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Calibration of piezoelectric bimorphs for experiments in a surface
forces apparatus

Sung Chul Bae and Steve Granick®
Departments of Materials Science, Chemical Engineering and Chemistry, University of lllinois,
Urbana, lllinois 61801

(Received 18 January 2000; accepted for publication 14 June 2000

A simple interferometric method is described to measure the time-dependent deformation of
piezoelectric bimorphs driven by ac voltage. Applying this method to a bimorph assembly used to
measure viscoelastic forces in a surface forces apparatus, we find that a sinusoidal-shaped harmonic
drive voltage generates sinusoidal deformation but that a triangular-shaped harmonic drive voltage
fails to produce triangular-shaped deformation if the drive frequency exceeds 1/100 of the resonance
frequency. Sinusoidal displacement amplitudes as small as 0.1 nm were resolved.
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The ability of piezoelectric bimorphs to produce con- 1037-45P divided the incoming beam into two, one segment
trolled displacements over a wide range of amplitudes, frontraveling to the fixed mirror M1 and one to the mirror M2
sub-angstrom to micrometers, is invaluable in scanningttached to the bimorph whose calibration was intended.
probe microscopies such as scanning tunneling microscopyhe bimorph assembly has been described elsevthare;
(STM), atomic force microscopyAFM), and the surface brief, a specimen hangs as a “boat” from two piezoelectric
forces apparatuéSFA).1~* A frequently adopted calibration bimorphs.
strategy is to image a crystalline lattice whose lattice dimen- ~ The two beams were reflected by mirrors and returned to
sions are known. Since this strategy does not apply to SFAhe beamsplitter, the beam from M1 passing through the
experiments, which do not image laterally, it has been cusbeamsplitter and the beam from M2 being deflected by the
tomary to calibrate these devices by measuring the deflectidpeamsplitter toward the detector. Here the two beams met
produced by an applied dc voltage. Usually the dc voltage i&nd the resulting interference pattern was imaged, as shown
chosen to be sufficiently large to produce deflections visible&chematically in Fig. 1.

in an optical microscop&.The assumption is that, in re- A 200 um slit was positioned at maximum interference
sponse to a time-varying input voltay&t), the output de- imadiance and a Si photodiode detec(Ghorlabs, PDA5
formation, D(t), is D(t)= aV/(t). was used to monitor the irradiance changes caused by the

There are two difficulties with this traditional method of displacement of mirror M2 attached to the moving bimorph.
calibration. First, since these voltages are typically 1-2 orProvided that the two beams are coherent and have equal
ders of magnitude larger than would be employed in an exl_rrad|ance_slo, the interference irradiandeat this position
periment designed to probe displacements on the angstrof@n be written as
and nanometer length scales, it is fair to question linearity of 2m(2D) 7D
response. Second, since the measurements are typically dy- |:4|OCO§T:2|0( 1+005( )] (1)
namic but the calibration is static, it is fair to question
whether the calibration might itself depend on frequency. M1
Here we describe a simple alterative calibration method that
responds to both concerns. BS L2 L1

A schematic diagram of the optics used for interferomet- M;_' |
ric calibration is shown in Fig. 1. This Twyman—Green in- |
terferometer is a variation of the traditional Michelson -~ PH
interferomete?. A 2 mW He—Ne laser(Melles Griot
05LHP121 was used as the light source. It had a linear
polarization and the beam size was 0.59 mm af litten-
sity. A spatial filter(Thorlabs, KT300-Bwas used to expand
the beam size and produce a clean Gaussian beam. It wags. 1. Schematic diagram of the interferometric setup for bimorph calibra-
composed of an aspheric lens whose focal length was 1t10n Laser Iigh't passed through an 'aspheric lengfodal length 11 mm a
mm, a 25um pinhole, and a collimating lens whose focal pinhole(PH) (diameter 25um), acoll_lmatlng lens LZ_focaI length 50 mr_)]

) . and was separated by a beamsplit®5). One portion passed to a fixed
length was 50 mm. The beam size was expandéd times  mirror M1, another portion to a moving mirror M2 rigidly attached to the

using these components. A beamsplitt€WVI, BS1-633-50- moving bimorph, and the interference fringes produced by the reflection
recombined beams was imaged on a photodi@@®). The interference
fringes oscillated with the bimorph motion as sketched in the bottom left of
dElectronic mail: sgranick@uiuc.edu this figure.

He-Ne Laser
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) ) ) ) FIG. 3. Bimorph response to 5 Hz sinusoidal input voltage off#hel a
FIG. 2. Examples of photodiode signal and bimorph motion at 1 Hz. Agng 2.5 mV(panel b after averaging for 20 and 300 cycles, respectively.
trlangula}r-shaped input voltal_ge was appliadleft ordinate a>_<D$ PdeUCINQ ~ The input waveform is plotted on the left ordinate and the resulting bimorph
modulation of interference fringes that was sensed as a sinusoidally varyingeflection, calculated from the photodiode sigfradt shown using Eq.(3),

intensity of signal at the photodiode. Using E8), the bimorph deflection s piotted on the right ordinate. Displacements of 2.0 and 0.1 nm were easily
was calculateda, right ordinate axis resolved.

b

P—:'rom the data in Fig. 2, the constamtandb were found to
be 0.1417 and 0.1013, respectively. Using these constants,

in the absence of driving voltage, ands the wavelength of D= g areco

3

whereD is the displacement of M2 from the position it takes A %S a

the laser beam, 632.8 nm. Considering the offset and the gal
of the photodiode detector, the photodiode signal interSity
can be written as

47D 0 PR
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whereS; is the signal offset an is the gain of the photo- §“ 100 é’
diode. Then the temporal oscillation period of the signal cor-

responds to a displacement of amplitude. 200

Figure 2 shows an example of operation of this device.

A triangular-shaped waveform was applied with amplitude 5 & 200 g

V and frequency 1 Hz. The photodiode sigr&ig. 2(a)] e =

showed the expected sinusoidal waveform and this was fit to f?g” 100 5

Eqg. (2). The fit yielded a period of 0.488 s. During this G g

period, the displacement of M2 should B&=316.4 nm ,>_.= o 8

with corresponding voltage change 9.76 V, from which we a &

deduce that the voltage constant for this bimorph assembly = 100
was a=32.4 nm/V. The voltage constant obtained from a

conventional calibratich(100 V. input and using an optical 0 10 20 30 40 50
microscope to measure resulting deflectisms 30.8 nm/V.
Our result agrees with this value within 5%, showing that the
bimorph assembly is remarkably linear up to very high volt-FIG. 4. Comparison of bimorph response to sinusoidal and triangle-shaped
age. waveforms at 50 Hz, which is closer to the apparatus resonance of 660 Hz.

One of the advantages of this interferometric method iéa) A triangle-shaped wavefornip) a sinusoidal waveform. For both, the

. . . , . Input waveform is plotted on the left ordinate and the resulting bimorph
that it shows directly the bimorph’s motion. From E®),

h : ' deflection, calculated from the photodiode sigfmat shown using Eq.(3),
the bimorph displacement can be written as is plotted on the right ordinate.

Time (ms)
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we calculated the displacement of the bimorph, with results It is conceivable that jitter of the kind illustrated in Fig.

included in Fig. Za). (Similar results were obtained using 4 might also be a concern in scanning AFM measurements

sinusoidal input voltageslt is evident that the traditional and in SFA experiments that employ triangular-shaped volt-

assumptionD (t) = aV(t), was satisfied in this instance. age waveforms. The magnitude of the effect would be
In order to check the sensitivity of this method, we ap-damped, however, if the tip were in sliding contact with a

plied progressively smaller sinusoidal input voltages, withsolid surface.

amplitude as small as 2.5 mV. After averaging over 300 ] ) o

cycles, sinusoidal shear displacements as small as 0.1 nm We are indebted to J. M. Drake for suggesting this in-

could be resolved, as illustrated in Fig. 3. terferometer setup and thank Yingxi Zhu for the dc calibra-
Figure 4 compares the response at higher frequency, 5igon using an optical microscope. This work was supported

Hz, which is closer to the resonance frequency, 660 Hz, oPy the U.S. Department of Energy, Division of Materials

this bimorph assembly. In this case a large difference waScience under Award No. DEFG02-ER9645439, through the

observed when comparing sinusoidal and triangular-shape'arede”Ck Seitz Materials Research Laboratory at the Univer-

waveforms. In the former cag€ig. 4@)] the motion of the  Sity of lllinois at Urbana-Champaign.

bimorph was smooth and followed the same sinusoidal func-

tion as the input voltage, but in the latter case the motion was

jittery. Jitter can be explained by the discontinuity of applied

force at the turning point of a triangular waveform; the dis-

continuity induces vibrations within the moving bimorph. In c. _Julian Chenl|ntroduction to Scanning Tunneling Microscof@®xford

Fig. 4(b), one observes that.the frequency of jitter is the_2g.nI\\I/Vei;sslfeyngfgizse’gceavr\:n\i(r%klsrlogbgesMicroscopy and Spectroscopy: Meth-

resonance frequency of this bimorph assembly. Other experi-,4s and ApplicationsCambridge, New York, 1994

ments confirmed that the magnitude of jitter increased with3L. E. C. vandeleemput, P. H. H. Rongen, B. H. Timmerman, and H.

drive frequency(as can be expected since the force discon- Vankempen, Rev. Sci. Instrur62, 989 (1991. _

tinuity at the turning point increases with frequeno@ther J. Peachey, J. Van Alsten, and S. Granick, Rev. Sci. InSt&in463

parts of the device had a bandwidth sufficient to not affectsg pecnt, optics 2nd ed.(Addison—Wesley, Reading, MA, 1987pp.

the results presented. 333-391.
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