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Comparison of in-plane and out-of-plane optical amplification
in AFM measurements
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The in-plane image of piezoresponse force microsd&®M) generally exhibits a higher resolution

and less noise than the out-of-plane image. Geometrical considerations indicate that the optical
in-plane amplification is=40 times larger than the out-of-plane amplification. We experimentally
confirm this explanation in a dedicated set@2005 American Institute of Physics.
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Ferroelectric materials have been successfully charactethat the left and right quadrants of the photodiode are re-
ized and manipulated on the micro- and nanometer scale hyarded as one unit instead of the bottom and top quadrants.
piezoresponse force microscof®FM) in recent years In  From Fig. 3 it follows for smalle:
this method a conducting tip is brought into contact with the
sample and an ac voltage is applied to the tip. The in-plane S
and out-of-plane response of the piezoelectric material is op- tana=- = «,
tically detected as a deflection of the cantilever. In many h
cases the in-plane signal, as first conducted on thin films by
Roelofset al,? is substantially larger than the out-of-plane
signal(usually more than one order of magnitii@ad there- ®=2a= 25
fore shows more details and less noise. Taking the field dis- h
tribution, the morphology and the piezoelectric coefficients

(given for PbTiQ and BaTiQ in Table ) into account the \yhereh is the height of the tip plus the thickness of the
out-of-plane piezoresponse should be larger than the in-plangntilever. The change of the irradiated area of the left and

responsé.An example of the difference of in-plane and out- right parts of the photodiode is then a linear function of the
of-plane PFM is given in Fig. 1 where the piezoresponse ofjisplacement:

nanograins prepared by chemical solution depoﬁtitm
shown. )
The most common detection method for the deflection of Ad=2SiN0) -$~=20 -S,.
the cantilever is by measuring the position of a reflected laser
beam on a photosensitive detector. The out-of-plane positiowith this equation the amplification factor can be deter-
is given by[(a+b)—(c+d)]/(a+b+c+d). This so-called op- mined:
tical lever arm method is presented in Fig. 2. The “lever

amplification: _Ad S
Ad 3S, Vin-plane= ? = 4?'
Vout-of-plane: ? = T

is a factor of about one thousahtiUsing the same method The ratioR between these in-plane and out-of-plane ampli-
for detecting the in-plane deflection of the cantilevr-  fications is

sion) the two left and two right quadrants of the photodiode
have to be regarded as one, i[éa+c)—(b+d)]/(a+b+c

+d). The simplified movement of the tip is shown in Fig. 3. 23 20
We assume that the apex of the tip moves a lateral distédnce
whereas the middle of the base of the tip remains stationary.
In the out-of-plane case the laser is deflected vertically, in the
in-plane case horizontally. This is accounted for by the fact
-3.0 -27
?Electronic mail: f.peter@fz-juelich.de FIG. 1. 450 nmx 450 nm out-of-planéleft) and in-plangright) PFM mea-
PAlso at: Institute of Physics, University of Silesia, 40-007 Katowice, surement of PbTi@nanograins. The signal-to-noise ratio is a factor of 3.5
Poland. better in the in-plane image.
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TABLE I. Piezoelectric coefficients for single crystdRef. 14.

PbTiO, BaTiO,

(pm/V) (pm/V)
das 11.7 85.6
dsy -2.5 -345
s 6.5 392

FIG. 4. Setup to measure the out-of-plaiest) and in-planeright) ampli-
fication for PFM measurements. The movement of the piezostacks is de-
tected by the deflecting cantilever being positioned on Si glued to the stack.

4-Quadrant Diode

22
s R= Vin-glane - _h _ ﬂ'E
/bv Vout-of-plane 32 3h
L
For our cantileverglength: 450um, tip height plus cantile-
ver thickness: 12—1zm)** this ratio is
33< R<55.
To validate the theoretical value we set up an experiment
o to measure the two optical amplifications and their rd&io
° , Two identical piezostacks(3 mmx3 mmx3 mm) are
& gantileve’ mounted so that one can oscillate in a horizontal direction
B— (equivalent to in-plane PFM measuremeraad the other so
T T I that it can oscillate in a vertical directidequivalent to out-
FIG. 2. (Color onling Optical lever arm methodyd=movement of laser on 15 . . . 350
photodiode, S,=distance between cantilever and photodiode, . 1
S=out-of-plane cantilever movemeritz=length of cantilevetadapted from g R 4300
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FIG. 3. (Color onling Front view(a) and top viewm(b) of a cantilever being  FIG. 5. Measured in-plane and out-of-plane amplit(idg®) and the result-
bent in-planeq=tilting angle of the cantilevef) =angle of laser deflection. ing optical amplification ratigbottom).
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of-plane PFM measuremeit§he cantilever is placed on a geometrical considerations. For our cantilevers the ratio be-

piece of Si mounted on top or on the side of the piezostack itween the in-plane and out-of-plane optical lever amplifica-

order to have a hard, defined, and stable ;Ss0rface(see tions is around 40. Our measurements indicate that the in-

Fig. 4). plane optical amplification is more than one order of
With an applied voltage of 0.1 ) the piezoelements are magnitude larger than the out-of-plane amplification.

well within their undistorted small signal ranges, which is .

necessary as the measurements are done with lock-in ampli- _The author_s would like to thank Sven Clemens for pro-

fiers. At the applied voltage the expansion of the piezostackiding the PbTiQ sample.
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