would addwibrati
For measurements of large samples, AFMs are available where the tip is scannedanglthe s
is stationary. As long as AFM is operated in thealed contact mode, little if any vibration is
introduced.

The AFM combines the principles of the STM and the stphofiler,Fig. 7. In an AFM,
the force between the sample and tip is detected rather than the tunneling cuemesg the
proximity of the tip to the sample. The AFM can be used either in static or dynamic madtie. |

static mode, also referred te epulsive mode or contact mode (Binnig et al., 1986), a sharp tip

10



at the end of a cantilever is brought in contact with a sample surface. Duringcomtiatt, the
atoms at the end of the tip experience a very weak repulsive force due to elechibalic or
overlap with the atoms in the sample surface. The force acting on the tip causegwecantil
deflection which is measured by tunneling, capacitive, or optical detectors. Theideftan be
measured to within 0.02 nm, so for typical cantilever spring constant of 10 N/m a forceass low
0.2 nN (corresponding normal pressure ~200 MPa fogNu 8p with radius of about 50 nm
against singlerystal silicon) can be detected. (To put these number in perspective, individual

atoms and human hair are typically fraction of a nanometer and abpuot irbdiameter,

respectively, and a drop of water and an eyelash have a mass of apbuari® 100 nN,
respectively.) In the dynamic mode of operation for the AFM, also referrecatorasive force
imaging or noncontact imaging mode, the tip is brought in close proximity (within a few nm) to,
and not in contact with the sample. The cantilever is deliberately vibrated eithgplituee
modulation (AM) mode (Matrtin et al., 1987) or frequency modulation (FM) mode (Martin et al.,
1987; Sarid and Elings, 1991; Giessibl, 1995; Anczykowski et al., 1996). Very weak van der
Waals attractive forces are present at thasaimple interface. Although in this technique, the
normal pressure exerted at the interfaceero (desirable to avoid any surface deformation), it is
slow, and is difficult to use, and is rarely used outside research environments. In thedesy m
surface topography is measured by laterally scanning the sample under the tip while
simultaneougl measuring the separatiolependent force or force gradient (derivative) between
the tip and the surfacEjg. 7. In the contact (static) mode, the interaction force between tip and
sample is measured by measuring the cantilever deflection. In thentextqo@r dynamic)

mode, the force gradient is obtained by vibrating the cantilever and measuring tbé shift
resonant frequency of the cantilever. To obtain topographic information, the interaat®rsfor
either recorded directly, or used as a comeshmeter for a feedback circuit that maintains the
force or force derivative at a constant value. With an AFM operated in the contact mode,
topographic images with a vertical resolution of less than 0.1 nm (as low as 0.01 nm) and a
lateral resolution odbout 0.2 nm have been obtained (Albrecht and Quate, 1987; Binnig et al.,
1987; Matrti et al., 1987; Alexander et al., 1989; Meyer and Amer, 1990a; Weisenhorn et al.,
1991; Ruan and Bhushan 1994b). With a 0.01 nm displacement sensitivity, 10 nN torégsN fo
are measurable. These forces are comparable to the forces associated with chemical bonding

e.g., 0.1uN for an ionic bond and 10 pN for a hydrogen bond (Binnig et al., 1986). For further
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reading, see Rugar and Hansma (1990), Sarid (1991), Sarid and Elings (1991), Binnig (1992),
Durig et al. (1992); Frommer (1992), Meyer (1992), Marti and Amrein (1993), Guntherodt et al.
(1995) and Wickramasinghe (2000).

Lateral forces being applied at the tip during scanning in the contact mode, affect
roughness measurements (den Boef, 1991). To minimize effects of friction and othér late
forces in the topography measments in the contacbode AFMs and to measure topography of
soft surfaces, AFMs can be operated in the so called or tapping mode or force modulation mode
(Maivald et al., 1991; Radmacher et al., 1992).

STM is ideal for atomkscale imaging. To obtain atomic resolution with AFM, spring
constant of the cantilever should be weaker than the equivalent spring between atoms. For
example, the vibration frequencief atoms bound in a molecule or in a crystalline solid are
typically 1013 Hz or higher. Combining this with the mass of the atoms m, on the orde?®f 10
kg, gives interatomic spring constants k, giveroBg, on the order of 10 N/m (Rugar and
Hansma, 1990). (For comparison, the spring constant of a piece of household aluminum foil that
is 4 mm bng and 1 mm wide is about 1 N/m.) Therefore, a cantilever beam with a spring
constant of about 1 N/m or lower is desirable. Tips have to be as sharp as possible. Tips with a
radius ranging from 20 to 50 nm are commonly available.

Atomic resolution canot be achieved with these tips at the normal load in the nN range.
Atomic structures at these loads have been obtained from lattice imaging or bygioftie
crystal periodicity. Reported data show either perfectly ordered periodicatacturesor
defects on a larger lateral scale, but nodefined, laterally resolved atormscale defects like
those seen in images routinely obtained with STM. Interatomic forces with one @l s¢oms
in contact are 2@0 or 50-100 pN, respectively. Thagpmic resolution with AFM is only
possible with a sharp tip on a flexible cantilever at a net repulsive force of 100 pN or lowe
(Ohnesorge and Binnig, 1993). Upon increasing the force from 10 pN, Ohnesorge and Binnig
(1993) observed that monoatomiciees were slowly wiped away and a perfectly ordered
structure was left. This observation explains why mostly défeetatomic resolution has been
observed with AFM. Note that for atomic-resolution measurements, the cantiewéd sot be
too soft to avoid jumps. Further note that measurements in the noncontact imaging mode may be

desirable for imaging with atomic resolution.
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The key component in AFM is the sensor for measuring the force on the tip due to its
interaction with the sample. A cantilever (with a sharp tip) with extremely low spyimgjants
is required for high vertical and lateral resolutions at small forces (0.1 nN a) loweat the
same time a high resonant frequency (about 10 to 100 kHz) in order to minimize the setusitivit
vibration noise from the building near 100 Hz. This requires a spring with extremelyriovave
spring constant (typically 0.05 to 1 N/m) as well as low mass (on the order of 1 ng). Today, the
most advanced AFM cantilevers are microfabricated fromosilor silicon nitride using
photolithographic techniques. (For further details on cantilevers, see a latam)setypical
lateral dimensions are on the order of 108, with the thicknesses on the order @imh. The
force on the tip due to its interaction with the sample is sensed by detecting tbheahediEthe
compliant lever with a known spring constant. This cantilever deflection (displatemaller
than 0.1 nm) has been measured by detecting tunneling current similar to that used intt&TM in
pioneering work of Binnig et al. (1986) and later used by Giessibl et al. (1991), by capacitance
detection (Neubauer et al., 1990; Goddenhenrich et al., 1990), piezoresistive detection (Stahl e
al., 1994; Kassing and Oesterschulze, 1997), and by four optical techniques namely (1) by optical
interferometry (Mate et al., 1987; Erlandsson et al., 1988; Mate, 1992; Jarvis et al., 1993) and
with the use of optical fibers (Rugar et al., 1989; Albrecht et al., 1992) (2) by opticakzpttari
detection (Schenenberger and Alvarado, 1989, 1990), (3) by laser diode feedback (Sarid et al.,
1988) and (4) by optical (laser) beam deflection (Meyer and Amer, 1988, 1990a, b; Alexander et
al., 1989; Matrti et al., 1990). Schematics of the four more commonly usetlaesstems are
shown inFig. 8. The tunneling method originally used by Binnig et al. (1986) in the first version
of AFM, uses a second tip to monitor the deflection of the cantilever with its foraagéps
Tunneling is rather sensitive to contaminants and the interaction between the tutimeln
the rear side of the cantilever can become comparable to the interaction between the tip and
sample. Tunneling is rarely used and is mentioned earlier for historical purpossesibiGit al.
(1991) have used it for a low temperature AFM/STM design. In contrast to tunneling, other
deflection sensors are far away from the cantilever at distances of microns tbrensTihe
optical techniques are believed to be more sensitive, reliable and easily impledetatdidn
method than others (Sarid and Elings, 1991; Meyer, 1992). Optical beam deflection method has
the largest working distance, is insensitive to distance changes and is capatdsurimg

angular changes (friction forces), thereforés inost commonly used in the commercial SPMs.
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Almost all SPMs use piezo translators to scan the sample, or alternatively, tbhestipn
An electric field applied across a piezoelectric material causes a change in the crgstaestru
with expansion in some directions and contraction in others. A net change in volume also occurs
(Ashcroft and Mermin, 1976). The first STM used piezo tripod for scanning (Binnig et al.,
1982). The piezo tripod is one way to generate timeensional movement of a tgitached to
its center. However, the tripod needs to be fairly large (~50 mm) to get a suataipe its size
and asymmetric shape makes it susceptible to thermal drift. The tube scannedglgrased in
AFMs (Binnig and Smith, 1986). These pm&iample scanning range within a small size.
Control electronics systems for AFMs, can use either analog or digital feedbaytal
feedback circuits are better suited for ultra low noise operation.

Images from the AFMs need to be processed. An Afeldl is a noise free device that
images a sample with perfect tips of known shape and has perfect linear scanmingrpiez
reality, scanning devices are affected by distortions and these distortions roosebeed for.

The distortions can be linear and nonlinear. Linear distortions mainly result fromfeotpas

in the machining of the piezo translators causing cross talk between the Z- piez¥-tankeY -
piezos, and vice versa. Nonlinear distortions mainly result because of presenceresisyktop

in piezoelectric ceramics. These may also result if the scan frequency approachesrthe upp
frequency limit of the Xand Y- drive amplifiers or the upper frequency limit of the feedback
loop (z- component). In addition, electronic noise may be present in the system. The noise is
removed by digital filtering in the real space (Park and Quate, 1987) or in the spgtiaincy
domain (Fourier space) (Cooley and Tukey, 1965).

Processed data consists of many tens of thousand of points pemoplda&(set). The
output of the first STM and AFM images were recorded on avi ¢hart recorder, with-zalue
plotted against the tip position in the fast scan direction. Chart recorders havesgionse so
computers are used for display of the dathe data are displayed as wire mesh display or gray
scale display (with at least 64 shades of gray).

3.1 Binnig et al.'s Design
In the first AFM design developed by Binnig et al. (1986), AFM images were obtained by
measurement of the force on a shifpcreated by the proximity to the surface of the sample

mounted on a 3-D piezoelectric scanner. Tunneling current between STM tip and the backside of
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the cantilever beam with attached tip was measured to obtain the normal forcerdenisds
kept at aconstant level with a feedback mechanism. The STM tip was also mounted on a

piezoelectric element to maintain the tunneling current at a constant level.

3.2  Commercial AFM

A review of early designs of AFMs is presented by Bhushan (1999a). There are a number
of commercial AFMs available on the market. Major manufacturers of AFMs fon asehient
environment are: Digital Instruments Inc., a subsidiary of Veeco Instruments,dnta, S
Barbara, California; Topometrix Corp., a subsidiary of Veeco Instruments, Inc.,Sarda
California; other subsidiaries of Veeco Instruments Inc., Woodbury, New York; Malecula
Imaging Corp., Phoenix, Arizona; Quesant Instrument Corp., Agoura Hills, California;
Nanoscience Instruments Inc., Phoenix, Arizona; Seiko Instruments, Japan; and Olypgus, Ja
AFM/STMs for use in UHV environment are manufactured by Omicron Vakuumphysik GMBH,
Taunusstein, Germany.

We describe here two commercial AFMsmall sample and large sample AFMesr
operation in the contact mode, produced by Digital Instruments, Inc., Santa Barbara,iCA, wit
scanning lengths ranging from about (i (for atomic resolution) to about 125 (Alexander
et al., 1989; Bhushan and Ruan, 1994; Ruan and Bhushan, 1994a, b). The original design of
these AFMs comes from Meyer and Amer (1988). Basically the AFM scans the sample in
raster pattern while outiiting the cantilever deflection error signal to the control station. The
cantilever deflection (or the force) is measured using laser deflection tectfigyu@, The DSP
in the workstation controls the z position of the piezo based on the cantiédestidn error
signal. The AFM operates in both the “constant height” and “constant force” modes. The DSP
always adjusts the height of the sample under the tip based on the cantileveodedteoti
signal, but if the feedback gains are low the piezpains at a nearly “constant height” and the
cantilever deflection data is collected. With the high gains the piezo height sharkgep the
cantilever deflection nearly constant (therefore the force is constant) and the chpiezo
height is colleted by the system.

To further describe the principle of operation of the commercial small sample AF
shown inFig. 9(a), the sample, generally no larger than 10 mm x 10 mm, is mounted on a PZT

tube scanner which consists of separate electrodes to scan precisely the samplg plahe
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a raster pattern and to move the sample in the vertical (z) direction. A sharphégraetend of

a flexible cantilever is brought in contact with the sample. Features on thesanipte cause

the cantileveto deflect in the vertical and lateral directions as the sample moves under the tip.
A laser beam from a diode laser (5 mW max peak output at 670 nm) is directed by a prism onto
the back of a cantilever near its free end, tilted downward at abBwtiffdrespect to the

horizontal plane. The reflected beam from the vertex of the cantilever is ditexciagh a

mirror onto a quad photodetector (split photodetector with four quadrants) (commonly called
position-sensitive detector or PSD, produced by Silicon Detector Corp., Camariiforra).

The differential signal from the top and bottom photodiodes provides the AFM signal which is a
sensitive measure of the cantilever vertical deflection. Topographic featunessainiple cause

the tip to déect in the vertical direction as the sample is scanned under the tip. This tip
deflection will change the direction of the reflected laser beam, changing thetyntidiference
between the top and bottom sets of photodetectors (AFM signal). In the AFM operating mode
called the height mode, for topographic imaging or for any other operation in which the applied
normal force is to be kept a constant, a feedback circuit is used to modulate the voliage@ppl
the PZT scanner to adjust the height @ BT, so that the cantilever vertical deflection (given

by the intensity difference between the top and bottom detector) will remain cahstagt

scanning. The PZT height variation is thus a direct measure of the surface roughimess of
sample.

In alarge sample AFM, both force sensors using optical deflection method and scanning
unit are mounted on the microscope héagd, 9(b). Because of vibrations added by cantilever
movement, lateral resolution of this design is somewhat poorer than the ddsiginaa)in
which the sample is scanned instead of cantilever beam. The advantage of the large B&mple A
is that large samples can be measured readily.

Most AFMs can be used for topography measurements in the so-called tapping mode
(intermittent caitact mode), also referred to as dynamic force microscopy. In the tapping mode,
during scanning over the surface, the cantilever/tip assembly is sinusoidaltgdibyea piezo
mounted above it, and the oscillating tip slightly taps the surface atsthreardg frequency of the
cantilever (76400 Hz) with a constant (20-100 nm) oscillating amplitude introduced in the
vertical direction with a feedback loop keeping the average normal force corgjadt) The

oscillating amplitude is kept large enoughtlat the tip does not get stuck to the sample because
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of adhesive attractions. The tapping mode is used in topography measurements to minimize
effects of friction and other lateral forces to measure topography of Siaitesir

Topographic measuremerie made at any scanning angle. At a first instance, scanning
angle may not appear to be an important parameter. However, the friction forcenbibviee
and the sample will affect the topographic measurements in a parallel scan (scamgrigeal
long axis of the cantilever). Therefore a perpendicular scan may be more desirable. ¥;enerall
one picks a scanning angle which gives the same topographic data in both directionslethis ang
may be slightly different than that for the perpendicular scan.

For measurement of friction force being applied at the tip surface during slidinigakeft
and right hand sets of quadrants of the photodetector are used. In the so-called friction mode, the
sample is scanned back and forth in a direction orthogonal tortgexis of the cantilever
beam. A friction force between the sample and the tip will produce a twisting ointiilevez.
As a result, the laser beam will be reflected out of the plane defined by the ina@denabd the
beam reflected verticallydm an untwisted cantilever. This produces an intensity difference of
the laser beam received in the left hand and right hand sets of quadrants of the photodetector.
The intensity difference between the two sets of detectors (FFM signagatydielaed to the
degree of twisting and hence to the magnitude of the friction force. This method prowdes thr
dimensional maps of friction force. One problem associated with this method is that any
misalignment between the laser beam and the photodetergtav@xd introduce error in the
measurement. However, by following the procedures developed by Ruan and Bhushan (1994a),
in which the average FFM signal for the sample scanned in two opposite directionsaistedbt
from the friction profiles of each afie two scans, the misalignment effect is eliminated. By
following the friction force calibration procedures developed by Ruan and Bhushan (1994a),
voltages corresponding to friction forces can be converted to force unites. The exateffici
friction is obtained from the slope of friction force data measured as a function of normal loads
typically ranging from 10 to 150 nN. This approach eliminates any contributions due to the
adhesive forces (Bhushan et al., 1994). For calculation of the coefficient of frictiahdrase
single point measurement, friction force should be divided by the sum of applied normal load and
intrinsic adhesive force. Furthermore, it should be pointed out that for a single asmpetaist,

the coefficient of friction is nonidependent of load. For further details, refer to a later section.
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The tip is scanned in such a way that its trajectory on the sample forms a triangular
patternFig. 11 Scanning speeds in the fast and slow scan directions depend on the scan area
and scan frequency. Scan sizes ranging from less than 1 nm x 1 nmuo ¥2B25um and
scan rates from less than 0.5 to 122 Hz typically can be used. Higher scan rated fare use
smaller scan lengths. For example, scan rates in the fast and slow scan directoredéa of
10 um x 10um scanned at 0.5 Hz are /s and 20 nm/s, respectively.

We now describe the construction of a small sample AFM in more detail. It cafsists
three main parts: the optical head which senses the cantilever deflad®am,tube scanner
which controls the scanning motion of the sample mounted on its one end, and the base which
supports the scanner and head and includes circuits for the deflectionfsgnb2(a) The
AFM connects directly to a control system. The optical head consists of lasertdigpele s
photodiode stage preamp board, cantilever mount and its holding arm, and deflection beam
reflecting mirror,Fig. 12(b) Laser diode stage is a tilt stage used to adjust the position of the
laser beam relative tihe cantilever. It consists of the laser diode, collimator, focusing lens,
baseplate, and the X and Y laser diode positioners. The positioners are used to plage the las
spot on the end of the cantilever. Photodiode stage is an adjustable stage used to position the
photodiode elements relative to the reflected laser beam. It consists of tpécadiode, the
base plate, and the photodiode positioners. The deflection beam reflecting mirror isdnoounte
the upper left in the interior of the head which reflects the deflected beam towattbtbdiode.

The cantilever mount is a metal (for operation in air) or glass (for operationen) Wwhitck

which holds the cantilever firmly at the proper anglg, 12(d) Next, the tube scanner consists

of an Invar cylinder holding a single tube made of piezoelectric crystal which prokales t
necessary thregimensional motion to the sample. Mounted on top of the tube is a magnetic cap
on which the steel sample puck is placed. The tube is rigidly held at one end with the sample
mounted on the other end of the tube. The scanner also contains thyaechad-screws which

form the mount for the optical head. The optical head rests on the tips of the screws avhich ar
used to adjust the position of the teealative to the sample. The scanner fits into the scanner
support ring mounted on the base of the microsdeigel2(c) The stepper motor is controlled
manually with the switch on the upper surface of the base and automatically by the compute

duringthe tip engage and t\withdraw processes.
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The scan sizes available for these instruments afen®.22um and 125um. The scan
rate must be decreased as the scan size is increased. A maximum scan rate of 122 Hz can be
used. Scan rates of about 60 Hz should be used for small scan lengtim)(0Scan rates of
0.5 to 2.5 Hz should be used for large scans on samples with tall features. High scafprates he
reduce drift, but they can only be used on flat samples with small scan sizes. &aan rat
scanning speed in length/time in the fast scan direction, is equal to twice the gthrifeas
the scan rate in Hz, and in the slow direction, it is equal to scan length times thetscaiiz

divided by number of data points in the transverse direction. For example,for 4@0um

scan size scanned at 0.5 Hz, the scan rates in the fast and slow scan directiopm&@idd 20
nm/s, respectively. Normally 256 x 256 data points are taken for each image. The latera
resolution at larger scans is approximately equatdo $ength divided by 256. The piezo tube
requires xy calibration which is carried out by imaging an appropriate calibration standard.
Cleaved graphite is used for small scan heads whiledtmensional grids (a gold plating ruling)
can be used for lomg range heads.

Examples of AFM images of freshtfeaved highlyoriented pyrolytic (HOP) graphite
and mica surfaces are showrHg. 13 (Albrecht and Quate, 1987; Matrti et al., 1987; Ruan and
Bhushan, 1994b). Images with near atomic resolution are obtained.

Force calibration mode is used to study interaction between the cantilever andyitee sa
surface. In the force calibration mode, the X and Y voltages applied to the piezo tubd ate hel
zero and a sawtooth voltage is applied to the Z electrode of the piez&itukde}(a) The force
measurement starts with the sample far away and the cantilever in its rest postmnesAlt of
the applied voltage, the sample is moved up and down relative to the stationary cargileAsr t
the piezo moves the sample up and down, the cantilever deflection signal from the photodiode is
monitored. The force-distance curve, a plot of the cantilever tip deflection signélmstion of
the voltage applied to the piezo tube, is obtairfddure 14(b)showsa typical forcedistance
curve showing the various features of the curve. The arrow heads reveal the directina of pie
travel. As the piezo extends, it approaches the tip, which is at this point in free ainead he
shows no deflection. This is indicated by the flat portion of the curve. As the tip approaches the
sample within a few nanometers (point A), an attractive force exists betwestiote of the tip
surface and the atoms of the sample surface. The tip is pulled towards the sampleaand cont

occurs at point B on the graph. From this point on, the tip is in contact with the surface and as
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the piezo further extends, the tip gets further deflected. This is representedcloypéaeportion

of the curve. As the piezo retracts, the tip goes beyond the zero deflection (flaedamese of
attractive forces (van der Waals forces and long range meniscus forces), intceieeadh
regime. At point C in the graph, the tip snaps free of the adhesive forces, and is agaimiin fr
The horizontal distance between point B and C along the retrace line gives the dsiaaddy
the tip in the adhesive regime. This distance multiplied by the stiffness of the @rgileas

the adhesive force. Incidentally, the horizontal shift between the loading and unloadirsg curve
results from the hysteresis in the PZT tube (Bhushan, 1999a).

3.2.1 Multimode Capabilities

In the multimode AFM, it can be used for topography measurements in the contact mode
and tapping mode, described earlier, and for measutsroélateral (friction) force, electric
force gradients and magnetic force gradients.

The multimode AFM, used with a grounded conducting tip, can measure electric field
gradients by oscillating the tip near its resonant frequency. When the levertensauiorce
gradient from the electric field, the effective spring constant of the cantikea#iered, changing
its resonant frequency. Depending on which side of the resonance curve is chosen, the
oscillation amplitude of the cantilever increasedexreases due to the shift in the resonant
frequency. By recording the amplitude of the cantilever, an image revealingeiingtistof the
electric field gradient is obtained.

In magnetic force microscope (MFM) used with a magnetigaibted tip, static
cantilever deflection is detected that occurs when a magnetic field exerts a force prautite ti
the MFM images of magnetic materials can be produced. MFM sensitivity can be enhanced b
oscillating the cantilever near its resonant frequency. When the tip encountgsaetimforce
gradient, the effective spring constant, and hence the resonant frequency, is shiffegingy
the cantilever above or below the resonant frequency, the oscillation amplitude sdénes a
resonance shifts. An image of magnetic field gradients is obtained by recordasgittegion
amplitude as the tip is scanned over the sample.

Topographic information is separated from the electric field gradients antetitafield
images by using a stalled lift mode. Measuremenin lift mode are taken in two passes over

each scan line. On the first pass, topographical information is recorded in the stappiaigl t
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mode where the oscillating cantilever lightly taps the surface. On the seasndhestip is lifted

to a useiselected separation (typically ZD0 nm) between the tip and local surface topography.
By using the stored topographical data instead of the standard feedback, the separaitsn re
constant without sensing the surface. At this height, cantilever adgdiare sensitive to

electric field force gradients or relatively weak but laagge magnetic forces without being
influenced by topographic features. Tywass measurements are taken for every scan line,

producing separate topographic and magnetic foneges.

3.2.2 Electrochemical AFM
This option allows to perform electrochemical reactions on the AFM. It includes a
potentiostat, a fluid cell with a transparent cantilever holder and electrodes, aottware

required to operate the potentiostat amsplay the results of the electrochemical reaction.

3.3 AFM Probe Construction

Various probes (cantilevers and tips) are used for AFM studies. The cantijdwyer st
used in the AFM should meet the following criteria: (1) low normal spring cor(stéfress),
(2) a high resonant frequency, (3) a high quality factor of the cantilever Q, (4) higth $aieng
constant (stiffness), (5) short cantilever length, (6) incorporation of components $suainos)
for deflection sensing, and (7) a sharp protruding tip (Albrecht et al., 1990). In order terr@gist
measurable deflection with small forces, the cantilever must flex with a relativerdosv(bn the
order of few nN) requiring vertical spring constants 016 1 N/m for atomic resolutiom
the contact profiling mode. The data rate or imaging rate in the AFM is limited by the
mechanical resonant frequency of the cantilever. To achieve a large imaging banliaidith,
cantilever should have resonant frequency greater than about 10 kfd¢zaplee36100 kHz) in
order to make the cantilever least sensitive part of the system. Fast imaginteratdguest a
matter of convenience, since the effects of thermal drifts are more pronounceldwith s
scanning speeds. The combined requirements of a low spring constant and a high resonant
frequency is met by reducing the mass of the cantilever. The quality factangl(¢An) where,
oR is the resonant frequency of the damped oscillator and c is the damping constant and m is the
mass of the oscillator) should have a high value for some applications. For exampl&ceesona

curve detection is a sensitive modulation technique for measuring small forantgadli
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noncontact imaging. Increasing the Q increases the sensitivity of the meagsrévieamanical
Q values of 100-1000 are typical. In contact modes, the Q is of less importance. High latera
spring constant in the cantilever is desirable to reduce the effect of lateral fotice AFM as
frictional forces can cause appreciable latbeaiding of the cantilever. Lateral bending results
into error in the topography measurements. For friction measurements, cantiiévéess
lateral rigidity is preferred. A sharp protruding tip must be formed at the end crtieer to
provide a well defined interaction with sample over a small area. The tip radius shouldibe
smaller than the radii of corrugations in the sample in order for these to be measurately.
The lateral spring constant depends critically on the tip length. Additionallyptileduld be
centered at the free end.

In the past, cantilevers have been cut by hand from thin metal foils or formed from fine
wires. Tips for these cantilevers were prepared by attaching diamond fragontietends of
the cantilevers by hand, or in the case of wire cantilevers, electrochemically etbehwiget to a
sharp point. Several cantilever geometries for wire cantilevers have been usemhplds s
geometry is the ishaped cantilever, usually made by bending a wir&® angle. Other
geometries include singé and doubleY geometries with a sharp tip attached at the apex of V,
and double-X configuration with a sharp tip attached at the intersection (Marfil&8;
Burnham and Colton, 1989). These cantilevers can be constructed with high vertical spring
constants. For example, double-cross cantilever with an effective spring con&adth\yim
was used by Burnham and Colton (1989). The small size and low mass needed in the AFM make
hand fabrication of the cantilever a difficult process with poor reproducibility. Coowaiti
microfabrication techniques are ideal for constructing planar thin-film stestvhich have
submicron lateral dimensions. The triangular (V-shaped) cantilevers have impnimresd)(
lateral spring constant in comparison to rectangular cantilevers. In terms ofgmisignts, the
triangular cantilevers are approximately equivalent to two rectangular carttileygarallel
(Albrecht et al., 1990). Although the macroscopic radius of a photolithographically patterne
corner is seldom much less than about 50 nm, microscopic asperities on the etched surface
provide tips with near atomic dimensions.

Cantilevers have been used from a whole range of materials. Most commonly are
cantileveramade of SiN4, Si, and diamond. Young’s modulus and the density are the material

parameters which determine the resonant frequency, besides the gedrakley2 shows the

22



relevant properties and the speed of sound, indicative of the resonant frequency for a given shape
Hardness is important to judge the durability of the cantilevers, and is alsonistedtable.
Materials used for STM cantilevers are also included.

Silicon nitride cantilevers are less expensive than those made of other maldrajsare
very rugged and well suited to imaging in almost all environments. They aréaigpec
compatible to organic and biological materials. Microfabricated silicon nitridgtrianbeams
with integrated square pyramidal tips made of plasntzarced chemical vapor deposition
(PECVD) are most commonly used (Albrecht et al., 1990). Four cantilevers witlediféezes
and spring constants on each cantilever substrate made of boron silicate giags rfiarketed
by Digital Instruments, are shownkigs. 15(a)and16. Two pairs of the cantilevers on each
substrate measure about 115 and @if®3rom the substrate to the apex of the triangular
cantilever with base widths of 122 and 208, respectively. Both cantilever legs with same
thickness (0.um) of all the cantilevers, are available with wide and narrow legs. Only one
cantilever is s@cted and used from each substrate. Calculated spring constant and measured
natural frequencies for each of the configurations are listédbie 3. Most commonly used
cantilever beam is the 148n long, widelegged cantilever (vertical spring constar.58
N/m). Cantilevers with smaller spring constants should be used on softer samples. The
pyramidal tips are highly symmetric with its end having a radius of about 20-50 nm. Tide tip s
walls have a slope of 35 deg and the length of the edgestif tiiethe cantilever base is about 4
um.

An alternative to silicon nitride cantilevers with integrated tips are microfabrisatgld
crystal silicon cantilevers with integrated tips. Si tips are sharper thldntipis because they are
directly formed by the anisotropic etch in singlgstal Si rather than using an etch pit as a mask
for deposited materials (Wolter et al., 1991). Etched siogi&tal ntype silicon rectangular
cantilevers with square pyramidal tips with a lower radius of less than 10 nm fartcomda
tapping mode (tgpngmode etched silicon probe or TESP) AFMs are commercially available
from Digital Instruments and Nanosensors GmbH (Dr. Olaf Wolter), Aidlingerm&wey,Figs.
15(b)and16. Spring constants and resonant frequencies are also presentellign fHib).

Commercial triangular 8N4 cantilevers have a typical widthickness ratio of 10 to 30
which results in 100 to 1000 times stiffer spring constants in the lateral directigau@zhio the
normal direction. Therefore these cantilevers are not wedidstor torsion. For friction
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measurements, the torsional spring constant should be minimized in order to be sertbigéive t
lateral forces. Rather long cantilevers with small thickness and large tip leagtiost suitable.
Rectangular beams have lawersional spring constants in comparison to the triangular (V-
shaped) cantileversTable 4lists the spring constants (with full length of the beam used) in
three directions of the typical rectangular beams. We note that lateral andatiospiamgy
constants are about two orders of magnitude larger than the normal spring constants. A
cantilever beam required for the tapping mode is quite stiff and may not be sensitivie 'emoug
friction measurements. Meyer et al. (1992) used a specially desigtexgrdar silicon
cantilever with length = 20@m, width = 21um, thickness = 0.4m, tip length = 12.um, and
shear modulus = 50 GPa, giving a normal spring constant of 0.007 N/m and torsional spring
constant of 0.72 N/m which gives a lateral force sensitivity of 10 pN and an angle ofioesolut
of 107 rad. With this particular geometry, sensitivity to lateral forces could beiragrby

about a factor of 100 compared with commercial V-shapghd,Sir rectangular Si or 8N4
cantilevers used by Meyer aAdaner (1990b) with torsional spring constant of ~100 N/m. Ruan
and Bhushan (1994a) and Bhushan and Ruan (1994) usedrlitfg, widelegged \ shaped
cantilevers made of g4 for friction measurements.

For scratching, wear, and indentation studies, single-crystal natural diamogibtipd
to the shape of a three-sided pyramid with an apex angle of either &IE whose point is
sharpened to a radius of about 100 nm are commonly used (Bhushan et al., 1994; Bhushan,
1999a) Fig. 15(c)and16). The tips are bonded with conductive epoxy to a gold-plated 304
stainless steel spring sheet (length = 20 mm, width = 0.2 mm, thickness = 20n) @@ich
acts as a cantilever. Free length of the spring is varied to change the beam siitfieassrmal
spring constant of the beam ranges from about 5 to 600 N/m fonrm 20ick beam. The tips
are produced by R-DEC Co., Tsukuba, Japan.

For imagng within trenches by AFM, high aspect ratio tips are used. Examples of the
two probes are shown Fig. 17. The high-aspect ratio tip (Hart) probes are produced by starting
with a conventional $N4 pyramidal probe. Through a combination of focusedaeam (FIB)
and high resolution scanning electron microscopy (SEM) techniques, a thin filameawisag
the apex of the pyramid. The probe filament is approximatgiy long and 0.1um in diameter.

It tapers to an extremely sharp point (radius better than the resolution of most SEddong

thin shape and sharp radius make it ideal for imaging within “vias” of microstreauoce
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trenches (>0.2am). Because oféxing of the probe, it is unsuitable for imaging structures at
the atomic level since the flexing of the probe can create image artifacts. Forstahaic
imaging, a FIBmilled probe is used which is relatively stiff yet allows for closely spaced

topography. These probes start out as conventiogldh $iyramidal probes but the pyramid is

FIB milled until a small cone shape is formed which has a high aspect ratio with @u2-h3
length. The milled probes allow nanostructure resolution without sacrificingtyigitihese
types of probes are manufactured by various manufacturers including Materiafgcahal
Services, Raleigh, North Carolina.

Carbon nanotube tips having alirdiameter and high aspect ratio are used for high
resolution imaging of surfaces and of deep trenches, in the tapping mode or noncontact mode.
Singlewalled carbon nanotubes (SWNT) are microscopic graphitic cylinders that aoe30nnt
in diameter ad up to many microns in length. Larger structures called mvallied carbon
nanotubes (MWNT) consist of nested, concentrically arranged SWNT and have diameter
ranging from 3 to 50 nm. MWNT carbon nanotube AFM tips are produced by manual assembly
(Dai ¢ al., 1996), chemical vapor deposition (CVD) synthesis, and hybrid fabrication process
(Hafner et al., 2001)Figure 18 shows TEM micrograph of a carbon nanotube tip, Probé¥ax
commercially produced by mechanical assembly by Piezomax Technologiehititieton,
Wisconsin. For production of these tips, MWNT nanotubes are produced by carbon arc. They
are physically attached on the singhgstal silicon, squarpyramidal tips in the SEM using a
manipulator and the SEM stage to control the nanotubes and the tip independently. Once the
nanotube is attached to the tip, it is usually too long to image with. It is shortened bynusing a
AFM and applying voltage between the tip and the sample. Nanotube tips are also callymerci
produced by CVD synthesiyy NanoDevices, Santa Barbara, California.

3.4  Friction Measurement Methods

Based on the work by Ruan and Bhushan (1994a), the two methods for friction
measurements are now described in more detail. (Also see, Meyer and Amer, 1990bnifgsca
angle isdefined as the angle relative to thaxis inFig. 19(a) This is also the long axis of the
cantilever. A zero degree scanning angle corresponds to the sample scanning irettteog,dir
and a 90 degree scanning angle corresponds to the sample scanning perpendicular tathis axis

the xy plane (in x axis). If the scanning direction is in both y gmtirections, we call this
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“parallel scan". Similarly, a “perpendicular scan” means the scanning directiox &ohkx
directions. The sample traveling direction for each of these two methods istiéddstiFig.
19(b).

In the method 1 (using “height” mode with parallel scans) in addition to topographic
imaging, it is also possible to measure friction force when the scanning directiensaimple is
parallel toy direction (parallel scan). If there were no friction force between the tip and the
moving sample, the topographic feature would be the only factor which cause the cawatibever
deflected vertically. However, friction force does exist on all contact surfaca® whe object is
moving relative to another. The friction force between the sample and the tip witlaaise a
cantilever deflection. We assume that the normal force between the sample and W tip is
when the sample is statiogdVois typically in the range of 10 nN to 200 nN), and the friction
force between the sample and the tip isd8/the sample scans against the tip. The direction of

friction force (W) is reversed as the scanning direction of the sample is reversepdsitive

(y) to negativey) directions(Wsyy = —Wr (_y)).

When the vertical cantilever deflection is set at a constant level, it is the total force
(normal force and friction force) applied to the cantilever that keeps thiegar deflection at
this level. Since the friction force is in opposite directions as the travelingioliret the sample
is reversed, the normal force will have to be adjusted accordingly wheartiptesreverses its
traveling direction, so that thetal deflection of the cantilever will remain the same. We can
calculate the difference of the normal force between the two traveling diretioasgiven
friction force W. First, by means of a constant deflection, the total moment applied to the
cantlever is constant. If we take the reference point to be the point where tilevesnoins the

cantilever holder (substrate), point PHig. 20, we have the following relationship:

(Wo — AW, L +W; R (Wo+ AW )L —W; F (1)
or

(AW, + AW,)L = 2W,F (2)

Thus
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Wi = (AW, + AW,)L/ (2R 3)

whereAW: andAW: are the absolute value of the changes of normal force when the sample is
traveling in-y and y directions, respectively, as showikig 20; L is the length of the cantilever;

P is vertical distance betwedime end of the tip and point P. The coefficient of frictiqr) (
between the tip and the sample is then given as

_ W | (AW AW,) (L
" Wo _{ Wo }( ZRJ @

In all circumstances, there are adhesive and interatomic attractive forces between the
cantilever tip and theample. The adhesive force can be due to water from the capillary
condensation and other contaminants present at the surface which form meniscus bridges
(Blackman et al. 1990; O’Shea et al., 1992; Bhushan, 1999a) and the interatomic attraetive forc
includes van der Waals attraction (Burnham et al., 1991). If these forces (and indentation effe
as well, which is usually small for rigid samples) can be neglected, the nonceM is then
equal to the initial cantilever deflectiory Hhultiplied by the spng constant of the cantilever.
(AW,+AW,) can be measured by multiplying the same spring constant by the height difference of
the piezo tube between the two traveling directions (y and -y directions) of the s@msple
height difference is denoted asH;+AH,), shown schematically iRig. 21 Thus, Eq. (4) can be

rewritten as

W, [(aH+aH) L
M_Wo_{ Ho }(ZRJ ©

Since the piezo tube vertical position is affected by the surface topographic girttidlesample
in addition to the friction force being applied at the tip, this difference has to be takehypoint
point at the same location on the sample surface as shdwign 2l. Subtraction of point by
point measurements may introduce errors, particularly for rough samples. Weemallback to
this point laterln addition, precise measurement of L &f@vhich should include the cantilever
angle) are also required.

If the adhesive forces between the tip and the sample are large enough that it can not be

neglected, one should include it in the calculation. However, there could be a large niydartai
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determining this force, thus an uncertainty in using Eq. (5). An alternative approachaiseto m
the measurements at different normal loads and ta @ andA(A H;+A H,) from the
measurements in Eq. (5). Another comment on Eq. (5) is that, sinciéhembtio between

(AH;+AH,) and Hy comes into this equation, the piezo tube vertical positpartd its position

difference AH,;+AH,) can be in the units of volts as long as the vertical traveling distance of the
piezo tube and the voltage applied that a linear relationship. However, if there is a large
nonlinearity between the piezo tube traveling distance and the applied voltage, thisanionline
must be included in the calculation.

It should also be pointed out that, Eqgs. (4) and (5) are derived under the assumption that
the friction force Wis the same for the two scanning directions of the sample. This is an
approximation since the normal force is slightly different for the two scans aedniag also be
a directionality effect in friction. Bwever, this difference is much smaller thapiidelf. We can
ignore the second order correction.

Method 2 (*aux” mode with perpendicular scan) to measure friction was suggested by
Meyer and Amer (1990b). The sample is scanned perpendicular to thiod the cantilever
beam (i.e., to scan along the x or -x directiofion 19(a) and the output of the horizontal two
guadrants of the photodiodketector is measured. In this arrangement, as the sample moves
under the tip, the friction force will cagishe cantilever to twist. Therefore the light intensity
between the left and right (L and RRig. 19(b), right) detectors will be different. The
differential signal between the left and right detectors is denoted as FFM[digRy/(L+R)].

This signal can be related to the degree of twisting, hence to the magnitudecof foiate.

Again, because of a possible error in determining normal force due to the presence o$iar adhe
force at the tippample interface, the slope of the friction data (FFyali vs. normal load) needs

to be taken for an accurate value of coefficient of friction.

While friction force contributes to the FFM signal, friction force may not be the onl
contributing factor in commercial FFM instruments (for example, NanoScop®hé can
notice this fact by simply engaging the cantilever tip with the sample. Beforeirggheg left
and right detectors can be balanced by adjusting the position of the detectors so theigitge int
difference between these two detectors is geFi signal is zero). Once the tip is engaged with
the sample, this signal is no longer zero even if the sample is not moving in the xy pihane wi

friction force applied. This would be a detrimental effect. It has to be understood amaigldn
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from the data acquisition before any quantitative measurement of friction force becomes
possible.

One of the fundamental reasons for this observation is the following. The detectors may
not have been properly aligned with respect to the laser beam. To be, ghecigstical axis of
the detector assembly (the line joinind3Tin Fig. 22) is not in the plane defined by the incident
laser beam and the beam reflected from an untwisted cantilever (we call this plane “beam
plane”). When the cantilever vertical detien changes due to a change of applied normal force
(without having the sample scanned in the xy plane), the laser beam will be defiected
down and form a projected trajectory on the detector. (Note that this trajectothésdefined
beam plane)if this trajectory is not coincident with the vertical axis of the detector, the laser
beam will not evenly bisect the left and right quadrants of the detectors, even under thencondi
of no torsional motion of the cantilever, 96g. 22 Thus when ta laser beam is reflected up
and down due a change of the normal force, the intensity difference between the letitand rig
detectors will also change. In other words, the FFM signal will change as the fangeal
applied to the tip is changed, even if the tip is not experiencing any friction forceFIFM$ (
signal is unrelated to friction force or to the actual twisting of the cantilever.i\Mgailthis
part of FFM signal “FFN,” and the part which is truly related to friction force “FfM

The FFM signal can be eliminated. One way of doing this is as follows. First the sample
is scanned in both x and -x directions and the FFM signal for scans in each directiordisdec
Since friction force reverses its directions when the scanning directieveised from x tex
direction, the FFM signal will have opposite signs as the scanning direction of the sample is
reversed (FFMx) = -FFM(-x)). Hence the FFMsignal will be canceled out if we take the sum
of the FFM signals for the two scans. Therage value of the two scans will be related to FFM

due to the misalignment,
FFM(X) + FFM{x) =2FFM: (6)

This value can therefore be subtracted from the original FFM signals of eaels®two scans
to obtain the true FFM signal (FRM Or, alternatelyby taking the difference of the two FFM
signals, one directly gets the FirMalue
FEM(X) - FFM(-X) = FFM(x) - FFM(-X)
= 2FFMr(x) (7)
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Ruan and Bhushan (1994a) have been shown that error signgt)(E&Mbe very large
compared to friction signal FFM thus correction is required.

Now we compare the two methods. The method of using “height” mode and parallel scan
(method 1) is very simple to use. Technically, this method can provide 3D friction pesfdes
the corresponding topographic profiles. However, there are some problems with this method.
Under most circumstances, the piezo scanner displays a hysteresis when lihg ttagetion of
the sample is reversed. Therefore the measured surface topographic proftbesshifted
relative to eaclother along the y-axis for the two opposite (y and -y) scans. This would make it
difficult to measure the local height difference of the piezo tube for the two scanevét, the
average height difference between the two scans and hence the averagechitstill be
measured. The measurement of average friction can serve as an internal means dbfdetion
calibration. Method 2 is a more desirable approach. The subtraction efdigiMl from FFM
for the two scans does not introduce error to local friction force data. An ideal approaicigin us
this method would be to add the average value of the two profiles in order to get the error
component (FFM) and then subtract this component from either profiles to get true friction
profiles in either diretions. By making measurements at various loads, we can get the average
value of the coefficient of friction which then can be used to convert the friction poofhe t
coefficient of friction profile. Thus any directionality and local variationsictibn can be easily
measured. In this method, since topography data are not affected by friction, acpagitaphy
data can be measured simultaneously with friction data and better localizedhselatimetween

the two can be established.

3.5 Normal Force and Friction Force Calibrations of Cantilever Beams

Based on Ruan and Bhushan (1994a), we now discuss normal force and friction force
calibrations. In order to calculate the absolute value of normal and friction forces/torié
using the measured MFand FFM: voltage signals, it is necessary to first have an accurate value
of the spring constant of the cantileveg) (K he spring constant can be calculated using the
geometry and the physical properties of the cantilever material (Albrecht &94l;,Meyer and
Amer, 1990b; Sarid and Elings, 1991). However, the properties of the PEGMR (8sed in
fabricating cantilevers) could be different from those of bulk material. Formgaby using an

ultrasonic measurement, we found the Young's modultiseeafantilever beam to be about

30



238%18 GPa which is less than that of bulgNgi (310 GPa). Furthermore the thickness of the
beam is nonuniform and difficult to measure precisely. Since the stiffness of ggbeamas the
cube of thickness, minor errors in precise measurements of thickness can introdacgialibst
stiffness errors. Thus one should experimentally measure the spring constantotiteeet.
Cleveland et al. (1993) measured the normal spring constant by measuring resonantidésequenc
of the beams.
For normal spring constant measurement, Ruan and Bhushan (1994a) used a stainless

steel spring sheet of known stiffness (width = 1.35 mm, thicknesuml1&ee hanging length =
5.2 mm). One end of the spring was attached to the sample holder and the other end was made to
contact with the cantilever tip during the measurement-ge@3 They measured the piezo
traveling distance for a given cantile\aeflection. For a rigid sample (such as diamond), the
piezo traveling distance; Fimeasured from the point where the tip touches the sample) should
equal the cantilever deflection. To keep the cantilever deflection at the same level using
flexible sprirg sheet, the new piezo traveling distangevduld be different from Z The
difference betweeHdy andZ; corresponds to the deflection of the spring sheet. If the spring
constant of the spring sheet is the spring constant of the cantilevgickn becalculated by

(Zv - Z)ks= Zikc
or

ke= ks(Zt - Z1)/Z4 (8)

The spring constant of the spring sheg) @sed in this study is calculated to be 1.54 N/m. For a

wide-legged cantilever used in our study (length = 46 base width = 12@m, leg width =21
um, and thickness = 048m), k: was measured to be 0.40 N/m instead of 0.58 N/m reported by
its manufacturer Digital Instruments Inc. To relate photodiode detector output to the cantilever
deflection in nm, they used the same rigid sample to pushsagiae AFM tip. Since for a rigid
sample the cantilever vertical deflection equals the sample traveling distance mé&asutbe
point where the tip touches the sample, the photodiode output as the tip is pushed by the sample
can be converted directly cantilever deflection. For these measurements, they found the
conversion factor to be 20 nm/V.

The normal force applied to the tip can be calculated by multiplying the cantilever

vertical deflection by the cantilever spring constant for samples whwh\rery small adhesive
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force with the tip. If the adhesive force between the sample and the tip is langeyldt lse
included in the normal force calculation. This is particularly important in at@oate force
measurement because in this regiontypeal normal force that is measured is in the range of a
few hundreds of nN to a few mN. The adhesive force could be comparable to the applied force.

The conversion of friction signal (from FRMo friction force) is not as straightforward.
For example, one can calculate the degree of twisting for a given friction forgethusin
geometry and the physical properties of the cantilever (Meyer and Amer, 1988; &'&hea
1992). One would need the information on the detectors such as the quantuncgftitibe
detector, the laser power, the instrument's gain, etc. in order to be able converahiatsighe
degree of twisting. Generally speaking, this procedure can not be accomplished wiimaut ha
some detailed information about the instrument. This information is not usually provided by the
manufactures. Even if this information is readily available, error may still aceising this
approach because there will always be variations as a result of the instrumemqtaFset u
example, it has beenoticed that the measured Friignal could be different for the same
sample when different AFM microscopes of the same kind are used. The essenceneg ttea,
not calibrate the instrument experimentally using this calculation. O'Shea e®al) b
perform a calibration procedure in which the torsional signal was measured anpleisa
displaced a known distance laterally while ensuring that the tip does not slide ovefabe.s
However, it is difficult to verify if the tip sliding does notcur.

Apparently, a new method of calibration is required. There is a more direct and simple
way of doing this. The first method described (method 1) to measure friction carygregttie
an absolute value of coefficient of friction. It can therefore be used just as anlinteams of
calibration for the data obtained using method 2. Or for a polished sample which introdsices lea
error in friction measurement using method 1, method 1 can be used to obtain calibration for
friction force for methd 2. Then this calibration can be used for measurement on all samples
using method 2. In method 1, the length of the cantilever required can be measured using an
optical microscope; the length of the tip can be measured using a scanning electveocamé
The relative angle between the cantilever and the horizontal sample surface can be measured
directly. Thus the coefficient of friction can be measured with few unknown paranieter

friction force can then be calculated by multiplying the coefficiéfitiction by the normal load.
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The FFMr signal obtained using method 2 can then be converted into friction force. For their

instrument, they found the conversion to be 8.6 nN/V.

4, AFM Instrumentation and Analyses

The performance of AFMs and the quality of AFM images greatly depend on the
instrument available and the probes (cantilever and tips) in use. This section dekeribe
mechanics of cantilevers, instrumentation and analysis of force detectiemsyst cantilever

deflections, and scanning aodntrol systems.

4.1  The Mechanics of Cantilevers
4.1.1 Stiffness and Resonances of Lumped Mass Systems

Any one of the building blocks of an AFM, be it the body of the microscope itself or the
force measuring cantilevers, are mechanical resonators. These resonances can be excited eith
by the surrounding or by the rapid movement of the tip or the sample. To avoid problems due to
building or air induced oscillations, it is of paramount importance to optimize the design of
AFMs for high resonant fregencies. This usually means to decrease the size of the microscope
(Pohl, 1986). By using cube-like or sphere-like structures for the microscope, one can
considerably increase the lowest eig@guency. The fundamental natural frequengy of
any spring is given by

1 k

(O = 2—
T\ Megt

9)

where k is the spring constant (stiffness) in the normal direction anid the effective mass.
The spring constant k of a cantilever beam with uniform cross seEigr26) is given by
(Thomson and Dahleh, 1998)

3EI

where E is the Young's modulus of the material, L is the length of the beam and | is the& mome
of inertia of the cross section. For a rectangular cross section with a width m(peufse to the

deflecton) and a height h one obtains an expression for |

3
| = _blg (11)
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Combining Egs. (9), (10) and (11) we get an expressiofdfor

Ebh’
Wy = / = (12)
AL°m g

The effective mass can be calculated using Raleigh's method. The general forngula usin

Raleigh's method for the kinetic energy T of a bar is

L 2
! jm(az(ﬂ ix (13)

20L ot

For the case of a uniform beam with a constamdéssection and length L one obtains for the
deflection z(x) = zmax[l— (3x/ 2L) + (x3/ 2_3)] Inserting #axinto Eq. (13) and solving the

integral gives

L 3 2
T= lj‘m —azmax(x) (1_2j + X_ dx
2° L ot 2L L3
1
= Megt (Zmaxt)2

2

which gives Mgt = 2—90 m (14)

Substituting the Eq. (14) into Eq. (12) amating that m pLbh, wherep is the mass density,

one obtains the following expression

It is evident from Eq. (15), that one way to increase the natural frequency is to choose a
material with a high ratio lp/ seeTable 2for typical valuef \/E—/p of various commonly
used materials. Another way to increase the lowest-diggnency is also evident in Eq. (15).
By optimizing the ratio h/?, one can increase the resonant frequency. However it does not help
to make thdength of the structure smaller than the width or height. Their roles will just be

interchanged. Hence the optimum structure is a cube. This leads to the design ruleghiain

structures like sheet metal should be avoided. For a given resonaetfrggtine quality factor

34



Q should be as low as possible. This means that an inelastic medium such as rubber should be in

contact with the structure to convert kinetic energy into heat.

4.1.2 Stiffness and Resonances of Cantilevers

Cantilevers are mechanical devices specially shaped to measure tiny forces. The analysis
given in the previous section is applicable. However, to understand better the irgriddoree
detection systems we will discuss the example of a cantilever beam with uniémsrseon,
Fig. 24. The bending of a beam due to a normal load on the beam is governed by the Euler

equation (Thomson and Dahleh, 1998)

2
M = El(x)d—zz (16)
dx
where M is the bending moment acting on the beam cross section. 1(x) the momentaobinerti

the cross section with respect to the neutral axis defined by
_ 2
1(X) = jz jyz dydz (17)
For a normal force Facting at the tip,
M(x) = (L —x F, (18)

since the moment must vanish at the endpoint of the cantilever. Integrating Eq. (16) foala norm

force k acting at the tip and observing that El is a constant for beams with a uniform cross

L2 (x)? X
Z(X) :ﬁ(t) (3—E)FZ (19)

The slope of the of the beam is

2'(X) = %(2—95 (20)

From Egs. (19) and (20), at the end of the cantilever, i.e. for x = L, for a rectangular beam, and by

section, one gets

using an expression for | in Eqg. (11), one gets,

3
20 -l 1) R @)
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2(L) = g(f] 22)

Now the stiffness in the normal (z) direction, is

3
k, = i = E—b(ﬂ) (23)
z(L) 4 \L
and a change in angular orientation of the end of cantilever beam is
2
Aq=SZ_ i(k) K, (24)
2L Ebh{h

Now we ask what will, to first order, happen if we apply a lateral fog¢e the end of
the tip Fig. 24) The cantilever will bend sideways and it will twist. The stiffness in the lateral
(y) direction, k, can be calculated with Eq. (23) by exchanging b and h

3
-2 -

Therefore the bending stiffness in lateral direction is larger than theessffor bending in the
normal direction by (b/R) The twisting or torsion on the other side is more complicated to
handle. For a wide, thin cantilever (b>>h) we obtain torsional stiffness along y,axis, k

_ Gbh®
3L/2

k yT (26)

where G is the modulus of rigidity [= E/2(d) wherev is the Poisson’s ratio]. The ratio of the
torsional stiffness to the lateral bending stiffness is

k 2

ky 2(hL
where we assume= 0.333. We see that thin, wide cantilevers with long tips favor torsion while
cantilevers with square cross sent and short tips favor bending. Finally we calculate the ratio
between the torsional stiffness and the normal bending stiffness,

kyT B L 2
regt

Egs. (26) to (28) hold in the case where the cantilever tip is exactly in the middié #vas
cantilever. Triangular cantilevers and cantilevers with tips not on theeragd! can be dealt

with by finite element methods.
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The third possible deflection mode is the one from the force on the end of the tip along
the cantilever axis,#HFig. 24). The bending moment at the free end of the cantilever is equal to

the K¢. This leads to the following modification of Eq. (18) for the case of forcaad-k

M(x) = (L =X )F, + Fy/ (29)
Integration of Eq. (16) now leads to
1 2 X 2
= —|Lx?|1-=— |F, + /x°F, 30
0= (a2 oo @
1|Lx X
and z'(x) = E[?(Z_I)FZ + KXFX} (31)

Evaluating Egs. (30) and (31) at the end of the cantilever, we get the deflection and the tilt

L2(L_ ¢
Z(L) :E(EFZ —EFX]

L (L (32)
Z’(L) = E(E FZ + EFX)
From these equations, one gets
12EI Lz'(L
K :?(Z“)— ; )]
(33)
2EI
F = P(Z'—Z'('—) - (L))

A second class of interesting pespes of cantilevers is their resonance behavior. For

cantilever beams one can calculate the resonant frequencies (Colchero, 1993; Thomson and

Dahleh, 1998)
22 h [E
free n
ofee - fn N 1= 34
" =052, (34)

with A, =(0.596864 [)r, A, = (1494175 )n, A, —> (n+1/2)z. The subscript n represents the
order of the frequency, e.g., fundamental, second mode, and the nth mode.

A similar equation as (34) holds for cantilevers in rigid contact with the suSauee
there is an additional restriction on the movement of the cantilever, namely thenatats end
point, the resonant frequency increases. Onlyttseterms change to (Colchero, 1993)

Lo =(1.249876B] %, A; =(2.249999[7] %, A, > (n+Y A~ (35)
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The ratio of the fundamental resonant frequency in contact to the fundamental resgoantcire
not in contact is 4.3851.

For the torsionainode we can calculate the resonant frequencies as

mg’rszznl G (36)
Lb\ p

For cantilevers in rigid contact with the surface, we obtain the expression fanttefental
resonant frequency (Colchero, 1993)

o lors
torscontact _ 0 (37)

®g
J1+32/b)?
The amplitude of the thermally induced vibration can be calculated from the resonant

frequency using

k,T
AZperm = % (38)
where k is Boltzmann’s constant and T is the absolute temperature. Since AFM castidever
resonant structures, sometimes with ratiigh Q, the thermal noise is not evenly distributed as

Eq. (38) suggests. The spectral noise density below the peak of the response curvieasy(Colc

1993)
B /4ka :
Zp= kooQ {ln m/«/Hz} (39)

where Q is the quality factor of the cantilever, described earlier.

4.2  Instrumentation and Analyses of Detection Systems for Cantilever Defleoins
A summary of selected detection systems was providemir8. Here we discuss in

detail pros and cons of various systems.

4.2.1 Optical Interferometer Detection Systems
4.2.1.1interferometers

Soon after the first papers on the AFM (Binnig et al., 1986), which used a tunneling
sensor, an instrument based on an interferometer was published (McClelland et al., 1987). The

sensitivity of the interferometer depends on the wavelength of the light employed in the
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apparatuskigure 25shows the principle of such an interferometeric design. The light incident
from the left is focused by a lens on the cantilever. The reflected light is collitmathd same
lens and interferes Wi the light reflected at the flat. To separate the reflected light from the
incident light ak/4 plate converts the linear polarized incident light to circular polarization. The
reflected light is made linear polarized again byitle plate, but with a polarization orthogonal
to that of the incident light. The polarizing beam splitter then deflects the refledietblitpe

photo diode.

Homodyne Interferometer

To improve the signal to noise ratio of the interferometer the cantilever is dye
piezo near its resonant frequency. The amplitddef the cantilever as a function of driving
frequencyQ is

Q5
2 Q%032
\/ (QZ - Q%) g
Q

whereAzg is the constant drive amplitude afd the resonant frequency of the cantilever. The

AZ(Q) = Az, (40)

resonant frequency of the cantilever is given by the effective jpatent

2
S PR @
0z° ) Megt

where U is the interaction potential between the tip and the sample. Eq. (41) shows that an

attractive potential decreas@s. The change ifo in turn results in a change of the (see Eq.
(40)). The movement of ther#@ever changes the path difference in the interferometer. The
light reflected from the cantilever with the amplitudecand the reference light with the
amplitude Ao interfere on the detector. The detected intensity I(t) ft)JA&A(t)} 2 consists of
two constant terms and a fluctuating term

20, (DA (t) =A , A rlosir{oi +%+ 4nAz

sir(Qt)} sifot) 42)

Herew is the frequency of the light,is the wavelength of the lighi,is the path difference in
the interferometer, antiz is the instantaneous amplitude of the cantilever, given according to

Egs. (40) and (41) as a function@f k, and U. The time average of Eq. (42) then becomes
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47d 4nAZ

(28, (DA (1) o co { z s mQt)}
~ co{?) - V|E4RAZ SI('th):| (43)
~ co{@) - 47;AZ siffQt)

A

Here all small quantities have been omitted and functions with small argumentsleave
linearized. The amplitude @z can be recovered with a loak technique. However, Eq. (43)
shows that the measured amplitude is also a function of the path différente

interferometer. Hence this path differerdcmust be very stable. The best sensitivity is obtained
when sin (4/)) . 0.

Heterodyne Interferometer

This influence is not present in the heterodyne detection scheme shbignag. Light
incident from the left with a frequenayis split in a reference path (upper patlrig. 26) and a
measurement path. Light in the measurement path is shifted in frequency &+ A® and
focused on the cantilever. The cantilever oscillates at the freqeras/in the homodyne
detection scheme. The reflected ligh{tAis collimated by the same lens and interferes on the
photo diode with the reference light(§. The fluctuating term of the intensity is given by

A (08 (1) <A A osin (o + B0} + 410 4 4152

sw(Qt)} sifot) (a)

where the variables are defined as in Eq. (42). Setting the path differencedsin.(dand taking

the time average, omitting small quantities and linearizing functions with small arguneegés w
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(2A (A o co{Acot Lm0, 4“AZ mQt)}
4nd [
Co$ At + co sift)
{ v ) F o }
—su'(Aoat + 4;8) si r[ 4nAz sifQt) }
N {4n8) { Az }
2
~ Co{Amt 4 A j{l— Br"Az” r@Qt)}
A 22
_4nAz sir(Acot + @) sin(Qt)
A A
2,2
= cos{Amt + 4758) Az coEAmt + @j sift)
A 22 A
_ Az sir(A t+ @) sinQt)
A A
2
- co{Amt ¥ 4“8)— n”Az” %A t+@j
A 22 A
+ 4n*Az° co{Acot + @) cof20t)
% M
AnAz . 4rd ) .
2,52
_ CO{AM N 4758)[1_ 4n’Az j
A 22
2,2
(2 co{(Am +20)t +@}+ co%(Am 20)t + 47[8}
22 A A
+ ZKAZ {co{(Am +OQ)t+ ?} + co%(A(o -O)t+ %}}

Multiplying electronically the components oscillatingAai andAwn+Q and rejecting any product

4ntAz

except the one oscillating @ we obtain
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24,2
A =202y AnAz co{(Am +20)t +@} co%Amt - @j
A 22 A A

2,2
- %(1— 4n"Az ]{co:{(mm +Q)t+ ?} + co(th)} (46)

}\‘2

~ RTAZ cogQt)

Unlike in the homodyne detection scheme the recovered signal is independent from the
path difference of the interferometer. Furthermore a lackamplifier with the reference set sin
(Awt) can measure the path differericedependent of the cargiler oscillation. If necessary, a
feedback circuit can keeyp= 0.

Fiberoptical Interferometer

The fiberoptical interferometer (Rugar et al., 1989) is one of the simplest interfereameter
to build and use. Its principle is sketchedrig. 27. The lightof a laser is fed into an optical
fiber. Laser diodes with integrated fiber pigtails are convenient light sourbe light is split in
a fiberoptic beam splitter into two fibers. One fiber is terminated by index matching oil to avoid
any reflections bdcinto the fiber. The end of the other fiber is brought close to the cantilever in
the AFM. The emerging light is partially reflected back into the fiber by the caantilBlost of
the light, however, is lost. This is not a big problem since only 4% dithieis reflected at the
end of the fiber, at the glass- interface. The two reflected light waves interfere with each other.
The product is guided back into the fiber coupler and again split into two parts. One half is
analyzed by the photodiode. The other half is fed back into the laser. Communications grade
laser diodes are sufficiently resistant against feedback to be operatecemviramment. They
have, however, a bad coherence length, which in this case does not matter, since the bptical pat
difference is in any case no larger than 5 pum. Again the end of the fiber has to be positioned on a
piezo drive to set the distance between the fiber and the cantilevéntad/4).

Nomarskiinterferometer

Another solution to minimize the optical patifference is to use the Nomarski
interferometer (Schoenenberger and Alvarado, 19BRjure 28 shows a schematic of the
microscope. The light of a laser is focused on the cantilever by lens. A birefringsat (for
instance calcite) between the cantér and the lens with its optical axis 45° off the polarization
direction of the light splits the light beam into two paths, offset by a distance gitba lBngth
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of the crystal. Birefringent crystals have varying indexes of refracticzaltite, oneerystal axis
has a lower index than the other two. This means, that certain light rays will geopaga
different speed through the crystal than the others. By choosing a correct polarizaé can
select the ordinary ray, the extraordinary rayme oan get any distribution of the intensity
amongst those two rays. A detailed description of birefringence can be found in textbgoks (e
Shen, 1984). A calcite crystal deflects the extraordinary ray at an angle of i tivtlerystal.
By choosing auitable length of the calcite crystal, any separation can be set.

The focus of one light ray is positioned near the free end of the cantilever while the othe
is placed close to the clamped end. Both arms of the interferometer pass througletbpasgm
except for the distance between the calcite crystal and the lever. The closer the calcitis crystal

placed to the lever, the less influence disturbances like air currents have.

4.2.1.2Sensitivity
Sarid (1991) has given values for the sensitivitihefdifferent interferometeric detection

systemsTable 5presents a summary of his results.

4.2.2 Optical Lever

The most common cantilever deflection detection system is the optical lever @helyer
Amer, 1988; Alexander et al., 1989). This method, degiinFig. 29 employs the same
technique as light beam deflection galvanometers. A fairly well collimated light beeftected
off a mirror and projected to a receiving target. Any change in the angular positiomafribre
will change the position, where the light ray hits the target. Galvanometersticse [gth
lengths of several meters and scales projected to the target wall asatrbatp.

For the AFM using the optical lever method a photodiode segmented into two (or four)
closely spacg devices detects the orientation of the end of the cantilever. Initially, the gkt ra
set to hit the photodiodes in the middle of the two sub-diodes. Any deflection of the cantilever
will cause an imbalance of the number of photons reaching theatwesh Hence the electrical
currents in the photodiodes will be unbalanced too. The difference signal is furthereahgpld
is the input signal to the feedback loop. Unlike the interferometeric AFMs, wheneaofte
modulation technique is necessary toa@sufficient signal to noise ratio, most AFMs employing

the optical lever method are operated in a static mode. AFMs based on the opticaétbeer m
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are universally used. It is the simplest method to construct an optical readout anlokit ca
confined in volumes smaller than 5 cm on the side.

The optical lever detection system is a simple yet elegant way to detect normal ahd later
force signals simultaneously (Meyer and Amer, 1988; Alexander et al., 1989; Martil&X90;
Meyer and Amer, 1990bk has the additional advantage that it is the fact that it is a remote

detection system.

4.2.2.1lmplementations

Light from a laser diode or from a super luminescent diode is focused on the end of the
cantilever. The reflected light is directed ontauadrant diode that measures the direction of the
light beam. A Gaussian light beam far from its waist is characterized by an opegief). The
deflection of the light beam by the cantilever surface tilted by an arigléx. The intensity on
the detedar then shifts to the side by the product aféhd the separation between the detector
and the cantilever. The readout electronics calculates the difference of the photectihen
photocurrents in turn are proportional to the intensity incident on the diode.

The output signal is hence proportional to the change in intensity on the segments

| iy oC 4%' tot (47)

sig
For the sake of simplicity, we assume that the light beam is of uniform intensity withsis cro

section increasing proportional tcetdistance between the cantilever and the quadrant detector.

The movement of the center of the light beam is then given by
AXpet = Az% (48)

The photocurrent generated in a photodiode is proportional to the number of incoming photons
hitting it. If the light beam contains a total number @fddotons then the change in difference
current becomes

A(lg —1)=A =constAz D N, (49)
Combining Egs. (48) and (49), one obtains that the difference cuirenindependent of the
separation of the quadriadetector and the cantilever. This relation is true, if the light spot is
smaller than the quadrant detector. If it is greater, the difference cahleatomes smaller with

increasing distance. In reality the light beam has a Gaussian intensity prafiten&l|
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movements\x (compared to the diameter of the light spot at the quadrant detector), Eq. (49) still
holds. Larger movementsx, however, will introduce a nonlinear response. If the AFM is
operated in a constant force mode, only small movements the light spot will occur. The
feedback loop will cancel out all other movements.

The scanning of a sample with an AFM can twist the microfabricated cantilevers because
of lateral forces (Mate et al., 1987; Marti et al., 1990; Meyer and Amer, 188ak@ffect the
images (den Boef, 1991). When the tip is subjected to lateral forces, it will twisrtikever
and the light beam reflected from the end of the cantilever will be deflected perpenaidche
ordinary deflection direction. For many investigations this influence of latmadd is unwanted.
The design of the triangular cantilevers stems from the desire, to minimize the effeats.
However, lateral forces open up a new dimension in force measurements. They allow, for
instance, a diinction of two materials because of the different friction coefficient, or the
determination of adhesion energies. To measure lateral forces the origioal leper AFM has
to be modified. The only modification compared whily. 29is the use of a qdrant detector
photodiode instead of a two-segment photodiode and the necessary readout electréngcs, see

9(a). The electronics calculates the following signals:

U Normal Force™ O‘[(' Upper Left +1 UpperRight) - (I Lower Left +1 LowerRight)] (50)

U ateralForce = B[(I Upper Left T | Lower Left) - (I UppeRightt + Lower Right)]
The calculation of the lateral force as a function ofdéection angle does not have a simple
solution for cross-sections other than circles. An approximate formula for thechmgist for
rectangular beams is (Baumeister and Marks, 1967)
M,L

0= 51
BGbh 1)

where M = RP is the external twisting moment due to lateral forgeaRdp a constant
determined by the value of h/b. For the equation to hold, h has to be larger than b.

Inserting the values for a typical microfabricated cantilever with integrated tips
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b=6x10"m
h=10"m
L=10*m
¢=33x10%m
G =5x10"Pa
B=0.333

(52)

into Eq. (51) we obtain the relation
F, =11x10*Nx0 (53)

Typical lateral forces are of order-1UN.

4.2.2.2Sensitivity

The sensitivity of this setup has been calculated in various papers (Colchero et al., 1991,
Sarid, 1991; Colchero, 1993). Assuming a Gaussian beam the resulting output signal as a
function of the deflection angle is dispersion like. Eq. (47) shows that the sensitiviig ca
increased by increasing the intensity of the light beamrlby decreasing the divergence of the
laser beam. The upper bound of the intensity of the lighg given by saturation effects on the
photodiode. If we decrease the divergence of a laser beam we automatically increase the beam
waist. If the beam waist becomes lardert the width of the cantilever we start to get
diffraction. Diffraction sets a lower bound on the divergence angle. Hence oneaa#ateahe
optimal beam waist w: and the optimal divergence an@€Colchero et al., 1991; Colchero,
1993)

Wopt ~ 0.36b
A (54)

0,4 =~ 0.89—

opt b

The optimal sensitivity of the optical lever then becomes
g[mw/rad] = 18% | 1ot [MW] (55)

The angular sensitivity optical lever can be measured by introducing a paradehfbahe
beam. A tilt of the parallel plate results in a displacement of the beam, mimicking arr angula

deflection.
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Additional noise source can be considered. Of little importance is the quantum
mechanical uncertainty of the position (Colchero et al., 1991; Colchero, 1993), which is for
typical cantilevers at room temperature

fi
meo

AZ =

= 0.05fm (56)

wherer is the Planck constant (= 6.626 x*@ds). At very low temperatures and for high
frequency cantilevers this could become the dominant noise source. A second noise dwirce is t
shot noise of the light. The shot noise is related to the particle nuviibaran calculate the

number of photons incident on the detector

ho  2nBhc B[Hz]

(57)

where | is the intensity of the lightthe measurement time, Bzlhe bandwidth, and c the
speed of light. The shot noise is proportional to the square root of the number of particles.

Equating the shot noise signal with the signal resulting for the deflection of thlevaambne

oL [BlkHZ]
Azshot_68w /I[mW] [fm] (58)

where w is the diameter of the focal spot. Typical AFM setups have a shot noise of 2 pm. The

obtains

thermal noise can be calculated from the equipartition principle. The amplitudaesdhant

frequency is

B
AZtherm = 129\/W[pm] (59)

A typical value is 16 pm. Upon touching the surface, the cantilever increases itsitesona
frequency by a factor of.39. This results in a new thermal noise amplitude of 3.2 pm for the

cantilever in contact with the sample.

4.2.3 Piezoresistive Detection
4.2.3.1lmplementations

An alternative detection system which is not as widely spread as the optical detectio
schenes are piezoresistive cantilevers (Ashcroft and Mermin, 1976; Stahl et al., 188#hd<a

and Oesterschulze, 1997). These cantilevers are based on the fact that théyresisrtain
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materials, in particular of Si, changes with the applied stFégs30shows a typical

implementation of a piezeesistive cantilever. Four resistances are integrated on the chip,
forming a Wheatstone bridge. Two of the resistors are in unstrained parts of tlevegritie

other two are measuring the bending at the point of the maximal deflection. For ingltemcan

AC voltage is applied between terminals a and ¢ one can measure the detuning of the bridge
between terminals b and d. With such a connection the output signal varies only due to bending,
but not due to changing of the ambient temperature and thus the coefficient of the

piezoresistance.

4.2.3.2Sensitivity
The resistance change is (Kassing and Oesterschulze, 1997)

== o1 (60)

wherell is the tensor element of the piemsistive coeffi@nts,d the mechanical stress tensor
element and &Rthe equilibrium resistance. For a single resistor they separate the mechanical
stress and the tensor element in longitudinal and transversal components.

é—R 1,5, + 11,3, (61)

0

The maximum value dhe stress components dfe=-64.0 x 10'm?N andIlp =-71.4 x 10
Unm?/N for a resistor oriented along the (110) direction in silicon (Kassing and @éstiees
1997). In the resistor arrangementad. 30two of the resistors are subject to the itundjnal
piezoresistive effect and two of them are subject to the transversatgsative effect. The
sensitivity of that setup is about four times that of a single resistor, with the agb/émaa
temperature effects cancel to first order. The resistance change is then calculated as

AR 3Eh 6L

=N Az=T1—F (62)

Rp 2.2 bh? *

wherell = 67.7 x 16'm?/N is the averaged piezesistive coefficient. Plugging in typical values
for the dimensionsHig. 24) (L = 100um, b = 10 um, h = 1um) one obtains

AR 4x10°
Ro nN °

(63)

The sensitivity can be tailored by optimizing the dimersioithe cantilever.
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4.2.4 Capacitance Detection
The capacitance of an arrangement of conductors depends on the geometry. Generally
speaking, the capacitance increases for decreasing separations. Two parallel plaesrgie
capacitor (se€ig. 31, upper left), with the capacitance
€A
X

C=

(64)

where A is the area of the plates, assumed equal, and x is the separation. Altgoraticahn
consider a sphere versus an infinite plane [sge31, lower left). Here the capacitancg &arid,
1991)
C = dneoRY SN (65)
“= sinh(no.)
where R is the radius of the sphere, arid defined by

2
a=1In 1+£+ Z—+2E (66)
R |R? R

One has to keep in mind that capacitance of a parallel plate capacitor is a nonlinear &inctio
the separation. Using a voltage divider one can circumvent this probigm32(a)shows a low

pass filter. The output voltage is given by

1
Uout = Uz—JmC =U,- 1 = .Uz (67)
R4 1 joCR+1 joCR
joC

Here C is given by Eq. (64 is the excitation frequency and j is the imaginary unit. The
approximate reladin in the end is true whesCR >> 1. This is equivalent to the statement that C
is fed by a current source, since R must be large in this setup. Plugging Eq. (64) into Bl (67) a
neglecting the phase information one obtains

U. X

Uyt =—=——
out oRegpA

(68)

which is linear in the displacement x.

Fig. 32(b)shows a capacitive divider. Again the output voltage is given by
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G _, G

Uout = U =U, 69
out ] Cz i+ Cl ] 880A ( )
+C;
X
If there is a stray capacitancetien Eq. (69) is modified as
C
Uout =U, . (70)

A C.+C
X

Provided G+Cy1<< C; one has a system which is linear in x. The driving voltageasl to be
large (more than 100 V) to have the output voltage in the range of 1 V. The linearity of the
readout depends on the capacitanc€g). 33.

Another idea is to keep the distance constant and to change the relative overlap of the
plates (se€ig. 31, right side). The capacitance of the moving center plate versus the stationary
outer plates becomes

C =, + 250

(71)

where the variables are definedrig. 31 The stray capacitance comprises all effects, including
the capacitance dhe fringe fields. When length x is comparable to the width b of the plates one
can safely assume that the stray capacitance is constant, independent of x. Theachaintdge

of this setup is that it is not as easily incorporated in a microfabricateckdas the others.

4.2.4.1Sensitivity
The capacitance itself is not a measure of the sensitivity, but its derivative isiwedafa
the signals one can expect. Using the situation descrildgd.iB1, upper left, and in Eq. (64)
one obtains for thparallel plate capacitor
dC _ egpA
dx X2

Assuming a plate area A of 20 um by 40 um and a separation of 1 um one obtains a capacitance

(72)

of 31 fF (neglecting stray capacitance and the capacitance of the connection leads) ard a dC/d
of 3.1 x 16°F/m = 31fF/um. Hence it is of paramount importance to maximize the area between
the two contacts and to minimize the distance x. The latter however is far fronmrbeadgOne

has to go to the limits of microfabrication to achieve a decent sensitivit
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If the capacitance is measured by the circuit showign32one obtains for the
sensitivity

dUq __ dx

(73)
U, oReggA

Using the same value for A as above, setting the reference frequency to 100 kHz, éind selec

R=1@2, we get the relative change of the output voltagett

dUgy  22.5x 10°
U, A

A driving voltage of 45 V then translates to a sensitivity of 1 mV/A. A problem in thip et

x dx (74)

the stray capacitances. They are in parallel to the original capacitance and decrease thity sensiti
considerably.

Alternatively one could build an oscillator with this capacitance and measure the
frequency. RC-oscillators typically have an oscillation frequency of

1 X

fregoc — = 75
S RC RegoA (73)

Again the resistance R rsiube of the order of 1@ when stray capacitances &e neglected.
However G is of the order of 1 pF. Therefore one gets R = ID. Msing these values the
sensitivity becomes

Cdx _01Hz

dfjes = =
R(C+C)°x A

dx (76)

The bad thing is that the stray capacitances have made the signal nonlinear agaieafibedi
setup inFig. 31has a sensitivity of

ac_,
dx S

gggh (77)

Substituting typical values, b = 10 pm, s = 1 um one gets dC/dx = 1:8¥/A0. It is

noteworthy that the sensitivity remains constant for scaled devices.

4.2.4.2lmplementations
The readout of the capacitance can be done in different ways (Neubauer et al., 1990;
Goddenhenrich et al., 1990). All include an alternating current or voltage with frequenities i

100 kHz to the 100 MHz range. One possibility is to build a tuned circuit with the capacitance of
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the cantilever determining the frequency. The resonance frequency of a high quatigdQ t
circuit is
0o =(LC) (78)
where L is the inductance of the circuit. The capacitance C includesindhesensor
capacitance but also the capacitance of the leads. The precision of a frequency measurement is
mainly determined by the ratio of L and C

L) 1
Q=(Ej 2 (79)

Here R symbolizes the losses in the circuit. The higher the quality tleepremise the frequency
measurement. For instance a frequency of 100 MHz and a capacitance of 1 pF gives an
inductance of 250 pH. The quality becomes then 2.8 XTHis value is an upper limit, since
losses are usually too high.
Using a value of dC/dx = 31 fF/um one g&&/A = 3.1 aF/A. With a capacitance of 1 pF
one gets
Ao _1AC
o 2C (80)

Ao = 100MHz x + 3128F
2 1pF

This is the frequency shift for 1 A deflection. The calculation shows, that this iasurable

=155Hz

guantity. The quality also indicates that there is no physical reason why this stfmrtenot

work.

4.3 Combinations for 3DForce Measurements

Three dimensional force measurements are essential if one wants to know all the detai
of the interaction between the tip and the cantilever. The straightforward tttemgasure
three forces is complicated, since force sensors such as interferometers or capasdngensea
a minimal detection volume, which often is too large. The second problem is that the force-
sensing tip has to be held by some means. This implies that treetbfee Cartesian axes is
stiffer than the others.

However by the combination of different sensors one can achieve this goal. Straight

cantilevers are employed for these measurements, because they can be handled arEhgically.
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key observation is, that the optical lever method does not determine the position of the end of the
cantilever. It measures the orientation. In the previous sections, one has alwaysenaidihe
fact, that for a force along one of the orthogonal symmetry directions atdloé e cantilever
(normal force, lateral force, force along the cantilever beam axis) there is a one to one
correspondence of the tilt angle and the deflection. The problem is, that the force along the
cantilever beam axis and the normal force create a deflection in the same direction. Hence what
is called the normal force component is actually a mixture of two forces. Theteflef the
cantilever is the third quantity, which is not considered in most of the AFMs. A fiber optic
interferometer in parallel to the optical lever measures the deflection. Three edegsantities
then allow the separation of the three orthonormal force directions, as is evidenggo(8 &
and (33) (Fujisawa et al., 19944, b; Grafstrom et al., 1994; Overney et al.\\l&9ack et al.,
1994).

Alternatively one can put the fast scanning direction along the axis of thecamtile
Forward and backward scans then exert opposite foxcd$ the piezo movement is linearized,
both force components in AFM based on the @blever detection can be determined. In this
case, the normal force is simply the average of the forces in the forward and loledikecton.
The force form the front,is the difference of the forces measured in forward and backward

direction.

4.4  Sanning and Control Systems

Almost all SPMs use piezo translators to scan the tip or the sample. Even theMirst ST
(Binnig et al., 1982; Binnig and Rohrer, 1983) and some of the predecessor instruments (Young
etal., 1971, 1972) used them. Other materials or setups for nano-positioning have been proposed,

but were not successful (Gerber and Marti 1985; Garcia Cantu and Huerta Garnica, 1990).

4.4.1 Piezo Tubes

A popular solution is tube scanneFsg, 34). They are now widely used in SPMs due to
their simplicity and their small size (Binnig and Smith, 1986; Chen, 1992a). The outer electrode
is segmented in four equal sectors of 90 degrees. Opposite sectors are drivenpfsigeal
same magnitude, but opposite sign. This gives, through bending, a two-dimensional movement

on, approximately, a sphere. The inner electrode is normally driven by the z signabskilde,
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however, to use only the outer electrodes for scanning and for the z-movement. The main
drawback of applying the z-signal to the outer electrodes is, that the applied wlageum of
both the x-or y-movement and the movement. Hence a larger scan size effectively reduces the

available range for the@ntrol.

4.4.2 Piezo Effect
An electric field applied across a piezoelectric material causes a change in the crystal
structure, with expansion in some directions and contraction in others. Also, a net volunge chang

occurs (Ashcroft and Mermin, 1976). Many SPMs use the transverse piezo eleetticvdfiere

the applied electric fld E is perpendicular to the expansion/contraction direction.
_ V
AL =L(E-fi)dg; = L—da (81)

where ds is the transverse piezoelectric constant, V is the applied voltage, t is the ghiokne
the piezo slab or the distance between the electrodes where the voltage is apptles frieds
length of the piezo slab, arfdis the direction of polarization. Piezo translators based on the
transverse piezoelectric effect have a wide range of sensitivities, limited rogimgchanical

stability and breakdown voltage.

4.4.3 Scan Range

The calculation of the scanning range of a piezotube is difficult (Carr, 1988; Chen, 1992a,
b). The bending of the tube depends on the electric fields and the nonuniform strain induced. A
finite element calculation where the piezo tube was divided into 218 identical edenaentised
(Carr, 1988) to calculate the deflection. On each node the mechanical stressssstfiagn and
piezoelectric stress was calculated when a voltageayplied on one electrode. The results were
found to be linear on the first iteration and higheter corrections were very small even for
large electrode voltages. It was found that to first order the x- and z-movementuifatuuld
be reasonably Weapproximated by assuming that the piezo tube is a segment of a torus. Using

this model one obtains
K

dx=(V, - V_)ds > (82)
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L
dz=(V, +V_-2V,)d 31|§ (83)

where |d] is the coefficient of the transversal piezoelectric effect, L is tube's fred,|emgt
tube's wall thickness, d is tube's diameterijsWwoltage on positive outer electrode whiles/
voltage of the opposite quadrant negative electrode, arsdltage of inner electrode.

The cantilever or sample mounted on the piezotube haddaioaal lateral movement because
the point of measurement is not in the end plane of the piezotube. The additional lateral
displacement of the end of the tipPising . Po , whereP is the tip length and is the deflection
angle of the end surface. Assuming that the sample or cantilever are always pelgretodica
end of the walls of the tube and calculating with the torus model one gets for the angle

L 2dx
=—=— 84
P=7=" (84)
where R is the radius of curvature the piezo tube. Using the result of Eqg. (84) one obtains for the
additional x-movement

2dx£
dXagq = 1 = =(V,-Vv_)d 31 - (85)

and for the additional z-movement due to the x-movement

92 20(dx)

2 (L2
dZaqq = £ — (COSp = BT =(V, —V_)?[d3

2t%d?
Carr (1988) assumed for his finite element calculations that the top of the tubemyastely

(86)

free to move and, as a consequence, the top surface was distorted, leading to a deflection ang
about half that of the geometrical model. Depending on the attachment of the sample or the
cantilever this distortion may be smaller, leading to a deflection antletiwween that of the

geometrical model and the one of the finite element calculation.

4.4.4 Nonlinearities and Creep

Piezo materials with a high conversion ratio, i.e. a laggercsmall electrode
separations, with large scanning rasmigee hampered by substantial hysteresis resulting in a
deviation from linearity by more than 10%. The sensitivity of the piezo ceramicahater
(mechanical displacement divided by driving voltage) decreases with reducechgaange,
whereas the hysteresis is reduced. A careful selection of the material for thecpiezers, the

design of the scanners, and of the operating conditions is necessary to get optimunapeeform
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4.4.5 Linearization Strategies
4.4.5.1 Passive Linearization: Calculation

The analysis of images affected by piezo nonlinearities (Libioulle et al., 1&8[]; S
1991; Durselen et al., 1995; Fu, 1995) shows that the dominant term is

X = AV +BV 2 (87)
where x is the excursion of the piezo, V the applied voltage aanttiB two coefficients
describing the sensitivity of the material. Equation (87) holds for scanning from V ar@¢o\.

For the reverse direction the equation becomes
x=AV -B(V -V )’ (88)

whereA andB are the coefficients for the back scan argx¥ the applied voltage at the
turning point. Both equations demonstrate the trtawel is small at the beginning of the scan
and becomes larger towards the end. Therefore images are stretchdzkgtrthing and
compressed at the end.

Similar equation hold for the slow scan direction. The coefficients, however, are
different. The combined action causes a greatly distorted image. This distartibe c
calculated. The data acquisition systems ktioe signal as a function of V. However the data is
measured as a function of x. Therefore we have to distributevhligs evenly across the image

this can be done by inverting an approximation of Eq. (87). First we write

X =Av(1—5vj (89)
A
For B << A we can approximate
X
V=2 90
A (90)
We now substitute Eq. (90) into the nonlinear term of Eq. (89). This gives
X = AV(1+ 3)
A2
(91)
X 1 X Bx
NI —(1‘ _2]
A @1+Bx/A%) AU A
Hence an equation of the type
Xirue = X(00 = BX/Xmay) With 1=a - (92)
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takes out the distortion ohamage.c. andp are dependent on the scan range, the scan speed and
on the scan history and have to be determined with exactly the same settings as for the
measurement.maxis the maximal scanning range. The conditiorof@ndf3 guarantees that the
image is transformed onto itself.

Similar equations as the empirical one shown above Eq. (92) can be derived by analyzing

the movements of domain walls in piezo ceramics.

4.4.5.2 Passive Linearization: Measuring the Position
An alternative strategy is to msure the position of the piezo translators. Several
possibilities exist.

(1) The interferometers described above can be used to measure the elongation of the piezo
elongation. Especially the fiber optic interferometer is easy to implemeatcdherence
lengh of the laser only limits the measurement range. However the signal is of periodic
nature. Hence a direct use of the signal in a feedback circuit for the position is notepossi
However as a measurement tool and, especially, as a calibration tool the inteder®met
without competition. The wavelength of the light, for instance in a HeNe laser idlso we
defined that the precision of the other components determines the error of the caldrati
measurement.

(2) The movement of the light spot on the quadrant detector can be used to measure the position

w
of a piezo (Barrett and Quate, 1991). The output current changB—C@r%x AW . Typical

R[cm]
values (P =1 mW, R = 0.001 cm) give 0.5 A/lcm. The noise limit is typically
Af[Hz]

015nmx [————
H[W/cmz]

. Again this means that the laser beam above would have a 0.1nm
noise limitation for a bandwidth of 21 Hz. The advantage of this method is that, in principle,
one can linearize two axes with only one detector.

(3) A knife-edge blocking part of a light beam incident on a photodiode can be used to measure
the position of the piezo. This technique, commonly used in optical shear force detection
(Betzig et al., 1992; Toledo-Crow et al., 1992), has a sensitivity of better than 0.1 nm.

(4) The capacitive detection (Griffitet al., 1990; Holman et al., 1996) of the cantilever

deflection can be applied to the measurement of the piezo elongation. Egs. (64) to (79) apply
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to the problem. This technique is used in some commercial instruments. The diffilelie
the avoidance of fringe effects at the borders of the two plates. While conceptaply; s
one needs the latest technology in surface preparation to get a decent linearitgcifoeriel
circuits used for the readout are often proprietary.

(5) Linear Variable Differential Transformers (LVDT) are a convenient means to neeasur
positions down to 1 nm. They can be used together with a solid state joint setup, as often used
for large scan range stages. Unlike the capacitive detection there are few diffioulties t
implementéon. The sensors and the detection circuits LVDTs are available commercially.

(6) A popular measurement technique is the use of strain gauges. They are espedially sens
when mounted on a solid state joint where the curvature is maximal. The resolution depends
mainly on the induced curvature. A precision of 1 nm is attainable. The signals ara low -

Wheatstone bridge is needed for the readout.

4.4.5.3Active Linearization

Active linearization is done with feedback systems. Sensors need to be monotocie. H
all the systems described above, with the exception of the interferometerdabie sihe most
common solutions include the strain gauge approach, the capacitance measuremenr the L
which are all electronic solutions. Optical detection systhave the disadvantage that the

intensity enters into the calibration.

4.4.6 Alternative Scanning Systems

The first STMs were based on piezo tripods (Binnig et al., 1982). The piezo figod (
35) is an intuitive way to generate the three dimensior@lement of a tip attached to its center.
However, to get a suitable stability and scanning range, the tripod needs to barfgrfabout
50 mm). Some instruments use piezo stacks instead of monolithic piezoactuatorseThey ar
arranged in the tripodi@ngement. Piezo stacks are thin layers of piezoactive materials glued
together to form a device with up to 200 um of actuation range. Preloading with a suit@ble me
casing reduces the nonlinearity.

If one tries to construct a homebuilt scanning system, the use of linearized s¢abl@sg
is recommended. They are built around solid state joints and actuated by piezo stackatsThe |

guarantee that the movement is parallel with little deviation from the predefinedngcplame.
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Due to the construicin it is easy to add measurement devices such as capacitive sensors, LVDTs
or strain gauges which are essential for a closed loop linearizationdiivemsional tables can
be bought from several manufacturers. They have a linearity of better than 0. 2% aisd level

of 10“ to 10° of the maximal scanning range.

4.4.7 Control Systems
4.4.7.1Basics

The electronics and software play an important role in the optimal performance of a
SPM. Control electronics and software are supplied with commercial SPMs. Grattobnic
systems can use either analog or digital feedback. While digital feedback offzter glexibility
and the ease of configuration, analog feedback circuits might be better suitechfonwuttvise
operation. We will describe hereet basic setups for AFM.

Figure 36shows a block schematic of a typical AFM feedback loop. The signal from the
force transducer is fed into the feedback loop consisting mainly of a subtractiotosgai@n
error signal and an integrator. The gain of the integrator (high gain corresponds to short
integration times) is set as high as possible without generating more than 1 Pootéfsggh
gain minimizes the error margin of the current and forces the tip to follow the coatours
constant density of states as good as possible. This operating mode is known as Constant Forc
Mode. A high voltage amplifier amplifies the outputs of the integrator. As AFMs using
piezotubes usually require £150 V at the output, the output of the integrator needs to bedamplifie
by a high voltage amplifier.

In order to scan the sample, additional voltages at high tension are required to drive the
piezo. For example, with a tube scanner, four scanning voltages are required, namely,+V
+Vy and -\{. The x- and y-scanning valjes are generated in a scan generator (analog or
computer controlled). Both voltages are input to the two respective power ampliers. T
inverting amplifiers generate the input voltages for the other two power amplifige
topography of the sample surface is determined by recording the input-voltage to the taig vol
amplifier for the zchannel as a function of x and y (Constant Force Mode).

Another operating mode is the Variable Force Mode. The gain in the feedback loop is
lowered and the scanniisgeed increased such that the force on the cantilever is not any more

constant. Here the force is recorded as a function of x and y.
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4.4.7.2Force Spectroscopy

Four modes of spectroscopic imaging are in common use with force microscopes:
measuring lateral forceBJF/Mz, MF/Mx spatially resolved, and measuring force versus distance
curves. Lateral forces can be measured by detecting the deflection of a cantilever ioa direct
orthogonal to the normal direction. The optical lever deflection method most easiljdoes t
Lateral force measurements give indications of adhesion forces between the tip saahple.

MF/Mz measurements probe the local elasticity of the sample surface. In many cases the

measured quantity originates from a volume of a few cubic naeosndheMF/Mz or local
stiffness signal is proportional to Young’s modulus, as far as one can define this quansty
stiffness is measured by vibrating the cantilever by a small amowitaction. The expected
signal for very stiff samples is zerfor very soft samples one gets, independent of the stiffness,
also a constant signal. This signal is again zero for the optical lever aeflantl equal to the
driving amplitude for interferometeric measurements. The best sensitivity iseabteliverthe
compliance of the cantilever matches the stiffness of the sample.

A third spectroscopic quantity is the lateral stiffness. It is measured by apgalgimall
modulation in the »direction on the cantilever. The signal is again optimal when the lateral
compliance of the cantilever matches the lateral stiffness of the sample. The Idfieeakss, in
turn, related to the shear modulus of the sample.

Detailed information on the interaction of the tip and the sample can be gained by
measuring force weus distance curves. It is necessary to have cantilevers with high enough

compliance to avoid instabilities due to the attractive forces on the sample.

4.4.7.3Using the Control Electronics as a TweDimensional Measurement Tool

Usually the control elecdnics of an AFM is used to control the x- and y-piezo signals
while several data acquisition channels record the position dependent signals. The control
electronics can be used in another way: it can be viewed asdirheasional function generator.
Whatis normally the xand y-signal can be used to control two independent variables of an
experiment. The control logic of the AFM then ensures that the available pargpaetis
systematically probed at equally spaced points. An example is fricti@dorees measured

along a line across a step on graphite.
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Fig. 37shows the connections. The z-piezo is connected as usual, like the x-piezo.
However the youtput is used to command the desired input parameter. The offset of the y-

channel determines tip®sition of the tip on the sample surface, together with ttieaxinel.

4.4.8 Some Imaging Processing Methods

The visualization and interpretation of images from AFMs is intimately connecteel to th
processing of these images. An ideal AFM is a nysedevice that images a sample with
perfect tips of known shape and has perfect linear scanning piezos. In reality, AF\$ drat
ideal. The scanning device in AFMs is affected by distortions. The distortions arebath |
and nonlinear. Linear sliortions mainly result from imperfections in the machining of the
piezotranslators causing crosstalk from the Z-piezo to the X- and Y-piezos, andrs&e ve
Among the linear distortions, there are two kinds which are very important. Firstjrsga
piezos invariably have different sensitivities along the different scan axés thesvariation of
the piezo material and uneven sizes of the electrode areas. Second, the same redscmsseigh
the scanning axes not to be orthogonal. Furthermore, the plane in which the piezoscanner moves
for constant height z is hardly ever coincident with the sample plane. Hence, adinpas r
added to the sample data. This ramp is especially bothersome when the height zyeddispla
an intensity map.

The nonlnear distortions are harder to deal with. They can affect AFM data for a variety
of reasons. First, piezoelectric ceramics do have a hysteresis loop, muchrdikefgretic
materials. The deviations of piezoceramic materials from linearity incredsenarig¢asing
amplitude of the driving voltage. The mechanical position for one voltage depends on the
previously applied voltages to the piezo. Hence, to get the best position accuracy, one should
always approach a point on the sample from the same direction. Another type of nonlinear
distortion of the images occurs when the scan frequency approaches the upper frequesfcy lim
the X- and Y-drive amplifiers or the upper frequency limit of the feedback loop (z-component).
This distortion, due to feedback loop, can only be minimized by reducing the scan frequency. On
the other hand, there is a simple way to reduce distortions due to the X- and Y-piezo drive
amplifiers. To keep the system as simple as possible, one normally uses aatrianagaform
for driving the scanning piezos. However, triangular waves contain frequency components as

multiples of the scan frequency. If the cutoff frequency of the X- and Y-drive eleastranof
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the feedback loop is too close to the scanning frequency (two ertitmes the scanning

frequency), the triangular drive voltage is rounded off at the turning points. This rounding err
causes, first, a distortion of the scan linearity and, second, through phase lags, thierpadjec

part of the backward scan onto the forward scan. This type of distortion can be minimized by
carefully selecting the scanning frequency and by using driving voltages for the X-@iezos

with waveforms like trapezoidal waves, which are closer to a sine wave. The valuasecheas

for X, Y, or Z piezos are affected by noise. The origin of this noise can be either electronic,
some disturbances, or a property of the sample surface due to adsorbates. In addition to this
incoherent noise, interference with main and other equipment nearby might be present.
Depending on the type of noise, one can filter it in the real space or in Fourier space. fThe mos
important part of image processing is to visualize the measured data. TyplMalaia sets can
consist of many thousands to over a million points per plane. There may be more than one image
plane present. The AFM data represents a topography in various data spaces.

Most commercial data acquisition systems use implicitly some kind of data processing.
Since the original data is commonlybgect to slopes on the surface, most programs use some
kind of slope correction. The least disturbing way is to substrate a plane z(x, y) ByAx €
from the data. The coefficients are determined by fitting z(Xx, y) to the data. App#ration is
to subtract a second order function such as z(x, y)=-Ay? + Cxy + Dx + Ey + F. Again, the
parameters are determined with a fit. This function is appropriate for almostdata, where
the nonlinearity of the piezos caused such a distortion.

In the image processing software from Digital Instruments, up to three operagons ar
performed on the raw data. First, a zero-order flatten is applied. The flattenorpsrased to
eliminate image bow in the slow scan direction (caused by physical dbe instrument itself),
slope in the slow scan direction, bands in the image (caused by differences in thegttan hei
from one scan line to the next). The flatten operation takes each scan line and gtbtracts
average value of the height along eacdmdme from each point in that scan line. This brings
each scan line to the same height. Next, adirdéer planefit is applied in the fast scan direction.
The planefit operation is used to eliminate bow and slope in the fast scan direction. néfie pla
operation calculated a besgtplane for the image and subtracts it from the image. This plane has

a constant non-zero slope in the fast scan direction. In some cases, higher-order dolynomia
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“plane” may be required. Depending upon the qualityhefraw data, the flatten operation

and/or the planefit operation may not be required at all.

5. Closure

Since introduction of the STM in 1981 and AFM in 1985, many variations of probe based
microscopies, referred to as SPMs have been developed. Wéhpere imaging capabilities of
SPM techniques is dominated by the application of these methods at their early denelopme
stages, the physics of probample interactions and the quantitative analyses of tribological,
electronic, magnetic, biological, astdemical surfaces have now become of increasing interest.
Nanoscale science and technology are strongly driven by SPMs which allow iniestgeal
manipulation of surfaces down to the atomic scale. With growing understanding of the
underlying interaction mechanisms, SPMs have found applications in many fields ousstde ba
research fields. In addition, various derivatives of all these methods has been developed for

special applications, some of them targeting far beyond microscopy.
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Table 1. Comparison of Various Conventional Microscopes with SPMs

Optical SEM/TEM Confocal SPM
Magnification 108 107 104 100
Instrument Price $10k $250k $30k $100k
(U.S. $)
Technology Age 200 yrs 40 yrs 20 yrs 20 yrs
Applications Ubiquitous Science & New & unfolding| Cutting edge

technology

Market 1993 $800M $400M $80M $100M
Growth Rate 10% 10% 30% 70%
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Table 2. Relevant properties of materials used for cantilevers

Property Diamond SizNg Si W Ir

Young's 900-1050 310 130-188 350 530
Modulus (E)
(GPa)

Density pg) 3515 3180 2330 19,310 -
(kg/n)

Microhardness 78.4-102 19.6 9-10 3.2 ~3
(GPa)

Speed of 17,000 9900 8200 4250 5300
sound

(VE/p)

(m/s)

77




Table 3. Measured vertical spring constants and natural frequencies of triaugsieapgeyl
cantilevers made of PECVD4Bl4 (Data provided by Digital Instruments, Inc.)

Cantilever Spring constant @& (N/m) Natural frequencydfo) (kHz)
dimension
115 -um long, 0.38 40
narrow leg
115 -um long, 0.58 40
wide leg
193 -um long, 0.06 13-22
narrow leg
193 -um long, 0.12 13-22
wide leg
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Table 4. Vertical (R, lateral (k), and torsional (kr) spring constants of rectangular cantilevers
made of Si (IBM) and PECVD g4 (Veeco Instruments, Inc.).

Dimensions/stiffness Si cantilever SigNy4 cantilever
Length (L) @tm) 100 100
Width (b) @m) 10 20
Thickness (h)m) 1 0.6
Tip length @) (um) 5 3
kz (N/m) 0.4 0.15
ky (N/m) 40 175
kyT (N/m) 120 116
oo (kHZ) ~90 ~65

Note: k, = EbH¥/4L3, ky = Eb3h/4P3, kyt = GbHP/3LP2, andwo = [ko/(mc + 0.24 bhlp)]*/2
where E is Young's modulus, G is the modulus of rigidity [= ER)Iwherev is the
Poisson's ratiolp is the mass density of the cantilever, ardstthe concentrated mass of
the tip(~ 4 ng) (Sarid and Elings, 1991). For Si, E = 130 GBa; 2300 kg/m, andv =
0.3. For SiNg, E = 150 GPapg = 3100 kg/m, andv = 0.3.
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Table 5. Noise in Interferometers. F is the finesse of the cavity in the homodyferometer,

P the incidem power, R is the power on the detectayjs the sensitivity of the photodetector and
RIN is the relative intensity noise of the lasey.aAd Rare the power in the reference and
sample beam in the heterodyne interferometer. P is the power in thedkomirferometer,

50 is the phase difference between the reference and the probe beam in the Nomarski
interferometer. B is the bandwidth, e is the electron chargethe wavelength of the laser, k the
cantilever stiffnessy, is the resonant frequency of the cantilegers the quality factor of the
cantilever, T is the temperature, ahds the variation of current i.

Homodyne Heterodyne Nomarski
interferometer, interferometer interferometer
fiber optic interferomete
Laser noise<6i2> 1n2F2p2 RIN nz(PF% + PSZ) RIN in2p259
L4 ' 16
Thermal 16n° 2p2p2 4BTBQ An? 2p, 2 4k TBQ n? 252 45 TBQ
noise<8i2>T 22 N ! ook 22 L ok }@n ook
iselsi2) | 4R E 2en(Ry + R) E 1
Shot N0|se<8| >s (R + R) SenPB
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Figure Captions

Fig. 1 STM can be operated in either the constamtent or the constant-height mode. The
images are of graphite in air (Hansma and Tersoff, 1987).

Fig. 2 Principle of operation of the STM made by Binnig and Rohrer (1983).

Fig. 3 Principle of operation of a commercial STM, a sharp tip attached to a piezoelectric
tube scanner is scanned on a sample.

Fig. 4 STM images of evaporatedd3ilm on a goldcoated freshhcleaved mica using a
mechanically sheared-Rt(80-20) tip in constant height mode (Bhushan et al., 1993).

Fig. 5 Schematic of a typical tungsten cantilever with a sharp tip produced by
electrochemical etching.

Fig. 6 Schematics of (a) CG ftprobe, and (b) CG Pt-Ir FIB milled probe.

Fig. 7 Principle of operation of the AFM. Sample mounted on a piezoelectric tube scanner
is scanned against a short tip and the cantilever deflection is measured, mostly, usi
a laser deflection technique. Force (contact mode) or force gradient (noncontact
mode) is measured during scanning.

Fig. 8 Schematics of the four more commonly used detection systems for measurement of
cantilever deflection. In each set up, the sample mounted on piezoelectric body is
shown on the right, the cantilever in the middle, and the corresgpdeflection
sensor on the left (Meyer, 1992).

Fig. 9 Principles of operation of (a) a commercial small sample AFM/FFM, and (b)ea larg
sample AFM/FFM.

Fig. 10  Schematic of tapping mode used for surface roughness measurements.

Fig. 11  Schematic of triangular pattern trajectory of the AFM tip as the sample is scanned i
two dimensions. During imaging, data are recorded only during scans along the solid
scan lines.

Fig. 12  Schematics of a commercial AFM/FFM made by Digital Instruments Inc. (a) front
view, (b) optical head, (c) base, and (d) cantilever substrate mounted on cantilever
mount (not to scale).

Fig. 13  Typical AFM images of freshigleaved highlyoriented pyrolytic graphite and mica
surfaces taken using a square pyramidsNgtip.

Fig. 14 (&) Force calibration Z waveform, and (b) a typical fedigtance curve for a tip in
contact with a sample. Contact occurs at point B; tip breaks free of adhesive forces at
point C as the samples moves away from the tip.
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Fig. 15 Schematics of (a) triangular cantilever beam with square pyramidal tips made of
PECVD SgNg, (b) rectangular cantilever beams with square pyramidal tips made of
etched singlerystal silicon, and (c) rectangular cantilever stainless steel beam with
threesided pyramidal natural diamond tip.

Fig. 16 ~ SEM micrographs of a squarg-amidal PECVD SNa tip, a square pyramidal etched
singlecrystal silicon tip, and a threded pyramidal natural diamond tip.

Fig. 17  Schematics of (a) HART &4 probe, and (b) FIB milled g4 probe.

Fig. 18  SEM micrograph of a multi-walled carbon nanotube (MWNT) tip physicadlgresti
on the single-crystal silicon, square-pyramidal tip (Courtesy Piezomdmmadlegies,
Inc.).

Fig. 19 (a) Schematic defining the &and y-directions relative to the calever, and showing
the sample traveling direction in two different measurement methods discudsed in t
text, (b) schematic of deformation of the tip and cantilever shown as a resultraj slidi
in the x- and y- directions. A twist is introduced to thetib@ver if the scanning is in
the x direction [(b), right](Ruan and Bhushan, 1994a).

Fig. 20  (a) Schematic showing an additional bending of the cantilever - due to frictien for
when the sample is scanned in thern- y- direction (left). (b) This #ect will be
canceled by adjusting the piezo height by a feedback circuit (right)(Ruan and
Bhushan, 1994a).

Fig. 21  Schematic illustration of the height difference of the piezoelectric tube scarther as
sample is scanned in y and - y directions.

Fig.22  The trajectory of the laser beam on the photodetectors in as the cantilever idyertical
deflected (with no torsional motion) for a misaligned photodetector with respect to the
laser beam. For a change of normal force (vertical deflection of the cantilever), the
laser beam is projected at a different position on the detector. Due to a misatignme
the projected trajectory of the laser beam on the detector is not parallel with the
detector vertical axis (the line jointB)(Ruan and Bhushan, 1994a).

Fig. 23  lllustration showing the deflection of cantilever as it is pushed by (ajl saigple or
by (b) a flexible spring sheet (Ruan and Bhushan, 1994a).

Fig. 24 A typical AFM cantilever with length, width b, and heightt. The height of the tip is
(. The material is characterized by Young’s modulus E, the shear modahs &
mass densitp. Normal (E), axial (), and lateral (§) forces exist at the end of the
tip.

Fig. 25  Principle of an interferometric AFM. The light of the laser light sowsgmlarized by

the polarizing beam splitter and focused on the back of the cantilever. The light
passes twice through a quarter wave plate and is hence orthogonally polarized to the
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incident light. The second arm of the interferometer is formed by the flat. The
interference pattern is modulated by the oscillating cantilever.

Fig. 26 Principle of a heterodyne interferometie AFM. Light with the frequency split
into a reference path (upper path) and a measurement path. The light in the
measurement path is frequency shiftecbidy an acousto-optical modulator (or an
electrooptical modulator) The light reflected from the oscillating cantilever ietesf
with the reference beam on the detector.

Fig. 27 A typical setup for a fiber optic interferometer readout

Fig. 28  Principle of Nomarski AFM. The circular polarized input beam is deflectibe teft
by a nonpolarizing beam splitter. The lightfiecused onto a cantilever. The calcite
crystal between the lens and the cantilever splits the circular polarized lightanto tw
spatially separated beams with orthogonal polarizations. The two light beams
reflected from the lever are superimposed by the calcite crystal and collected by the
lens. The resulting beam is again circular polarized. A Wollaston prism produxes tw
interfering beams with/2 phase shift between them. The minimal path difference
accounts for the excellent stability of this microscope

Fig. 29  The setup of optical lever detection microscope.

Fig. 30 A typical setup for a piezoresistive readout.

Fig. 31  Three possible arrangements of a capacitive readout. The upper left shoassthe ¢
section through a parallel plate capacitor. The lower left shows the geometrg sph
versus plane. The right side shows the more complicated, but linear capacitive
readout.

Fig. 32  Measuring the capacitance. The left side, (a), shows a low pass filter, thédeght s
(b), shows a capacitive divider.(&ft) or G are the capacitances under test.

Fig. 33 Linearity of the capacitance readout as a function of the reference capacitor.

Fig. 34  Schematic drawing of a piezoelectric tube scanner. The piezo ceramic is molded into
a tube form. The outer electle is separated into four segments and connected to the
scanning voltages. The z-voltage is applied to the inner electrode.

Fig. 35  An alternative type of piezo scanners: the tripod.

Fig. 36  Block schematic of the feedback control loop of an AFM.

Fig.37  Wiring of an AFM to measure friction force curves along a line.
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