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The technique of operating the scanning force microscope in the dynamic noncontact mode
(dynamic force microscopy) has been improved. Home-built instruments based on an optical beam
deflection scheme in two different environments were used. The two force microscopes were
operated in ambient air and in ultrahigh vacuum, respectively. In order to control the oscillating
cantilever different methods were applied: slope-detection (lock-in amplifier, RMS-to-DC
converter) and frequency modulation (FM) technique as well. The advantages of this nondestructive
technique are demonstrated on different samples, such as soft organic matter (hexagonally packed
intermediate layer, Langmuir-Blodgett film), layer-structured compounds (Cdl,), n-doped Si(111),
and ferroelectric crystals [triglycine sulfate (TGS), guanidinium aluminum sulfate hexahydrate
(GASH)]. On TGS and GASH cleavage faces, the ferroelectric domains and domain walls could be
imaged. From experimental data a spatial resolution of about 1-2 nm in lateral and <0.1 nm in

vertical directions could be determined.

I. INTRODUCTION

Scanning force microscopy (SFM) in the attractive force
regime has a variety of applications. The abbreviation DFM
for noncontact dynamic force microscopy is suggested.! The
term noncontact includes the force regime where the tip—
sample interaction is dominated by the long-range attractive
forces. The term dynamic means that the probing tip oscil-
lates at a certain frequency, driven by an external oscillator.
The attractive force regime, which is sensed by DFM, is
mainly dominated by long-range forces such as van der
Waals, electrostatic, magnetostatic, capillary, and hydrody-
namic forces.2 DFM is used to sense force gradients near the
surface without surface contact. As examples, information
about surface topography,'%'4 fringing fields above magnetic
samples,f"6 dielectric constants and potentiometry,7 distribu-
tion of localized charges,®® and ferroelectric domain
structures'®!! can be obtained by DFM. Furthermore, DFM
has turned out to be a promising tool to image soft biological
matter without sample distortion by the sensing tip,"'? and
was recently successfully adapted to a liquid environment.'*

Commonly, two detection schemes are applied to measure
the force gradients: (1) the so-called slope detection and (2)
the frequency modulation technique.'*'> Both detection
schemes are briefly described in the experimental part.

In order to demonstrate the resolution power and the ca-
pabilities of DFM, some selected examples obtained with
two instruments that work in different environments [ambi-
ent air and ultrahigh vacuum (UHV)] are presented in this
article. Both instruments are home built and feature an opti-
cal beam deflection detector.

l. EXPERIMENT
A. Measurements under ambient conditions

The cantilever is glued onto a piezoelectric bimorph and
dynamically driven close to its resonance frequency by an
amplitude of 0.5~-2 nm. The slope detection method was
found to be the favorable detection scheme for measuring
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force gradients under ambient conditions. Due to the acting
force gradient the effective spring constant of the cantilever
is changed and its resonance frequency modified. In the case
of an attractive force gradient the resonance frequency will
be lowered. Thus, keeping the oscillator frequency constant,
a force gradient causes a drop in amplitude which is detected
with a lock-in amplifier or RMS-to-DC converter circuit
(converts all amplitude contribution into a DC signal). A
feedback loop keeps the amplitude constant by adjusting the
tip—sample distance. The images obtained in this operating
mode are profiles of constant force gradients and can be in-
terpreted in most cases as sample topography. Due to the
hydrodynamic interaction damping can also affect the ampli-
tude and has to be taken into account.’

B. Measurements in UHV environment

The SFM used in UHV is part of a UHV system which is
equipped with conventional surface analysis methods [a
combined low energy electron diffraction (LEED)/Auger op-
tics] and a customized molecular beam epitaxy (MBE)
preparation chamber.'®17

Because of the much smaller damping of the cantilever in
vacuum the slope detection is not suited for this environ-
ment. Therefore, the noncontact measurements in UHV were
performed with a frequency modulation (FM) technique,
where the shift of the resonance frequency is directly mea-
sured. For this purpose several methods apply, e.g., digital
frequency counters, phase-locked loops, and FM detection.
The latter two were already successfully introduced by
others."*'> For our studies with the DFM in UHV, we
adapted a FM detection similar to that described by Albrecht
et al.'* A separate feedback circuit is used to maintain a con-
stant vibration amplitude of the cantilever, The resonance
shift is detected by a tunable FM detector which measures
the frequency-dependent phase shift in a dual inductance-
capacitance (LC) filter. The output of the FM detector is used
as the input signal for the second feedback system which
regulates the tip—sample separation.
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FIG. 1. Resonance curves obtained at ambient air (a) and in UHV (b). The O
factors determined from these curves are Q,,=540 and Qyy=160 000,
respectively.

ili. RESULTS AND DISCUSSION
A. Resonance curves

Figure | shows two typical resonance curves, whereby the
curve in Fig. 1{a) is obtained under ambient conditions and
in Fig. 1(b) in UHYV, respectively. Both resonance curves
were fitted with the well-known Lorentzian expression

A() * Q
VI+07(1/0-0)’
with Q as the quotient of (wyw)’, where wy is the resonance
frequency, and Q is the quality factor of the resonance. The
Q factors are obtained from Q= wy/Aw with Aw measured
as the full width at 1/vZth maximum of the resonance curve
A(w). Q factors extracted from curves shown in Fig. 1 are

0.i:=540 and Q=160 000 which is typical for each cor-
responding environment.

Al(w)= (1

B. Ambient conditions

In order to estimate the resolution limits in the lateral and
vertical direction of DFM two test samples were chosen: (1)
an Ing ;;Ga, ;As layer (IGA) and (2) a hexagonally packed
intermediate (HP1) layer to test the vertical and lateral reso-
lution power, respectively. The 900 nm thick IGA film was
epitaxially grown on a (001) oriented InP wafer. HPI (hex-
agonally packed intermediate layer) of the bacterium Deino-
coccus radiodurans is a biological two-dimensional protein
array which was prepared on a glass substrate.'® HPI was
chosen because of its periodic array of protein rings with a

J. Vac. Sci. Technol. B, Vol. 12, No. 3, May/Jun 1994

1674

FiG. 2. Collection of force gradient maps for demonstrating the resolution
power of DFM. (a) IGA. (b) HPL and (¢) LB film of Cd-arachidate.

periodicity of 18 nm, which seemed to be accessible by non-
contact DFM and provided a comparison with results previ-
ously obtained by other groups.'”

As a last sample we studied the surface of a double bi-
layer film of Cd-arachidate deposited by means of the
Langmuir—Blodgett (LB) technique. This LB film exhibits
well defined bilayer steps of about 54 A in height. The non-
contact measurements on Cd-arachidate agrees very well
with contact-SFM studies, already made on the same sample
system.'g

Figure 2 shows a collection of DFM images obtained on
the above mentioned samples. In Fig. 2(a) the IGA surface is
shown revealing grooves and flat surface areas, with uni-
formly spaced surface steps. The height of the curved surtace
steps was determined to be 2-3 A which corresponds very
well with the assumed monoatomic step height of 2.5 A. By
analyzing the signal-to-noise ratio along cross sections taken
perpendicular to these surface steps a vertical resolution of
<1 A was found. A detailed characterization and description
of the morphology of IGA surfaces can be found
elsewhere.?

In Fig. 2(b) a DFM map obtained on the HPI samples is
shown. The hexagonal symmetry of the HPI layer is clearly
visible, where the periodicity of the protein rings agrees well
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FiG. 3. Ferroelectric domain structures on ferroelectric crystals. (a) GASH
and (b) TGS. The ferroelectric domain walls are revealed as bright lines.

with the value of 18 nm known from the literature.'>'® Fur-
thermore, the image reveals significant details between the
regions of adjoining protrusions: the interconnecting bridges
(2 nm in width} of the protein rings can be identified and
give an estimate of a lateral resolution limit of 1-2 nm. It has
to be noted that the definition of spatial resolution (vertical
and lateral resolution) is manifold in the field of microscopy.
A detailed discussion related hereto can be found in a previ-
ous work.'

The image sequence in Fig. 2(c) exhibits the surface mor-
phology of a double bilayer of a Cd-arachidate film. Single
and double bilayer steps can be identified. From the analysis
of surface profiles perpendicular to the steps, the bilayer ter-
races were determined to be about 60 A in height (length of
the molecules forming a bilayer system is 54 A).

HPI layers as well as LB films are known to be delicate
samples under surface analysis performed with SFM, e.g.,
bilayers of the LB film can be easily scratched away. This
often leads to imaging artifacts.'” Thus, the obtained results
by noncontact DFM demonstrate impressively the nonde-
structive imaging capabilities, for even delicate sample ma-
terials, without loosing significant resolution power.

DFM has also been found to be well suited to investigate
ferroelectric domains of single crystals. Figures 3(a) and 3(b)
show DFM images obtained on cleavage faces of ferroelec-
tric crystals of GASH (guanidinium aluminum sulfate
hexahydrate) and TGS (triglycine sulfate), respectively.?! In
both images the ferroelectric domain walls are revealed as
bright lines. In the case of Fig. 3(b), the domain walls are
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FiG. 4. Force gradient maps obtained in UHV environment. (a) Si(111)7Xx7
surface, (b) the layer-structured material Cdl,

superimposed to an eroded TGS surface. The width of the
domain walls range from 50 to 80 nm, measured as the value
of the full width at half-maximum (FWHM). The imaging
process in DFM as well as the first results on dynamics of
domains (domain dynamics as a function of annealing time
and temperature) obtained by DFM are described in detail
elsewhere, ' 222

C. UHV

Figure 4 documents a DFM map of a Si(111) surface mea-
sured in UHV at a base pressure of 5X107!" mbar. Step
heights of 3 A where obtained which correspond to double
layers of the Si(111) surface and are in agreement with data
from STM images obtained by the same multiprobe
microscope.’ The properties of the used Si(111) material as
well as the applied standard procedure to prepare the
Si(111)7X7 reconstruction are described elsewhere ®

Imaging of the Si(111)7 X7 surface in the repulsive force
regime by conventional contact SFM does not give images of
comparable quality. Strong adhesion between tip and sample,
attributed to strong interaction between unsaturated dangling
bonds of the surface and probing tip, cause the tip to stick
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strongly to the surface.™ To overcome this problem different
tip materials and/or other operation modes may be helpful to
investigate the Si(111)7X7 surface and are scope of ongoing
work.

As a last example a DFM map of the layer-structured
material Cdl, (the Cd atoms are sandwiched by the [ atoms at
a periodicity of 5.87 A) is presented in Fig. 4(b). Cdl, was
found to ke predominantly politypic and has an excellent
cleavage parallel to the layers.” Figure 4(b) reveals the el-
ementary cleavage structure on the Cdl, surtace. The crystal
was freshly cleaved in UHV. The step heights were deter-
mined to be 6+ 1 A in height.

In contrast to the ambient pressure measurements, the
UHV measurements are not affected by hydrodynamic inter-
action. Thus, hydrodynamic damping can be excluded. The
measured force gradients are dominated by van der Waals
(vdW) and electrostatic interaction. When the contact poten-
tial is compensated, the vdW term dominates. Therefore, the
presented images in Figs. 4(a) and 4(b) measured at constant
vdW force gradient can be interpreted as real topographic
images. Furthermore, the higher spatial resolution of DFM
seems to be accessible with the application of MHz-
frequency detection.”®

IV. CONCLUSION

The spatial resolution capability of DFM is demonstrated
on selected test samples in two different environments (am-
bient conditions, ultrahigh vacuum). At ambient conditions
(slope detection) soft organic material (HPI, Cd-arachidate)
as well as hard surfaces (Ing 37Gag ¢3As layer) were success-
fully imaged by DFM. The resolution power was determined
to be < 0.1 nm vertically and 1-2 nm laterally. In UHV (FM
detection) steps on Si(111) and Cdl, are revealed. The UHV
measurements are dominated by van der Waals and electro-
static forces and are intrinsically not affected by hydrody-
namic interaction. Thus, profiles measured at a constant van
der Waals force gradient can be interpreted as real topo-
graphic image of the surface.
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