Piezoelectric tip-sample distance control for near field optical microscopes
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An aluminum coated tapered optical fiber is rigidly attached to one of the prongs of ahigh
piezoelectric tuning fork. The fork is mechanically dithered at its resonance freq(@é&z) so

that the tip amplitude does not exceed 0.4 nm. A corresponding piezoelectric signal is measured on
electrodes appropriately placed on the prongs. As the tip approaches within 20 nm above the sample
surface a 0.1 nN drag force acting on the tip causes the signal to reduce. This signal is used to
position the optical fiber tip to about 0 to 25 nm above the sample. Shear forces resulting from the
tip-sample interaction can be quantitatively deduced1@®5 American Institute of Physics.

In a near field scanning optical microscodSOM), an  29). In order to excite the mechanical resonance of the fork,
optical aperture with subwavelength sized diamefeiis it is rigidly mounted on a ceramic piezoelectric tube serving
scanned in the direct vicinity of a sample surfages typi-  the purpose of a dither. The tuning fork and the tip are vi-
cally of the order of 50 to 200 nm. The aperture generallybrated parallel to the sample surface. Both prongs are piezo-
illuminates locally the sample surface and optical informa-electrically coupled through the contact pads A and B shown
tion with spatial resolution of the order @f is accessiblé?  in Fig. 1. On resonance, the bending amplitude of the prongs
Optimal spatial resolution is reached when the tip is at disiS maximum. This in turn generates an oscillating piezoelec-
tances smaller thanp away from the surface.Because tric potential proportional to the tip oscillation amplitude. A
NSOMs apertures are scanned in such near field proximity oy/pical resonance of the piezoelectric signal amplitude is
surfaces it is necessary to prevent tip-sample catastrophf0Wn in Fig. 2. When used for feedback, the fork is driven
collisions. For this reason, tip-sample distance regulatiodt resonance. This oscillating signal, picked up between both
plays a central role in NSOMs. To date, the distance controfontacts and measured using a lock-in detection synchrone

most commonly used in NSOMs are based on optical detecVith the dither frequency, is monitored as the tip approaches
tion of shear forces acting on the ip° In such detection normally onto the sample plane. Similarly to what happens

methods, the tip is usually vibrated in a motion parallel to thewith optical detection, a reduction of the signal amplitude is

sample surface at one of its mechanical resonances. As it [§€asured as the tip is within tens of nm of a sample surface.

approached perpendicularly to and about few tens of nanom-[his change in signal is shown in Fig. 3. Such piezoelectric

eters above the sample surface, the amplitude of the tip viE'gnlf:S Ca? be ufsed n conjunﬁtlpn W'.th an Zlectronlc fezq-
bration (typically, 5 to 10 nm decreases. The nature of such ack loop for surface topography imaging as demonstrated in

shear forces is to the best of our knowledge still unclear.F'g' 4. In the rest of this letter we will show that this device

Optical detection of the tip vibration amplitude can be per-
formed by differential interferometfyor by measuring the
oscillation in the specularly reflected intensity of a laser
beam focused on the tip efid.Although such methods are
proven to allow reliable operation in friendly experimental
conditions, they do not appear to be convenient for operation
at low temperatures, in high vacuum conditions, or in situa- Y
tions were samples space sizes are restritfeatthermore,
in cases where visible and infrared background photon inten;, X
sity should be limited to that of the tip aperture such optical
detection cannot be used. We present in this letter an alter-
native nonoptical method based on a piezoelectric detection Contact A
of tip-sample interaction.
In the present design, we take advantage of the mechani-
cal resonance of a piezoelectric tuning fork with large quality

of factor Q. As shown in Fig. 1, the optical fiber with its
P - : IG. 1. Front and back view of a crystal quartz tuning fork with a 126
aluminized tapered tp Is glued along the side of one of th apered aluminum coated fiber probe glued along one of its préfs.and

prongs of a quartz crystal tuning fork. Such tuning forks arez are the quartz crystal axis. The dither vibrates the whole device along
commercially available for operation at 32 768 Hize.,  The shaded and dark areas represent both contact pads serving both as
pickup for the piezoelectric signal as well as coupling between the two
prongs.L=4 mm, t=0.6 mm,w=0.4 mm. The tip protudes 0.8 mm out of
¥Electronic mail: kkarrai@cip.physik.tu-muenchen.de the prong’s end.
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FIG. 4. Topography measurement using the on resonance piezoelectric sig-
33500 33600 33700 33800 33900 34000 nal as a feedback signal controlling the tip-sample distance at about 5 nm
above the surface. The sample is a grating of developed photoresist exposed

Frequenc Z
q y (Hz) in an laser interference pattern. X.8.2 um image acquired in 200 s.

FIG. 2. Amplitude of the piezoelectric signal as function of the driving
frequency. The diether driving the fork vibrates with an amplitude of 7 pm.para||e| to the sample plane. For small dri’ge. Y

Points are measured. The full line is calculated using the harmonic oscillator . . . . .
model described in text witk) as a fit parameter. The tip amplitude on the <<w), the solution for the above differential equation is

right scale is obtained by differential interferometric measurements. InsetX = (F/me)/(w(zj_ w?+i yw) el giving in tun Fp
noise signal, for the freely oscillating fork. =imeywX. Both x and Fp show a resonance at frequency
wo=(kImy)Y?=27f,=1.015Q/L?(E/p)¥?> As shown
allows to measure quantitatively the amplitude of the sheal Fig. 2, the Lorenzian dependence of the amplitude of
force originating from the tip-sample interaction. w predicted by this model is in excellent agreement W|tr_1 the
The prong holding the tip is a cantilever of lengtrand measurements. On resonance, the tip amplitudexgs
rectangular cross-sectiomt. It bends periodically along the =FQ3/ik and the drag force experienced by the fork is
X direction of Fig. 1. Mechanical properties of elastically given by Fp=ikxo/(Q3). The quality factor is defined
vibrating homogenous cantilever are analytically derived inas Q=fo/Af, where Af is the full frequency width at
textbooks such as Ref. 6. The parameters needed to detéralf-maximum of the tuning fork amplitude resonance. In
mine the dynamics of the prong are its dimensibnw, t, its  order to evaluat¢Fp| we need to determinky, X, and Q.
Young modulusE, and its density. Within this modeF the  Since the exact amplitude of the driving foreds generally
time dependence of the tip positiot), turns out to be de- unknown,x, has to be determined in an independent way.
scribed by an effective harmonic oscillator equation of mo-We have measurex}, optically using a Normarski differen-
tion driven at frequency w: mea*x/dt>+Fp+kx  tial interferometer. Using this technique, the on resonance
=Fe'“, where my=0.242%(Ltw) is an effective mass piezoelectric signaV/ is calibrated against,. This calibra-
corresponding to about 1/4 of the mass of one of the pronggion is done once for all forks of same geometry. It is, typi-
F is the amplitude of the driving force tuned by adjusting thecally, in our case/y/x,=27 wV/nm. We normally operate
voltage applied on the dither piezotubde= Ewt®/(4L%) is  our tip-sample distance regulation using=0.35 nm. In
the static compliance of one prong; afg=m.ydx/dt is  principle, Vo can be determined form the fork parameters it
a phenomenological viscous force which is the sum of alis only relevant to mention thaV/y~d,Lkx,/t?, where
drag forces acting on the cantilever. In the present model, wé;,=2.31x10 2 V/Im (or C/N) is the piezoelectric cou-
will assume that the shear force resulting from the tip-sampleling coefficient for quartz. The static complianice 26 600
interaction, is in fact a drag force contributing Bg,. This ~ N/m is determined usingg=7.87x 10 N/m? along the
assumption is reasonable since the tip is in frictional motiorx or y quartz crystal direction,=4 mm, t=0.6 mm,w=0.4
mm.” Alternatively, k can also be independently inferred
from k=m.w3. Using f;=32768 Hz andp=2650 kg/

= M 1.00 m3, we findk=26 200 N/m which is in good agreement with
s 1 the former valueQ is obtained by measuring the full fre-
08 - =095 guency widthAf measured at half-maximum of the piezo-
> 06 3 0.90 electric signal amplitude resonance. A bare tuning fosk,
> 04 with no optical fiber glued on )i has at room temperature a
- 3085 Q=64 200 in vacuum and 7500 in air. When an optical fiber
02 4 0.0 is glued along one of the prong® is usually reduced to
ool—m—"~ L1 . 1 1] about 1000Q’s as high as 3650 were nevertheless obtained.
0 10 20 30 40 50

In absence of tip sample interaction contact, the drag force
Z (nm) originates mostly from losses internal to the fork/fiber sys-
tem. Using Q=1000 and |xg|=0.35 nm, we evaluate
FIG. 3. Approach curves of the normalized signal amplit@teresonance  |Fp|=5.4 nN. When the tip is in the interaction range of
frequency as function of the tip-sample distance. The signal in curve A, the samplex0 and theQ reduce in same proportions_ This is

results from aroptical measuremertf the amplitude of a resonance mode _ ; ;
of the tip is described in Ref. 5. Curve B is the simultaneous measure(?ecausdx0| \/§FQ/k. In other words on interactior

piezoelectric signal of the tuning fork with @=200. Lines are a guide to and Q conspire _tO r?du_ce proportionally keepilrg, con-
the eye. stant. However, in this situation, part Bf, is now due to the

Appl. Phys. Lett., Vol. 66, No. 14, 3 April 1995 K. Karrai and R. D. Grober 1843

Downloaded-13-Jun-2002-t0-130.132.94.254.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/aplo/aplcr.jsp



model predicts that when the fork is displaced from equilib-

1000 - '— SULBLRERRR S X g rium, the prong’s amplitude relaxes exponentially with a rate
800 |- 4 F 08 2 7=/3/(wAf). As shown in Fig. 5, we have measured the

o 600 10 106 % time dependence of, as the fork relaxes by settirfg=0 at
400 - 10 104 5 t=0. Using Af=30 Hz, measured independently, we deter-
200 - 1 02 § mine =18 ms. The calculated time dependence of the am-
e T T = SR B s 1 I plitude relaxation is in agreement with the observation to

00 0.1 0.2 03 04 0 10 20 30 40 50 better than 1%. This analysis shows that it is desirable to
Tip amplitude (nm) Time/Q (us) - )
reduceQ but alsok or x, in order to allow for more rapid

. _ : scanning. There is a room for improvement in terms of re-
FIG. 5. Left panel:Q and tip amplitude are measured independently show- . o . . .
ing the linearity dependence predicted by the effective harmonic oscillatodUCINgK. Preliminary measurements using tuning forks with
model (line). Right panel: piezoelectric signal amplitude relaxation of a gofter prongs{i.e., k=2400 N/I’T‘?) and Q=100 show promis-

freely oscillating tuning fork measured as function of time normalize@to . . i
(triangles. The solid line is calculate¢hot fitted using the independently ing results. In the present arrangement, the noise on the pi

measured value fof. For Q=1000 the signal relaxes exponentially with €zoelectric signal corresponds to a rms amplitude of about
7=18 ms. This limits the maximum scanning speed of the tip across a<5x2>1/2: 20 pm in a bandwidth of X It is essentially
sample surface. L . . .
limited at the present time by mechanical and electrical
) ] ) ) ~ pickup noise. This noise figure could be in principle im-
tlplsa:nple m'Fsra_cnon. I:] |sdthen_ easy tlo show that the tIIO'proved to the noise limit defined by the thermal excitation
sample contribution to the drag is simply KgT of the prongs. For a one-dimensional harmonic oscilla-
|Fgl=|Fpl(1—VIVy), where |Fp|=Kk|xo//(QV3), tor the equipartition theorem dictatgsx?)=KgT/k (on
1 resonanckeover a self-limited bandwidth of 2/ At tempera-

_ ; 2\1/2_
where V is the piezoelectric signal amplitude during tip- ture T=300 K, the floor noise should b@x*“)*“=0.4 pm.

sample interaction, and/V, is plotted in Fig. 3. In Eq(1) In concll'15|on, we haYe preseqted here a body of evi-
xo and Q are the values measured with the tip away fromdence showing that the piezoelectric tuning fork presents an
sample. Using the above parameters values we determirfitractive alternative for distance control feedback methods.
that a Change of 1% in the Signa| Corresponds||¥g| This is Specially the case in the ||ght of the fact that prelimi-
=54 pN. We have recorded thBt acting on the tip can be nary measurements show that this feedback system operates
up to 2 nN without tip aperture damage and up to 40 nNat 2 K and under high fields and that improvement of a factor
before tip damage. In normal operation, we take NSOM and 0 both in sensitivity and speed can be achieved.
topography images witk s ranging between 50 and 500 pN. R. Strenz is gratefully acknowledged for providing the
We have tested several aspects of the relevance of theymple presented in Fig. 4. K. Kafraould like to acknowl-
effective harmonic oscillator model. To do so we have pergqge the von Humboldt foundation for its financial support.

formed hydrodynamic measurements of \_/iscpus drag in Part of this work was funded by the Deutsche Forschungs-
controlled case. A 125%um flat cleaved cylindrical optical gemeinshaft Grant No. SEB348

fiber is attached to the side of one of the prongs. 1 mm of th
fiber is protruding outside the prong. The protuding part of
the fiber is dipped with a deptl into a fluid of known
viscosity. We have chosen this geometry because the viscous
drag of a cylinder moving in a liquid is known and has an 1D W, Pohl. W. Denk. and M. Lanz. Abol. Phvs. Lot 651 (198
analytically form for small oscillation amplitudeAt con- 2 V- Ponl W. Denk, and M. Lanz, Appl. Phys. Lei}, 651 (1984).

driveE. the | isd the | is th . d E. Betzig, J. K. Trautman, T. D. Harris, J. S. Weiner, and R. L. Kostelak,
stant. riveF, the larger isd the arger 'f5t e viscous drag  giiencersi, 1468(1999).
resulting in aisma”e_Q andxo. _By adjustingd, we can tune 3R Toledo-Crow, P. Yang, Y. Chen, and M. Vaez-Iravani, Appl. Phys. Lett.
the drag. This permitted for instance to check the propor- 60, 2957(1992.
tional dependence @ with X, as shown in Fig. 5. It is also  “E. Betzig, P. L. Finn, and J. S. Weiner, Appl. Phys. L60, 2484(1992.
found that asQ drops from 1000 to 500f, does not shift °R. D. Grober, T. D. Harris, J. K. Trautman, and E. Betzig, Rev. Sci.
more than 0.5 Hz. Using a simple hydrodynamic mddile Instrum. 65, 626 (1994 and references therein.

. . . . 5D. Sarid, inScanning Force Microscop§Oxford University Press, New
viscous drag detected by the tuning fork is now indepen- vork, 1991, Chap. 1
dently (_avaluatejd’ and_ is found to be within 20_4’ In agree 7 At this point is worth mentioning that the length of the optical fiber glued
m_ent with the result given by_qu)- We also verified that as  on the prong should increakeFor the present case this effect contributes,
d increasesy, andQ change in a way that keeps the hydro- however, to a compliance enhancement of 0.2%.
dynamical measure&, constant. The fact that the tuning ®The appearance of3 in the various terms above comes from the defini-
fork can be oscillated with higp’s is what is making such tion of the quality factor is defined not for an energy as usually done but
drag detectors sensitive to velocity dependent forces of therather for an amplitude.
See, e.g., R. Beker, ifluid Dynamics 1] Handbuch der Physik, Vol.

order of 50 pN. This is because on resonance the cantllevervml2 (Springer. Berlin, 1968 p. 1.

has an gffectlve compliance bgﬁ:.k/(Q \/§) On. the other 0The only effect we did not appropriately account for is that of the liquid
hand, highQ's prevent from scanning rapidly. HigQ's pre- surface tension acting on the walls of the cylinder. In oil, this effect turns
vent, from scanning rapidly. The simple harmonic oscillator out to be small for larger than 4Qum.
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