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The heterodyne phase-controlled oscillator method to monitor the resonance frequency and quality
factor of the tip oscillations was used to control the scanning near-field optical microscope 共SNOM兲
and to study the nature of the shear-force interaction routinely used in SNOM. Both optical and
nonoptical 共tuning fork-based兲 detection schemes of the shear force have been investigated using the
same electronic unit, which enables a direct comparison of the results. It is shown that the possibility
to record simultaneously the topography and dissipative interaction 共Q-factor兲 channels gives
additional information about the sample and helps to interpret the data in a manner analogous to that
of a usual dynamic force microscope. The peculiarities of the recorded approach curves 共increase of
the resonance frequency and Q factor when the tip approaches the sample兲 are consistent with the
‘‘repetitive bumping’’ mechanism of tip–sample interaction for the shear force. Evidence for the
transition from the bumping to the permanent sliding mechanism has been obtained for the case of
larger vibration amplitudes of the tip. © 2000 American Institute of Physics.
关S0021-8979共00兲04017-2兴

nated sample surface 共covered with a water layer兲 have been
invoked as an explanation for the nature of the shear force2,3
in close analogy with atomic force microscopy.5 Recent
work aimed at investigating the shear force as a function of
humidity and sample and surface hydrophobicity6 confirms
this picture under certain conditions. Recently, it has been
shown that shear forces exist also in ultrahigh vacuum
共UHV兲 at liquid helium temperature conditions,7 and the
mechanism of normal collisions between the tip and the
sample, somewhat analogous to the tapping mode in AFM,5
has been introduced to explain the nature of the shear force7
共some inclination of the tip with respect to the surface normal always exists in a real experiment兲. This model has been
confirmed also by experiments using combined shear-force
and scanning tunneling microscope 共STM兲 signal
measurements:8,9 shear-force damping exists only simultaneously with the electrical current between the tip and the
sample, and thus its existence is a result of ‘‘real’’ tip–
sample contact 共bumping兲.
Obviously these uncertainties make the interpretation of
SNOM results difficult and sometimes rather unclear. Further investigations on the nature of the shear force are necessary. Generally speaking, measuring only the amplitude
and/or phase of the lateral tip vibrations is not sufficient and
additional information about the interaction is required. The
situation is even more complicated because of the aforementioned coexistence of optical and nonoptical shear-force
detection schemes. The main parameters of tip–sample interactions 共oscillation amplitude, Q factor, etc.兲 are rather different for both schemes, thus different electronic units are

I. INTRODUCTION

Scanning near-field optical microscopy 共SNOM兲 is increasingly becoming a routinely used method in nanotechnology and biology. Soon after the first experiments, sharpened optical fibers appeared as the most commonly used
sensor in the field of near-field optics because of their broad
availability, low cost, excellent optical properties and easiness to handle. At the same time, the particular mechanical
properties of such a ‘‘lever’’ prevented the broad use of the
force-measurement and feedback schemes usually employed
in atomic force microscopy 共AFM兲,1 and novel feedback
schemes to operate with fiber-equipped SNOM had to be
elaborated.
The shear-force method to regulate the tip–sample distance in the SNOM was first proposed in 1992,2 and is at
present the most commonly used technique in the field. The
idea behind the method is based on the measurement of the
damping of the oscillation of the tip subject to nanometer
lateral dithering when approaching the sample surface. First,
optical detection schemes to control the amplitude and/or
phase of the lateral oscillations of the tip were utilized, but
nonoptical detection schemes were soon introduced,3,4 and
among them the scheme employing the attachment of the
sharpened fiber to a high Q piezoelectric tuning fork3 became
very popular in the recent years.
However, although most of the SNOM experiments are
performed exploiting the shear force, the exact nature of the
force is still unclear. Initially, pure dissipative viscous forces
and other unknown forces between the tip and the contamia兲
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FIG. 1. Schematic diagram of the shear-force distance regulation scheme
based on a tuning fork 共nonoptical detection兲. The HPCO maintains driving
the fiber glued to the tuning fork at its resonance frequency as it interacts
with the sample. The signal generated on the piezoelectrical tuning fork
serves as input to the HPCO.

usually used which makes the comparison of the results especially difficult.
We proposed that the necessary additional information
can be gained using dynamical force microscopy with the
simultaneous measurement of the two main parameters of
the tip oscillations, namely, the resonance frequency  and
the quality factor Q, as has been already described and realized for the AFM.10–12
Results of such an approach are discussed in the present
work. The resonance frequency  and the quality factor Q
were obtained using a heterodyne phase-controlled oscillator
共HPCO兲. It has been shown that such a dynamic force monitoring method can be successfully used to regulate the tip–
sample distance and obtain additional information about the
sample surface. The same electronic unit was used to monitor the tip–sample interaction parameters for both optical
and nonoptical schemes of the shear-force measurement,
which enables the study of the force in a broad range of
experimental parameters and gives the possibility of a direct
comparison of the results.
II. EXPERIMENTS
A. Scanning near-field optical microscope equipped
with the heterodyne phase-controlled oscillator
electronic unit

The experiments were performed using a homemade
SNOM exploited earlier for the investigation of SNOMrelated fluorescence resonance energy transfer.13 First we
discuss the experimental results obtained using the nonoptical detection scheme.
The experimental setup is presented in Fig. 1. The sharpened tip with a radius of curvature of 100–200 nm 共homemade tips as well as the tips supplied by Nanonics Supertips,
Israel, were used; no material difference between different
types of fibers was revealed兲 was glued by a drop of rosin
along the side of one of the prongs of a quartz crystal tuning
fork 共Farnell Components; resonance frequency 32 768 Hz兲

FIG. 2. Schematic diagram of the heterodyne phase-controlled oscillator.
1—Input amplifier, 2—input mixer, 3—single sideband output mixer.

in such a manner that a 1–2 mm long piece of the fiber
remained free. The fork was then glued on the top of a piezocylinder, which was used to excite the resonant vibrations
of the fork. The quality factor, which is equal to 7500 for the
free tuning fork operating in air, decreased to a typical value
of ⬃150 after gluing the fiber while the resonance frequency
decreased by a value of ⬃400 Hz. The piezoelectric signal
from the tuning fork was preamplified and then used as input
for the heterodyne phase-controlled oscillator electronic
unit.14
A block diagram of the HCPO electronic unit is shown
in Fig. 2. Its detailed description can be found in Ref. 12 and
will not be repeated here. Briefly, this scheme is a practical
realization of the oscillator method of dynamic force microscopy, where the force sensor acts as a resonator in an active
feedback circuit. The input signal is converted to a signal
with the intermediate frequency of 35 kHz. The interactionrelated change of the resonance frequency is measured by a
phase locked loop 共PLL兲 frequency detector with a sensitivity of 0.2 Hzrms at a bandwidth of 1 kHz, and with a linearity
error of less than 0.05%.
The amplitude regulator, by processing the intermediate
frequency signal and the PLL phase detector signal, forms
the signal to excite the force sensor. The output signal of the
amplitude regulator is then converted to the resonance frequency by means of a single sideband mixer employing the
phase method. The amplitude of the excitation signal is electronically adjusted in such a manner that at resonance the
fiber oscillation amplitude is kept constant. The mean amplitude of the driving voltage is inversely proportional to the Q
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FIG. 3. Schematic diagram of the optical scheme for shear-force distance
regulation. The signal from the segmented photodiode, due to the laser light
scattered by the dithering fiber, is used as input to the HPCO, which in turn
drives the piezotube to maintain oscillating the fiber at its resonance frequency.

factor, and a corresponding signal is available as an independent output of the amplitude regulator.
The dynamic range of the HPCO is 10 kHz, with a maximum phase error of less than 2% over the entire range, and a
response time around 0.1 ms can be achieved. In brief, this
HPCO scheme enables a fast, precise, and Q-independent
measurement of the oscillator resonance frequency as well as
a fast and precise relative measurement of the Q factor. Both
 and Q signals are available at the output of the scheme in
the form of dc voltage, and both of them can be simultaneously recorded and/or used as a control parameter to regulate the tip–sample distance.
Thus, two operation modes are possible: 共i兲 one can use
the frequency signal as a feedback setpoint 共constant frequency mode兲 while recording the Q factor and topography
共z-coordinate driving voltage兲 signals; and 共ii兲 one can use
the quality factor-related signal as a feedback setpoint 共constant Q mode兲 while recording the frequency and topography
signals. Of course, the near-field optical signal for any of the
known SNOM operation modes 共collection, transmission or
reflection兲 can be additionally recorded. Obviously these images contain complementary information, although their full
interpretation, as in the case of dynamic force AFM, is not
easily obtained. Nevertheless, the main peculiarities are
known: the resonance frequency is mainly related to the
mean force gradient while the Q factor is mainly related to
the mean dissipation force,10–12,15 and thus we call the operation modes mentioned earlier constant force gradient
mode and constant mean dissipation force mode, respectively.
The same HPCO electronic unit was used to monitor the
resonance frequency and Q factor for the lateral tip oscillations recorded with an optical detection scheme 共Fig. 3兲. For
such an approach, a sharpened tip was glued by a drop of
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FIG. 4. Tapping-mode AFM image of a nuclear filter having holes with
mean size of 25 nm 共scan size: 1⫻1  m2 ).

rosin directly to the top of the dithering piezocylinder in such
a manner that a 3–4 mm long piece of the fiber remained
free. The amplitude of the lateral dithering of the tip was
controlled by monitoring the scattering of the focused laser
light with a two-sector photodiode.2 The first resonance frequency of the lateral dithering 共ranging from 12 to 30 kHz兲
has been used. The measured Q factor ranged from 40 to
100. The signal from the photodiode was preamplified and
then used as the input for the HPCO electronic unit.
B. Topographical, constant dissipation and near-field
optical images

Both the aforementioned possible operation modes of
the HCPO-based SNOM were implemented practically for
optical and nonoptical detection schemes. In all cases stable
performance of the SNOM has been attained, and high quality and highly contrasted optical images of different samples
共fragments of nuclear filters and a CD-ROM兲 were obtained.
Nuclear filters are thin 共5–20  m thick兲 lavsan 共polyethylene terephtalate兲 films containing holes with sizes ranging
from ten nanometers to tens of microns produced by high
energy ion irradiation and subsequent chemical treatment.16
Different nuclear filter samples with mean hole sizes of 500,
200 and 25 nm were obtained from the Joint Institute of
Nuclear Studies 共Dubna, Russia兲 and were tested as prospective test objects for the SNOM and AFM.17 A
‘‘tapping-mode’’5 AFM image of a nuclear filter sample with
the mean hole size of 25 nm is presented in Fig. 4.
To illustrate the performance of our SNOM, in Fig. 5 we
present a near-field optical image 共light collection mode兲 of a
nuclear filter coated with a 30 nm thick gold layer. Single
holes are well seen in this image as bright spots.18 Analysis
of similar images enables us to estimate the spatial resolution
of the microscope as somewhat better than 100 nm, which is
consistent with the size of the tip aperture 共100–200 nm兲.

Downloaded 07 Mar 2011 to 146.6.180.235. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

2924

J. Appl. Phys., Vol. 88, No. 5, 1 September 2000

FIG. 5. Near-field optical image of a gold-coated nuclear filter having the
mean pore size of 500 nm. A HeNe laser was used to image 共the gold layer
thickness was 30 nm, and the scan size was 7⫻6  m2 ).

Stable operation of the SNOM was routine in the tuning
fork-based shear-force distance regulation scheme using the
HPCO. Figure 6 shows an image of a portion of a CD-ROM
surface acquired with the resonance frequency shift used for
feedback regulation 关thus Fig. 6共c兲 represents the image obtained with the feedback error signal5兴. The topography image 关Fig. 6共a兲兴 reveals a depression in the surface which
proved to be a hole as seen by the increased light intensity in
that region in the near-field optical image acquired in collection mode 关Fig. 6共d兲兴. 共For this particular image CD stripes
are practically unseen in the optical image due to the very
bright light passing through the depression, but it should be
noted that such stripes were contrasted, although faintly,
even when imaged with uncoated fiber tips.兲 The quality factor images were the most contrasted and the most informative ones in comparison with the other types of recorded
images. For example, the Q-factor image of Fig. 6共b兲 reveals
highly contrasted fine structures which carry complementary
information: one of the CD stripes 共shown by the arrow in
Fig. 6共b兲兴 is seen as partly torn and ‘‘dangling’’ over the hole
much more convincingly in this image than in the other
three. This is consistent with the observations made in the

FIG. 6. A 2.6⫻5.5  m2 scan of a CD-ROM surface using the nonoptical
HPCO-controlled shear-force scheme for distance regulation. 共a兲 Topography; 共b兲 quality factor; 共c兲 resonance frequency; 共d兲 near-field optical image.
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FIG. 7. Quality factor image of a gold-coated polymer film recorded with
the optical scheme-based HPCO. ‘‘Grains’’ of different elastic properties
are probably imperfections in the metal coating 共scan size: 6.7⫻5.7  m2 ).

dynamic force AFM practice: such dissipation images contain additional information about the distribution of plastomechanical properties of the sample.12
We did not record any images with the same high resolution when working in constant-Q mode and recording the
resonance frequency shift. A simple analysis of a damped
oscillator indicates that the Q factor is much more sensitive
to the interaction details than the resonance frequency.5 From
a practical point of view, it should be noted that the SNOM
performance in constant-Q operation mode was very stable
while the measured ⌬  values were very small (⬍50 Hz兲.
Thus, such an operation mode seems preferable when an
extremely small force gradient is acting.
Both constant frequency and constant Q-factor modes of
operation were also investigated with the optical shear-force
distance regulation scheme. General conclusions about this
scheme are similar to those mentioned above in connection
with the nonoptical detection scheme. However, stable operation of the microscope in constant frequency mode was
more difficult to achieve, and stable operation was only possible in a rather narrow range of resonance frequency shifts.
The topographical feedback signal recorded for constant frequency SNOM operation mode was usually almost structureless, while the Q signal indeed often revealed additional
structure. For example, the ‘‘grain’’ structure, which is absent in the topography image and we believe is an imperfection of the metal coating of the nuclear filter polymer film
共the scanned area does not contain holes兲, is seen in Fig. 7.
The positive frequency shift corresponding to the repulsive tip–sample interactions5 has been recorded for both optical and nonoptical detection schemes. The worse performance of the optical detection scheme in comparison with
the non-optical one is due to the essentially larger amplitude
of oscillations A in the former case 共100–200 nm and a few
nanometers, respectively兲. It follows from a theoretical
analysis15 that the frequency shift in dynamic-force microscopy at constant mean tip–sample distance d is proportional
to A ⫺3/2.
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m effẍ⫹ ␥ ẋ⫹kx⫽F cos共 ⍀t 兲 .
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共1兲

Here, m eff is an effective oscillator mass, k is the spring
constant and ␥ is the damping constant. For the HCPO approach discussed in the article, the parameters of the excitation are automatically adjusted in such a manner that ⍀ is
equal to the resonance frequency of the system  , and consequently the values of  and the quality factor Q at resonance are measured. The quality factor Q for the oscillatory
system is23
Q⫽

1
冑km eff,
␥

共2兲

and the resonance frequency is

 ⫽  0 冑1⫺ 共 1/4Q 2 兲 ,

FIG. 8. Approach curves of the fiber tip to a glass slide surface recorded in
the nonoptical shear-force detection scheme. 共a兲 The resonance frequency
and 共b兲 quality factor were recorded simultaneously, and both increase upon
contact.

C. Approach curves: Analysis of the shear force

The typical dependence of the resonance frequency and
Q factor of the lateral tip dithering on the mean tip–sample
distance during approach to a glass slide surface is shown in
Fig. 8 for the tuning fork-based detection scheme. The tip
displacement was calculated from the potential difference
applied on the piezotube scanner using the coefficient given
by the manufacturer:  ⫽9.5 nm/V. From these graphs it is
clear that the shear force acts in a very narrow (⬃10 nm兲
tip–sample distance range, which is consistent with the small
tip oscillation amplitude for such a scheme. The positive
changes of  are consistent with the observations of Gregor
et al.,7 Atia and Davis,19 Ruiter et al.20 and some others, and,
in our opinion, can be taken as an indication of a ‘‘repetitive
bumping’’ mechanism of the shear force. An additional fact
sustaining the repetitive bumping mechanism is that the measured Q factor increases during approach 关Fig. 8共b兲兴. 共Thus,
our frequency independent Q-factor measurements contradict
observations made in Ref. 20, where only a rather small decrease of the Q factor upon approach was reported.兲
In a linear approximation 共which is justified because the
dithering amplitude is always much smaller than the vibrating tip length兲 the oscillations of the tip or the system tip
⫹fork under the action of an external driving force F cos ⍀t
can be described by the well known equation describing a
second-order mechanical system:21,22

共3兲

where  0 ⫽ 冑k/m eff is the resonance frequency for the undamped oscillator; obviously for the case QⰇ1,  ⬵  0 .
Both the values of k and ␥ depend on the mean tip–
sample distance and these dependencies define the approach
curves for  and Q. A simple general model for tip–sample
interaction consists of using an extra spring constant ⌬k(z)
and an extra damping ⌬ ␥ (z) appearing as a result of the
approach of the tip to the sample surface. Both values of ⌬k
and ⌬ ␥ are supposed to be much smaller than k and ␥ ,
respectively. If one assumes a purely dissipative interaction
force,2,3 k will be independent of distance while the increase
of ␥ during approach leads, in accordance with Eqs. 共2兲 and
共3兲, to a 共rather small and probably unnoticable兲 decrease of
the resonance frequency and a 共noticable兲 decrease of Q. If,
however, the damping constant does not change essentially
during approach, but the effective spring constant increases
due to bumping 共because part of the energy is now imparted
into mechanical deformation of the tip兲, then both  and Q
should increase. Figure 8 demonstrates exactly the latter behavior, and thus our experimental results can be considered
as confirmation of the repetitive bumping interaction mechanism playing its role in the shear force.
Approach curves recorded using the same fiber tip, but
approaching a polymer film rather than a glass slide, showed
smaller frequency shifts and quality-factor changes. This is
another indication of the sensitivity of the HCPO approach to
the local plastomechanical properties of the sample studied,
as well as an indication of the importance of the effects of
elastic deformations of the sample as a result of the interactions with the tip. Evidently, the elastic deformation of the
soft polymer samples is essentially larger than that of glass.
Thus, this effect is important for the SNOM as well as for the
usual AFM technique where the problem was specially investigated earlier.24,25
For similar tip-glass slide surface approach curves recorded using an optical detection scheme 共Fig. 9兲, a more
complicated behavior was found. In this case the amplitude
of the lateral oscillation was much larger, namely, of the
order of ⬃100– 200 nm. It also should be noted that the
optical scattering signal was not of a pure sine wave character 共a noticable deviation has been recorded兲, which made
HPCO adjustment and data interpretation more difficult. The
resonance frequency of vibrations increased during the ap-
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FIG. 9. Quality factor Q during the approach of the fiber tip to a glass slide
recorded using the optical shear-force detection scheme. It shows the effect
of the large oscillation amplitude.

proach simultaneously with the decrease of the Q factor.
Thus, both the changes of the spring constant and the damping seem to be important to describe the interaction in this
case. Moreover, the approach curves recorded using the optical shear-force detection scheme show different regimes
during approach. For example, in Fig. 9, Q decreases more
rapidly starting from some point of the approach curve.
Sometimes even abrupt 共but reproducible兲 jumps, analogous
to that presented in Fig. 10, could be observed.
In our opinion, they can be considered as an indication
of the existence of two different regimes of tip–sample interaction for the case where lateral tip oscillations have a
large amplitude. Earlier, it has been proposed that the collisions between the tip and sample change to the regime of
permanent sliding of the tip along the sample surface when
the mean value of the acting force exceeds some critical
value9 共see also Ref. 3兲.
III. CONCLUSIONS

It has been demonstrated that heterodyne phasecontrolled oscillator-based detection of the resonance frequency and Q factor of the lateral tip oscillations can be
successfully used for shear-force-based scanning near-field
optical microscopy. As in the case of dynamic force AFM,
the dissipative channel is closely related to the local tribological properties of the sample surface, and recording of the
corresponding images provides additional information which
is often necessary for the interpretation of SNOM images.
Simultaneous recording of both  and Q channels also
gives a better understanding of the nature of the shear force
routinely used in SNOM, and we believe that the results
obtained should be treated as an indication of the repetitive
bumping shear-force mechanism. Such information is very
important for a number of SNOM applications including, for
example, the recently proposed FRET SNOM based on fluorescence resonance energy transfer 共FRET兲 from the tip to
the sample which results in improvement of the spatial resolution and sensitivity of SNOM 共see Ref. 13, and references
therein兲. The bumping mechanism implies that during the

FIG. 10. Resonance frequency and quality factor during the approach of the
fiber tip to a glass slide surface, recorded simultaneously with the optical
shear-force detection scheme. It shows a probable transition between two
regimes of tip–sample interaction.

oscillation direct contact between the tip and the sample
takes place, thus enabling a contact phenomenon like FRET
to occur. Some kind of a lockin of the optical signal on the
frequency of the resonant tip vibrations proves to be very
useful to improve the signal to noise ratio when recording
such contact interactions.26
To conclude, we note that an analogous HPCO approach
can be used not only for the shear-force-based SNOM, but
also for the normal tip vibration-based SNOM which was
demonstrated recently.27,28
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