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High-speed force sensor for force microscopy and profilometry utilizing
a quartz tuning fork
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Force sensors are key elements of atomic force microscopes and surface profilometers. Sensors with
an integrated deflection meter are particularly desirable. Here, quartz tuning forks as used in watches
are utilized as force sensors. A novel technique is employed which simplifies the interpretation of
the data and increases the imaging speed by at least one order of magnitude compared to previous
implementations. The variation of the imaging signal with distance fits well to a Hertzian contact
model. Images of compact discs and calibration gratings, which have been obtained with scanning
speeds up to 23@m/s, are presented. @998 American Institute of Physics.
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The heart of both atomic force microscopésFM) and  pressure can be achieved—about ten times higher tha@ the
surface profilometefsis the force sensor with tip which of conventional CLs. The tuning forks used here h&g&®
maps the surface. The forces acting on the tip are usually:32 768 Hz 2°Hz), the length of one prong it
sensed by mounting the tip on a cantilever be@h) and =3.0mm, thicknesst=330um and width w=120um.
measuring its deflection. Optical detection is the most comWith the Youngs modulus of quarg=7.87- 10" N/m? and
mon method to detect the deflection of the €but also mass densit’yL p=2650 kg/ni the theoretical spring constant
integrated deflection sensors based on the piezoredigtive is k=0.2FEw(t/L)*=3143N/m and the theoretical
piezoelectrie effect are available. Here, it is demonstratedeigenfrequency  equdfs 5= 1.015/E/pw/(27L?)
that quartz tuning forswhich are produced by the millions =32 280 Hz—in good agreement with the nominal eigenfre-
annually mainly for frequency normals in the watch industryduency. When the prongs are deflectecopy the piezoelec-
can be used as force sensors for AFMs or profilometerdfic effect causes a voltagé across the electrodes. The sen-
Glethneret al’ have used tuning forks as a force sensor inSitivity S of the forks of the type listed above was
acoustic near field microscopy and Kareaial® have used a €xPerimentally determined $6=V/q’=6.6V/nm.
tuning fork to control the distance between the optical fiber ~ 1€ tip attached to the free prong is etched out of tung-
and the surface in a scanning near-field-optical microscop&t€n Wiré with an initial diameter of 0.25 mm by ac etching

Recently, Edwardet al® have demonstrated a faster mode!" 1 M KOH. The final diameter is approximately 0.15 mm
using a phase-locked-loop detector. and the length 1 mm. The eigenfrequency with attached tips

In all the applications above, the fork is mounted in adrops tOf‘?% 12-16 kHz..The apex_of the tip; as determingd
similar manner as in a watch: the base part is fixed and botRy scanning electron microscopy is approximately spherical

N . \yith a radius ofR;,~ 150 nm.
prongs are oscillating opposed to each other. The dynamlcé{Y - tp . :
forces of the two prongs are then compensated in the base The QPS is operated in the frequency modulation mode

) -“as introduced by Albrectt al® Figure 2 is a schematic of
part. Since the base part and prongs are made out of a singlé ) . .
. o E TS . . — e detection electronics. The QPS is placed on an actuator,
guartz crystal, internal dissipation is low in this oscillation

mode and the) value is extremely highiup to 100000 in the deflection signal is routed through a preamplifier, a phase

vacuum and 10000 in girHowever, the symmetry of the
prongs is broken when one of them is subject to a tip sample
interaction. Even conservative tip sample forces cause damp-
ing in this mode, only slow scanning speeds are possible and
the imaging signal is very difficult to interpret. Fixing one of
the prongs firmly to a supporting structure overcomes this
problem (“ gPlus-sensor® and allows using tuning forks
in a similar manner as conventional CLs in AFM.

Figure 1 is a scanning electron microscgf&M) image
of a qPlus-sensorlQPS: one prong of a tuning fork is
bonded to a mount, the other prong has a tip attached to it.
The quality of the bond between the mount and the fixed
prong is crucial for obtaining a higlp value. Using epoxy
resins with fillers,Q values up to a few thousand in ambient

¥Electronic mail: franz@giessibl@physik.uni-augsburg.de FIG. 1. Scanning electron microscope image of the force sensor.
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FIG. 2. Schematic of an atomic force microscope based on frequency modu-
lation detection.
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shifter and an automatic gain control circ(#GC) before it

is fed back to the actuator. The AGC adjusts for a constanf'G- 4. Image of the metal foil from a compact disk. Scanning speed 12
vibration amplitude?,. The deflection signal is also fed into T;SHZP? :ngggg(:fzs)‘ tungsten tip, k=3300N/m, Ao=150 nm, Af

a phase-locked-loop circufPLL) which converts the oscil- 0 '

lation frequencyf to a dc signal which is proportional to the

difference betweerfi and an adjustable setpoint. Fordeg _ A 5 15
between the tungsten tip and a sample cause the frequency to Fu(d)= 3 E* VRyp(—d) for d<0 2
change fromfy to f=fy+Af. The frequency shift can be ) . )
calculated with first order perturbation thedfy: andF=0 for d>0 (Hertzian contagt E* is the effective
Youngs modulus given B¢
fg 1o 1 1—u? 1— 2
Af(d)=— 7 Fi(d+Aq[1+cog2mfot)]) = _ = Hsample, = Mtp 3
kAO 0 * . ' ( )
E Esample Et|p
x cog 2mfot)dt. () Evaluation of Eq(1) for this force yields(for Ay>—d):
In principle, F is attractive as long ad, the minimal dis- o 2V2 )
tance between the front atom of the tip and the sample is Af(d)= kAg72§E* VRypd®  for d<0 (4)

positive. In vacuum, it is even possible to obtain atomic reso-
lution by probing the attractive forcé8 However, attractive and Af=0 for d>0. For comparing the data with results
forces are not very well reproducible in ambient conditions With other amplitudes and spring constants, a normalized fre-
it is much easier to work with the repulsive forces which duency shift* is used:

arise upon contact. For a spherical tip and a flat sample, the
repulsive forces are given b
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FIG. 3. Experimental and theoretical normalized frequency shift FIG. 5. Image of a test grating with 1@m pitch and 100 nm height,
[=(Af/f0)kAg’2] versus distance for an aluminum sample and a sphericakcanning speed 0.7 Ips, sapphire tip=3300 N/m, Ag=250 nm, Af

tungsten tip with a radius of 150 nm. =15Hz, f;=27 214 Hz.
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mass of a tungsten tip, therefore the eigenfrequency of the
fork dropped much less. However, the “ghosts” in the de-
pressions of Fig. 5 indicate a double tip. Figure 6 is a 5
x5 um? image of a processed silicon wafer. The white dots
in the image are approximately 8 nm high and 100 nm wide.
The vertical noise in the image is below 1 nm.

12097 So far, this sensor has only been operated in ambient
conditions with strong repulsive forces. The lateral resolu-

800 tion which has been demonstrated is in the order of 100 nm.
Better resolution is expected when the sensor is operated in

40 vacuum. A recent analysishas shown that vertical resolu-

tion of a few pm should also be possible with rather stiff
cantilevers withk~ 1000 N/m. Also, atomic resolution on Si
(111)-(7Xx7) with an AFM with etched tungsten tips has
been demonstrated recentf/Therefore, even atomic reso-
lution might be achievable with this new type of force sen-
sor. Compared to conventional CLs, the main advantages of
0 2 4um this new sensor is its self sensing capability, i.e., no optics is
required for sensing the deflection and its very low power

FIG. 6. Image of a processed silicon wafer, scanning speed 1 Ips, tungsten, "', . . . . .
tip k=3googN/m A0p= 150 nm, Af=8 Hz, f,=13 535?_12?The h(fight ofg dissipation in the order of nW, i.e., six orders of magnitude

the white dots is~8 nm, their width~100 nm. lower than with piezoresistive or optical detection methods.
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