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ARTICLE INFO ABSTRACT

Keywords: This article provides a careful comparison between the electric and mechanical excitation of a tuning fork
SNOM for shear force feedback in scanning probe microscopy, an analysis not found in present literature. A setup
NSOM fork is designed and demonstrated for robust signal and noise measurements at comparable levels of physical
Tuning for!

Shear force

movement of the probe. Two different signal amplification methods, combined with two excitation ways

provide three possible configurations. For each method a quantitative analysis, supported by analytical
elaboration and numerical simulations, is provided. Finally, it is shown that in practical circumstances electric
excitation followed by detection with a transimpedance amplifier provides the best result.

1. Introduction and motivation

In any kind of scanning probe microscopy, the tip-sample interac-
tion plays an important role in the quality the of measurements and
longevity of the tip [1]. When using fiber tips in Near-field scanning
optical microscopy (NSOM), a quartz tuning fork can be added near the
fiber tip to provide a feedback signal to control the sample-tip height.
The distance between the apex of the tip and the sample has to be kept
constant at very close proximity, and the topology of the sample has to
be followed with fine precision to avoid crashing [2]. NSOM tips are
fragile compared to their cantilevered counterparts used in atomic force
microscopy [3,4]. Also, tunneling feedback is usually not an option due
to the fact that samples cannot be covered with a conductive layer
without altering the optical properties. When using a tip scanner, as
it is convenient to fix the sample to an optical in-coupling stage, force
feedback cannot be accomplished by optical means (interferometric or
shadow pattern), leaving only mechanical interaction suitable [5-7].
Somewhat surprisingly, the authors did not find a published systematic
optimization of signal to noise ratios of tuning fork behavior in shear
force feedback applications, despite nearly three decades since the
introduction of this technique.

1.1. Tuning forks

Karrai et al. first attached commercially available tuning forks close
to the fiber tip to obtain a signal for tip-sample distance control [8].
When excited near resonance at close proximity to the sample surface,
the amplitude of the tip dampens due to shear force interaction [9,10].
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The damping can be detected and this type of detection is conducive
to optical scanning probe microscopy because it does not produce
disturbances to the optical experiments other than the introduction
of the tip itself. Resonant vibration of the apex of a fiber tip can be
obtained by attaching the fiber to a (commercially available) quartz
tuning fork (Fig. 1).

Two mechanisms can be employed to induce vibrations in the
tip [11,12] (Fig. 3). The first is to mechanically excite vibration in
the tuning fork by attaching the side of the base to a dither (shaker)
piezo [13], driven with a signal close to the tuning fork’s resonant
frequency. In this configuration, the base of the tuning fork is rigidly
attached to the piezo-actuator, and both prongs are initially driven to
oscillate in the same direction (the symmetric or common mode) [14].
However, due to the design, the tuning fork assumes the mode in which
the prongs move relative to each other (the asymmetric or differential
mode). The latter usually has a resonance frequency in the range of
32-34 kHz, while the former has no resonance around 26-28 kHz
(Fig. 2A, B). The electrodes on the piezo crystal are arranged in such a
way that they collect the induced surface charges due to the oscillation
in the differential mode and reject the common mode [11,15,16]. The
drive (common mode) and the detection (differential mode) circuits are
thus decoupled and the signal produced by the tuning fork electrodes
is large enough for detection and is practically free from an excitation
offset. The efficiency of the vibration transfer to the tuning fork and the
mounting of the piezo determine the shape of the transfer characteristic
which displays resonance features of all parts of the system. This
results in multiple local resonances alongside the dominant peak in the
amplitude and phase transfer characteristics (Fig. 6, red curves).
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Fig. 1. Computer graphics image of a typical 32.768 kHz tuning fork. The leads,
referred to as “1” in the overview picture (Fig. 4), are soldered to the red and blue
contacts. A — Overview, the connection leads and enclosure are omitted. B — Layout
of the electric contacts. C — Cross-section of the electrodes at the marked area in (B)
(thickness exaggerated for better visibility).
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Fig. 2. The shapes representing the results of finite element modeling of tuning fork’s
natural resonant frequencies (the deformations are exaggerated). (A, C) common mode
(28 kHz), (B, D) differential mode (32 kHz). The color represents their modulus of
absolute deflection. A, B - without a fiber, C, D - with a fiber attached.

The second excitation mechanism is to apply an alternating voltage
to the electrodes of the tuning fork. Due to the layout of the electrodes,
only the differential mode oscillation will be excited efficiently [17]
(Fig. 2B, D). The oscillation of the tuning fork induces a measurable
signal current. In this manner, the vibration can be both excited and
detected electronically. Due to the capacitance of the tuning fork
(2 pF), however, there is a current offset independent of the mechanical
motion [16].

Since the NSOM tips are fragile, the tip-sample interaction forces
should be kept low and the amplitude of the oscillation of the tip should
be kept low compared to the tip aperture (ca. 20 nm). This means that
the signal across the tuning fork leads will be kept small, and hence the
signal-to-noise ratio (SNR) of the detection system limits the resolution,
the accuracy and the quality of the near-field measurements. In our
case, it is practical to use SNR of the full system for the comparison
of the different configurations rather than the noise spectrum alone
because the signal and the noise are amplified by the same factor.

1.2. Voltage and transimpedance amplification

Four total options exist to amplify the tuning fork’s signal. The
input and the output of an amplifier can be either current or volt-
age, therefore producing four combinations: a voltage amplifier, a
current amplifier, a transconductance amplifier, and a transimpedance
amplifier.

In the case of mechanical excitation, the tuning fork response can
be measured as a current or as a voltage.
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First, a transimpedance configuration, which converts current into
voltage, and, second, a high impedance configuration, which measures
voltage directly. In either case, the small signal has to be amplified, and
the output should be a voltage that is large enough to be processed by
analog circuitry.

Therefore a voltage amplifier can be used if the tuning fork signal
is measured as a voltage and a transimpedance amplifier can be used
if the tuning fork signal is measured as a current.

The gain of a voltage amplifier is expressed as the ratio between
input and output, whereas the gain of the transimpedance configuration
is expressed in units of [V/A] or [Q].

If the tuning fork is excited electronically, excitation can, in prin-
ciple, be done by either voltage or current drive. In practice, current
drive is hard to dimension for such high impedance as that of the tuning
forks. Therefore, it is practical to excite it with a voltage [8] and detect
the current with a transimpedance amplifier.

The background on the output signal caused by the driving input
signal can be removed by cancelling it with a current that has equal
amplitude but the opposite phase. This can be implemented by con-
necting a “dummy load” to the input terminal of the transimpedance
amplifier, that is driven with the same frequency and amplitude signal
but opposite phase. As this “dummy load” should have no resonance
at the resonant frequency of the tuning fork, it is just a capacitor of
roughly the same value as the capacitance of the real tuning fork.
Precise cancellation of the two currents at the input of the amplifier
is done by adjusting the amplitude ratio between the two driving
counter-phase signals.

Electronic amplification is done by using operational amplifiers
(OPAMPs), selected for minimal noise contribution [18-22]. In the
case of the voltage amplifier (Fig. 9), the dominant noise source is
the thermal noise due to the load resistor R1 at the input. As this
resistor is placed parallel to the tuning fork, the thermal noise current,
which scales with the square root of the resistor value, is added to the
tuning fork signal current. For a low thermal noise current therefore
the resistor value should be high compared to the tuning fork resistance
(approx. 2 MQ at 32 kHz). We use an OPAMP with a field-effect tran-
sistor input for its low input bias current and accompanying negligible
current noise.

The capacitance of the tuning fork (2 pF), the input capacitance of
the operational amplifier (8 pF) [23] and the stray capacitance of the
wires at the input of the amplifier (1 pF) add up to a relatively large
capacitance value (11 pF). The impedance of this total capacitance at
the resonance frequency (close to 500 kQ2) is much lower than the load
resistor value (10 MQ) and the fork’s voltage equals the current times
the impedance of the total capacitance.

In the case of current sensing with a transimpedance amplifier
(Fig. 8), the dominant noise source of the amplifier is the thermal noise
due to the feedback resistor R4 (Fig. 8). Noise calculations are given in
Appendix C. The thermal noise current adds to the signal current of the
tuning fork, and this limits the SNR. R4 therefore needs to be as high as
possible, where the limit is determined by the amplifier response speed
where we need to maintain a bandwidth of least 34 kHz (R4 = 2.2 MQ).
R5 and R9 are added to boost the output voltage of the amplifier by a
factor of 11. This does not affect the SNR as both the signal and the
dominant noise get amplified by the same factor.

2. Methods
2.1. Setup

To have a fair comparison of the SNR for the different methods of
excitation and detection, we excited the tuning fork such that the os-
cillation amplitude is roughly the same in all cases, and we normalized
the output signals to the oscillation amplitude (Fig. 5). To measure
this amplitude, a test setup was constructed (Fig. 4). The detailed
description of the setup can be found in Appendix B.
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Fig. 3. Schematic representation of mechanical and electronic excitation.

Fig. 4. The opto-mechanical part of the test setup. 1 - Tuning fork leads, soldered to a
10 MQ resistor. 2 - Dither piezo leads. 3 - Segmented photodiode. 4 - Optical fiber. 5 -
Dither piezo assembly. 6. - Tuning fork. 7 - Nickel base-plate. 8 - Neodymium magnet.

The signal from the function generator was either directly applied
to the dither piezo for mechanical excitation, or served as the input
signal for the electric excitation via the driving circuitry.

The sensitivity of the segmented photodiode was measured by ad-
justing its height and recording the voltage levels produced by the light
spot coming out of the resting tuning fork, outfitted with an optical
fiber.

The noise levels at the output of the amplifiers were measured
without excitation of the tuning fork using a digital-to-analog converter
(DAC).

2.2. Frequency response measurement

We characterized the frequency response of the tuning fork’s exci-
tation and detection system over a 5 kHz bandwidth surrounding the
main resonance. We use a customized National Instruments LABVIEW
Virtual Instrument (VI), consisting of two basic steps. First, we create a

stimulus signal in frequency domain, in which all frequencies in the
region of interest with desired frequency resolution are present. To
avoid condensed power bursts, a randomized phase is assigned to each
frequency. This stimulus is then converted to the time domain using
an inverse Fourier transform, and applied. The response of the system
is measured at one analog input of the DAC, while the stimulus is
measured at another to avoid data acquisition artifacts. Both signals are
converted into the frequency domain using the Fourier transform. The
quotient of the response over the stimulus is calculated to determine the
complex transfer function. This process is repeated (10 times) and the
results are averaged. The amplitude and phase are shown in Fig. 6. It is
worth to note that the behavior of the mechanically excited tuning fork
contains unidentified mechanical resonances due to the complexity of
the system, consisting of numerous mass-spring—damper elements. For
the noise density spectrum measurement, we use a customized VI to
produce the output spectrum in Vgyg/ \/ﬁ

3. Results

Using the setup (Fig. 4), the fiber was connected to a laser and the
vertical movement of the stage was calibrated to the output signal of
the detector (Fig. 7). The tuning fork amplifiers then were connected
in different configurations without moving the tuning fork assembly
neither on its magnet nor relative to the detector so that the amplitude
of the movement can be set at the same value for both excitation modes
(43-45 nm at the resonance frequency). The tuning fork signal (before
amplification) can now be calculated from the detector signal. The
full overview of the results is shown in Appendix C, Table 1. In each
configuration, the amplitude of the excitation signal was adjusted such
that the tip moved 43-45 nmpgy;s. The detection signal was normalized
to the tuning fork’s movement, and resulted in 8.61 x 10~3 for the
transimpedance amplifier and 18.7 x 10~3 Vgys/nm for the voltage
amplifier respectively.

The noise measurements must be performed to determine the SNR
(Fig. 10). Zero voltage input for the voltage amplifier is accomplished
by shorting the inputs. Zero current input for the transimpedance
amplifier is achieved by leaving the inputs open.

Finally, the SNR was calculated based on the normalized signal. The
transimpedance amplifier yielded 4.1x103 \/E /nmgys and the voltage
amplifier 5.66 x 103 \/E/nmRMS.
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Fig. 5. Principle diagram of the experiment.

Table 1
Comparison table for the investigated configurations.

Quantity and unit

Electronic excitation®

Mechanical excitation

TA TA VA
TF signal [mViys] 379.7 379.8 812.9
Amplified SP® signal on LIA [mVpgy] 10.9 10.7 10.2
SP sensitivity [pm/V] 4.16 4.12 4.26
TF movement [nmgy] 45.4 44,1 43.4
TF signal, normalized [Vgys/nm] 8.36x1073 8.61x1073 18.7x 1072
Noise level [Vgys/VHz] 21x107° 21x10°° 3.3x10°°
SNR [VHz] 3.99x10° 41x10°% 5.66 x 10°
aReference values.
>Tuning fork.
¢Segmented photodiode.
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Fig. 6. Amplitude (top) and phase (bottom) transfer measurements of a bare tuning
fork using mechanical (M-) and electronic (E-) excitation, with amplification by the
transimpedance amplifier (TIA).

4. Discussion
4.1. Signal-to-noise ratio

The noise spectra are shown in Fig. 10. As the current detec-
tion with both the mechanical and the electronic excitation uses the
transimpedance amplifier, these noise spectra are equal. Due to capac-
itances and a 60 kHz anti-aliasing filter, this noise rolls off at 60 kHz,
well above the frequency of interest.

It is evident that the particular method of excitation of vibration
does not significantly shift the resonant frequency of the tuning fork
assembly, but the choice of the amplification circuit does affect the
shape of the amplitude response, and, hence, the Q-factor can vary. The

Displacement (um)

Fig. 7. Displacement-voltage curve for calibration of the segmented photoelectric cell.
The vertical axis corresponds to the difference between signals of the optical segments.

electronic excitation has a clear advantage over the mechanical due to
the absence of local minima and maxima in the amplitude—frequency
characteristic (Fig. 6). The fact that the electronic excitation is less sen-
sitive to mechanical instability is further supported by the measurement
of the amplitude transfer characteristics of a complete measurement
head unit in which both methods of actuation are simultaneously
implemented (Fig. 11). Using the (0-10 pm) of the height control piezo
as the independent variable we show the change in amplitude transfer
and phase characteristic of the tuning fork assembly. While cross-talk
between the piezo position and the oscillation amplitude is obvious for
the mechanical excitation mode, hardly any difference presents itself in
the case of electronic excitation (Fig. 12).
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Fig. 10. Voltage noise density frequency-characteristics for the transimpedance (TIA)
and voltage (VA) amplifiers with and without the tuning fork (TF) attached, or with a
jumper (J) shorting the input contacts.

The cleanliness of the amplitude characteristic and comparable
noise performance results in overall preferability of the electronic
excitation.

4.2. Outlook

From the operation of the voltage amplifier we can conclude that
the main noise contribution comes from the resistor R1 (Fig. 9). The
noise level could be further reduced by choosing a higher value for
it, although the input capacitance is limiting the signal level. For high
gain and high offset currents, the output of the voltage amplifier can
become saturated. This could be avoided by adding a capacitor in series
with R2 to have the unity gain at DC [24,25], while keeping the gain
of 101x at the frequencies of interest.

The dominant noise contribution in the transimpedance amplifier
circuit comes from the feedback resistor R4 (Fig. 8), and the SNR could
be improved by replacing it with a 2.2 pF capacitor, such that the
impedance at 32 kHz would be approximately the same. This would
create a charge amplifier, where it remains to be seen whether this is
feasible. To provide a DC path from the output to the input, a 1 GQ
resistor can be connected in parallel. This resistor exhibits less thermal
noise current than that of the 2.2 MQ resistor.

5. Conclusion

Characterization of different excitation methods and tuning fork
signal amplifiers was done by comparing the vibration transfer from
the excitation source to the signal output at equal tuning fork oscillation
amplitudes. Measurements were performed on two different actuation
modes and it was found that for a given amplifier, the SNR does not
depend on the method of actuation, as long as the same amplitude of vi-
bration is maintained. The measured noise values match the theoretical
values and yield comparable SNR for the different excitation methods.
The presence of the tuning fork does not significantly impact the noise
level of the amplifiers. Electronic excitation of the tuning fork has an
advantage over mechanical excitation as it is less impacted by artifacts
caused by mechanical instability of the system.
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Fig. 11. Schematic representation of the part of the microscope scanning head with the fiber attached to the tuning fork on one end, and to the bare fiber connector on the other.
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Fig. 13. Optical microscope image of movement of the tip of the fiber (A-C) and the
prongs of the tuning fork (D-F) excited mechanically (B, E) and electronically (C, F).
B, C, E, F were obtained by superimposing frames of a video recording.

Appendix A. Movement of tuning fork probes

As we have noted earlier, the movement of the tuning fork prongs
and, hence the tip of the optical fiber, have the same character regard-
less of the type of excitation. To verify this experimentally by direct
observation, an additional experiment was set up. The tuning fork,
outfitted with a fiber, was placed on a dither piezo directly under the
optical microscope such that both prongs are in the focus plane, and
illuminated from the side with a white-light laser. Both the excitation
and the triggering signal for the illumination were produced by a
synchronized two-channel function generator. The excitation signal was
set up at the resonant frequency of the loaded tuning fork and further
amplified by a high-voltage amplifier up to 200 Vpp, and the frequency
of the trigger signal offset by a few Hz to produce movement slow
enough to be resolved by a conventional camera. The driving voltage
was then directed either to the dither piezo or the tuning fork’s leads
without moving the observed specimen in relation to the microscope
lens.

A series of video recordings were then taken (available upon re-
quest). Observation of the superimposed still frames (Fig. 13) confirms
the expected outcome and FEM modeling. In both cases the prongs
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moved in the symmetric mode, and the amplitude of the tip of the fiber
exceeded that of the tip of the prongs. The common-mode movement
of the prongs or the base of the tuning fork was not observed. The
maximum expected amplitude of the dither piezo displacement is less
than 100 nmypp, based on the sensitivity and applied voltage. While
the efficiency of the types of excitation is, obviously, very different,
it remains outside of the scope of the current work.

Appendix B. Experimental setup

The measurements were carried out on a Newport [26] technical
series sealed hole laboratory table top (244 x 122 x 20 cm), isolated by
4 NRC pneumatic isolation mounts, type XL-G. A dither piezo (Philips
PXE 5, 0.5 nm/V) is secured to the table. On top of it a magnet is
glued that holds a laser-cut nickel plate (7 X 7 x 0.5 mm) on which the
quartz tuning fork (ABRACON AB38T-32.768 KHZ) is soldered. This
composition assures that the vibration transfer from the dither piezo
to the tuning fork and efficiency are mainly in the vertical direction.
The fiber (Thorlabs SM800-5.6-125, length ca. 30 cm), is glued to the
top tuning fork’s prong with two-component epoxy and is illuminated
with a solid-state laser (Thorlabs LPS-635-fc, operating at 1.0 mW). A
segmented photoelectric cell (PEC, Hamamatsu S5980) is placed facing
the fiber tip on a micrometric translation stage (Spindler & Hoyer
Lineartisch MR80-25 Typ: C01-338070). A function generator (Stanford
Research Systems DS335) provided a stable, low-noise excitation signal.
A lock-in amplifier (Stanford Research Systems SR530) was used to
pick up the output of the PEC at the resonant frequency. The tuning
fork output signal after the amplifier was measured using the lock-in
amplifier and an oscilloscope (Tektronix TDS2014). An 11x attenuator
was used to scale the voltage signal down to an acceptable level for the
lock-in amplifier to prevent saturation of the input signal, and a 60 kHz
low-pass filter was used to prevent aliasing. The noise levels were
measured using DAC (National Instruments PCI-6259 with BNC-2110
connector block).

Appendix C. Noise analysis

To conduct investigation into the dominant noise sources, a SPICE
simulation of noise equivalent circuits was conducted and compared
against the measured characteristics (Fig. 14). The resistor R4 (Fig. 8)
has a value of 2.2 MQ, and hence the thermal noise voltage equals
189 nV/ \/E Due to R5 and R9, the thermal noise voltage will be
amplified by a factor of 11, so that a noise density of 2.1 pV/\/E is
expected and observed at low frequencies.

The noise spectrum of the voltage amplifier is dominated by the
thermal noise of the 10 MQ load resistor R1 for the low frequencies
(Fig. 9) of 4.0x10% nV/ \/ﬁ The voltage amplifier gain is 101x in this
frequency region, so that the expected and observed noise density at the
output of the voltage amplifier is 41 puV/ \/ﬁ The roll-off at 1.5 kHz
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Transimpedance amplifier ~ [~ Daa
? P
With TF
S
Aiadi s asih A
/ s
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1E-6 -
r T !
100 1K 10k 100k

Frequency (Hz)

Fig. 14. Comparison of SPICE model to the measured noise characteristics.
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can be traced to the capacitance at the input of the voltage amplifier
in parallel to the load resistor of 10 MQ. This capacitance is the sum
of the tuning fork capacitance (2 pFt, measured by balancing out the
background signal in electronic excitation scheme with a capacitor),
the input capacitance of the OPA627 (8 pF, taken from the datasheet),
and the capacitance of the wiring and the circuit board tracks (1 pF,
estimated from Fig. 10, —3 dB cut-off frequency of VA w/TW). The roll-
off frequency is given by, f = 1/2 X zRC, so that the total capacitance
must equal 11 pF. Due to this capacitance, the thermal noise of the load
resistor is attenuated down to 3.3 pV/ \/ﬁ at 32 kHz.

The signal current for mechanical excitation can be calculated
from the output signal of the transimpedance amplifier and yields
8.36 mVpys per nm of tuning fork’s movement. Based on the 2.2 MQ
transimpedance gain and a built-in voltage gain of 11X, the tuning
fork signal current can be estimated to be 345 pAgys per nm tuning
fork movement. In case of the voltage amplifier, this signal current
is flowing through a load impedance, which is dominated by the
capacitance that was shown to be 11 pF. When we multiply the signal
current with the impedance of this capacitor at frequency of interest,
the signal voltage at the input of the voltage amplifier can be estimated
to be 0.156 mVgyg per nm. The voltage amplifier has the gain of
101x, so the output signal is 15.8 mVgyg per nm of the tuning fork’s
movement in this case. The measured signal of 18.7 mVyys is in good
agreement with this.
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