Interdigital cantilevers for atomic force microscopy
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We present a sensor for the atomic force microscGpEM) where a silicon cantilever is
micromachined into the shape of interdigitated fingers that form a diffraction grating. When
detecting a force, alternating fingers are displaced while remaining fingers are held fixed. This
creates a phase sensitive diffraction grating, allowing the cantilever displacement to be determined
by measuring the intensity of diffracted modes. This cantilever can be used with a standard AFM
without modification while achieving the sensitivity of the interferometer and maintaining the
simplicity of the optical lever. Since optical interference occurs between alternating fingers that are
fabricated on the cantilever, laser intensity rather than position can be measured by crudely
positioning a photodiode. We estimate that the rms noise of this sensor in a 10 hz—1 kHz bandwidth
is ~0.02 A and present images of graphite with atomic resolution.1996 American Institute of
Physics[S0003-695(96)00851-0

The cantilever with an integrated tip is a key componentsimplicity that has made the optical lever more popular than
in the family of microscopes known as the scanning probesthe interferometer. However, the resolution is typically lim-
Its importance stems from its crucial role in determining theited to roughly 0.1 R
sensitivity of the system. Atomic force microscopdd-M) In this letter, we present a new interferometric sensor for
commonly measure deflections that are much less than 1 ke AFM where a cantilever is micromachined into the shape
using techniques such as tunnelingoptical lever of interdigitated fingers to form a diffraction grating. Opera-
detectior?? interferometry*~’ and piezoresistive sensifig. tionally, this technique requires an illumination source and a
This has allowed the structure of a variety of crystalline sur-Standard photodiode, yet it achieves a resolution that is com-
faces to be imaged on the atomic level. High-resolution im-parable to the interferometric sensors described previously.
aging is particularly useful in applications such as subangThe improved simplicity allows the interdigital cantilever to
strom surface roughness measurements and profiling tHe used in most optical lever AFMs without modification. It
structure of DNA. should also be useful in a number of applications where the

One of the most sensitive optical techniques for measurcantilever is used to observe physical and chemical
ing the deflection of a cantilever is the interferometer. RugaleVe”'[§’10
et al® developed a deflection sensor based on the interfer- Micromachined diffraction grating are used in many
ence of light between the cleaved end of an optical fiber andS“_"3r°'0F’t2'Cal systerﬁ% and can be used for high-resolution
the backside of a cantilever. By accurately positioning thed'Splays% The idea of integrating a diffraction grating onto
fiber above the cantilever to form a tightly spaced interfer-IN€ cantilever to determine its deflection was suggested by
ence cavity of less than &m, it is possible to achieve a ©n€ Of USIA.A.) while searching for a high-resolution deflec-
vertical resolution on the order of 0.01 A. In other work, tion sensor for arrays of cantilevers. The interdigital cantile-
Schimenberger and Alvaradaleveloped a scheme where a ver aIIeviat.es the taslf of critically alignipg an array of pho-
birefringent prism is used to divide a laser into a sensing an dlodgs since intensity rather than position of the reflected
reference beam. The prism is mounted within a few millime- eam IS mef';\sured. . , .
ters of the cantilever such that the reference beam is reflected A scanning elect_ron _mwrograr(SEl\/_I) of an |nter_d|g|tal
off the cantilever base while the sensing beam is reflecte antllever is shown in Fig. 1. T_he cantilever is def_med_ such
near the tip. The back-reflected light is then analyzed with art‘h:: \;vrf;ezoart]:loergte:a:(igs t?]'; tgstgf’pg?tli)é:]hgfigirr;:ﬁg%cg?zrrz
additional birefringent prism and directed to a split photodi- =" . . L )
ode. Such a system reduced the perturbations resulting fror\ﬁertlca”y displaced. The remaining set of f_mgers, or refgr-
fluctuations of the optical path length and also yielded a e flngers,_arg attached to the Inner portion of .the cantile-
resolution of—0.01 A. ver and remain fixed. Whe'n. the F:antll_ever is |!Ium|nated, th.e

The process of optically measuring deflection can bef|.ngers form a'phase sgnsﬂwe dlﬁracthn gratlng, anq the tip
simplified through a technique known as the optical lever. Ir]dlsplacement is determined by measuring the intensity of the

th . | b is reflected off the backsid fthdiffracted modes. The dominant reflected mode from the
IS system, a faser beam IS retiected oft the backside of g4y \when the cantilever is not deflected is the zeroth

cantilever and directed into a split photodigde. The pos-itior}node. As the tip is displaced by an external force, the inter-
of the rgflected beam qnd, hence, thg cantilever deflec':non, frence between the light reflecting off the reference fingers
determined by subtracting the photodiode outputs. Unlike the the moving fingers causes the zeroth mode intensity to
interferometer, the optical lever does not require the poSiyecrease while a first mode is creatddvhen the cantilever
tioning of components directly above the cantilever. Itis thisig yeflected by an amount af4, where\ is the wavelength

of the illumination source, the zeroth mode is minimized and
30n leave from Bilkent University, Ankara, Turkey. the first mode is maximized. The cantilever deflection can be
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FIG. 1. SEM micrograph of an interdigital cantilever that is 24/ long,

2.5 pum thick, and contains m wide fingers. FIG. 3. Noise spectral density measured when the tip end of the cantilever

is free. The maximum slope from the force curve shown in Fig. 2 was used
determined by measuring the intensity of the zeroth modetp calibrate the noise spectral density.

first mode, or the difference between the modes. Maximum

sensitivity of the deflection occurs at8. The distance be- Figure 2 shows a typical force curve that is obtained by
tween the zeroth and first mode is roughly 2 mm for ourmeasuring the intensity difference between the zeroth and
system. first modes as a function of cantilever deflection. The canti-

The fabrication of the interdigital cantilever is a three lever is deflected by applying a force at the tip with a piezo-
mask process that begins by growinguth of thermal oxide tube. A laser diode with a wavelength of 670 nm is focused
on an a<100> silicon-on-insulator wafer on which the top to a ~20 um spot and aligned to a set of interdigitated fin-
silicon is 10um of undoped epitaxial silicon. Tip masks are gers. The spot is placed such that the longitudinal finger
patterned into the oxide with 6:1 HF, undercut into the epi-support is not illuminated. The intensity of the diffracted
taxial silicon with a plasma etch, and sharpened by a wemodes is measured with a split photodiode placed roughly 4
oxidation at 950 °C for 2 h. The cantilever and the interdigi-cm from the cantilever. Note that the period of the optical
tated fingers are defined in a plasma etch. The top surface iesponse shown in Fig.(& is 470 nm, which is slightly
then passivated with polyimide and the bulk silicon is etchedarger than the expected value)aR2=335 nm. We find that
with ethylene diamine pyrocathecol using the middle oxidethis discrepancy can be accounted for by considering the
as an etch stop. Cantilevers are released by etching thellowing effects: Since the force is applied at the tip and the
middle oxide in 6:1 HF and removing the polyimide in an laser beam is focused on the diffraction grating, the actual
oxygen plasmasee Fig. 1 All measurements and images vertical finger displacement is less than the tip deflection due
obtained with the interdigital cantilever use a commercialto the bending of the cantilever. Also, the expected period is
microscope hedd with a homebuilt scanning system and increased because the laser beam does not reflect off the

control electronics. diffraction grating with normal incidence.
Resolution of the interdigital cantilever is estimated by
0.6 : : : measuring the noise spectral density of a free-standing can-
tilever (see Fig. 3. To calibrate this measurement in terms of
S 04l i position, the noise spectral density is divided by the cantile-
e ver sensitivity, which is the maximum slope of the force
§ 02l § curve shown in Fig. 2. This yields a rms noise of roughly
§ 0.02 A in a 10 Hz to 1 kHz bandwidth. However, the noise
% ol N spectral density is measured at a point on the force curve
2 where the sensitivity is not maximized. In order to under-
% 02k i stand the meaning of this measurement, the following issues
= should be considered. First, the noise spectral density does
S 04l i not include an accurate measure of mechanical noise of the
= cantilever. Theoretically, we estimate that the thermal me-
06 L L L chanical noise of the cantilever is0.005 A n a 1 kHz
05 0 05 1 15 bandwidth!®>1® Second, the combined laser power from the
Piezo Tube Position (um) zeroth and first modes incident on the split photodiode is

constant with respect to cantilever deflection and corre-
FIG. 2. Force curve obtained by recording the intensity difference betweesponds to a shot noise of 0.007*ASince the contribution of
the zeroth and first modes when the cantilever is deflected by displacing thﬁwermal mechanical and shot noise is small compared to our
tip with a piezotube. The amplitude of the optical response decays since the L
vertical separation between the moving and reference fingers is not constaR0iS€ measurement of 0.02 A, we speculate that a significant

due to the curvature of the deflected cantilever. noise source is intensity fluctuations of the laser. In our mea-
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must be deflected, or biased, by applying a force at the tip.
This is undesirable because it is not possible to arbitrarily
choose the tip/sample force while maintaining maximal sen-
sitivity. In Fig. 4, the sensitivity was maximized by deflect-
ing the cantilever by roughly 175 nrtsee Fig. 2 As a
result, we estimate that the tip/sample force was 0N}
which is several of orders of magnitude larger than forces
typically applied by the AFM? In future generations of the
interdigital cantilever, we plan to bias the deflection of the
reference plane in the fabrication process such that maximum
sensitivity is achieved without adjusting the deflection of the
outer portion of the cantilever.
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. . . SWe estimate the spring constant of our cantilevers to be on the order of 2
graphlte. The squarellke qua“ty of the atoms results from a N/m. When displaced by 175 nm, the resulting force is @Nl Commer-

relatively large contact force between the tip and sanftble. cially available SiN, cantilevers have force constants below 0.01 N/m
To maximize sensitivity, the outer portion of the cantilever and can be operated with minimal setpoint deflection.
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