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We present combined noncontact scanning force microscopy and tunneling current images of a
platinum�111� surface obtained by means of a 1 MHz quartz needle sensor. The low-frequency
circuit of the tunneling current was combined with a high-frequency signal of the quartz resonator
enabling full electrical operation of the sensor. The frequency shift and the tunneling current were
detected simultaneously, while the feedback control loop of the topography signal was fed using one
of them. In both cases, the free signal that was not connected to the feedback loop reveals
proportional-integral controller errorlike behavior, which is governed by the time derivative of the
topography signal. A procedure is proposed for determining the mechanical oscillation amplitude by
utilizing the tunneling current also including the average tip-sample work function. © 2010

American Institute of Physics. �doi:10.1063/1.3321437�

I. INTRODUCTION

A simultaneous measurement of atomic forces and tun-
neling current during imaging of surfaces is of great
interest.1,2 In order to simultaneously record both signals, a
low oscillation amplitude of the quartz sensor is required,
which should be close to the typical tip-sample interaction
range that is in the order of a few angstroms or even lower.3,4

In order to fulfill this condition, it is advisable to use a quartz
resonator with high stiffness and correspondingly high reso-
nance frequency. Currently, the force sensor most frequently
used to satisfy the abovementioned requirement is the tuning
fork sensor.5 Here, we took a slightly different direction and
decided to use the so-called needle sensor,6,7 which we be-
lieve has several advantages compared to the tuning fork
sensor. Even smaller oscillation amplitudes should be acces-
sible with the even higher stiffness of this sensor. Moreover,
both the excitation and detection are fully integrated within
the sensor itself, while for other sensors, usually, an external
mechanical excitation of the oscillation is applied. In addi-
tion, as distinguished from the tuning fork, mechanical oscil-
lations proceed along the needle-sensor axis, while its di-
mensions are comparable to the tuning fork quartz, or even
smaller. These facts make the needle sensor also attractive
for applications in which little space is available for the sen-
sor, such as for multitip scanning probe microscopy.8–10

In this paper, we present scanning probe microscopy data
obtained using a needle-sensor quartz resonator.

A quantitative analysis of the tip-sample interaction
forces requires accurate knowledge of the oscillation
amplitude.11–13 The amplitude can be determined using meth-
ods based on frequency shift dependency,14,15 charge, and
thermal vibrations,15 as well as tunneling current
dependency.16 Here, we concentrate on amplitude determina-
tion using the tunneling current, which we believe is the

most reliable method. In an amplitude calibration method
used in Ref. 16, the tip-sample work function is not taken
into account. Here, we present an extension of this method
including the work function determined either separately or
in parallel with amplitude calibration.

II. EXPERIMENTAL SETUP

In the present work, the 1 MHz quartz resonator with
mechanical oscillation proceeding along the bar was applied
as a scanning probe. A relatively high fundamental resonance
frequency and a large value of the spring constant, in the
order of 0.5 MN/m,17 enable an ultralow oscillation ampli-
tude and a fast scan rate at reasonably low thermal frequency
noise.18,19 The needle sensor was equipped with a platinum-
coated silicon tip attached to the sensor by means of conduc-
tive glue, as well as electrically connected to one of the
resonator electrodes. Tip-sample interaction force related to
frequency shift20 was detected in frequency modulation
mode at constant amplitude by means of a phase-locked loop
�PLL� controller.21 A 400 Hz bandwidth of the frequency
shift demodulator was set for all the data presented here.

The circuit shown in Fig. 1 was used in order to simul-
taneously measure a frequency shift and a tunneling current.
The tip-sample separation is controlled by a proportional-
integral controller �PI-c�,22 which steers the Z-extension of
the piezotube.23 Both tunneling current IT and frequency
shift �f are influenced by the tip-sample distance, providing
a signal which can be used as a feedback signal for the PI-c.
During scanning, the feedback was fed by one of these sig-
nals, making it possible to record the other one as a “free
signal” �not used in the Z-loop�. Rectifying the PI-c input
signal ensures independence of the IT sign on the bias volt-
age as well as enabling measurements in the attractive force
range.24 The measurement loop of the tunneling current was

REVIEW OF SCIENTIFIC INSTRUMENTS 81, 033703 �2010�

0034-6748/2010/81�3�/033703/5/$30.00 © 2010 American Institute of Physics81, 033703-1



combined with a circuit feeding the quartz resonator by add-
ing the bias voltage to the high-frequency signal driving the
sensor. The I /V converter bandwidth of about 1 kHz suffi-
ciently time averaged the 1 MHz component. Moreover,
electric separation is not needed due to the relatively low
reactance �order of hundreds kilo-ohms� of a tip-sample ca-
pacity at resonance frequency, which is still a few orders of
magnitude lower than the resistance usually present at the
tunneling gap. This setup enables full electrical steering of
the sensor as well as the electrical detection of measured
signals.

The experiment was performed in an ultrahigh vacuum
system equipped with a home-made scanning tunneling mi-
croscope �STM�.25 We adapted a scanning beetle26 head to
mount the needle sensor as a removable part. The Pt�111�
bead monocrystal27,28 was prepared as usual by repeated
cycles of long-term annealing at about 700 °C, and then
flashing at about 1100 °C directly before the experiment was
performed. The easyPLL �from Nanosurf� system was used
as the PLL controller in the frequency shift measurements
circuit, while a Femto transimpedance amplifier was applied
as the I /V converter in the tunneling current measurement
loop.

III. AMPLITUDE CALIBRATION

The tunneling-current-controlled mode was applied in
order to determine the mechanical oscillation amplitude of
the needle sensor.16 We extended this method in order to
allow for a network function of the tip-surface system as well
as to apply a relatively low oscillation amplitude of the
probe. Following the procedure in Ref. 16, a relation be-
tween the mechanical oscillation A0 of the quartz sensor and
the corresponding voltage amplitude AV detected in the fre-
quency demodulator �Fig. 1� can be written as A0=�AV,
where � is the amplitude calibration coefficient to be deter-
mined. The dependence of the tunneling current IT on the
tip-sample displacement Z can be written as23

IT�Z� = VBKe−2�Z, � =
�2me�

h
, �1�

where the coefficient � includes the average of the tip and
sample work functions �,29 K is a constant, and VB is a bias
voltage. Further, the average tunneling current over one pe-
riod of the sensor oscillation is calculated as follows:

�IT�Z�� =
1

2�
�

0

2�

VBKe−2��ZEQU+A0 sin ��d� . �2�

Deriving the absolute equilibrium position ZEQU of the tip
from above formula, one obtains

ZEQU =
1

2�
ln	VBK

�IT�

1

2�
�

0

2�

e−2�A0 sin �d�

=

1

2�
ln	VBK

�IT�

 + �ZEQU�A0,�� . �3�

The ZEQU consists of two terms, where only one contains the
oscillation amplitude A0, namely, the displacement �ZEQU

from the equilibrium position

�ZEQU�A0,�� =
1

2�
ln	 1

2�
�

0

2�

e−2�A0 sin �d�
 . �4�

�ZEQU is independent of �IT� and equals 0 for A0=0.
In the following, we describe two ways of extending the

method presented in Ref. 16. First, the value of � can be
determined with previous knowledge of � that is related to
the work function. Second, � and also � are evaluated simul-
taneously using a matching of the theoretical relation �4� to
the experimental data.

The factor � can be determined from a direct measure-
ment of IT�Z�, as presented in Fig. 2. Introducing a dimen-
sionless quantity �=2�A0, Eq. �4� can be written as follows:

FIG. 1. Block diagram of simultaneous measurement of frequency shift and
tunneling current in scanning probe microscopy. Signals: Z �topography�,
�f, and IT are recorded by PC software. The Z-feedback loop is fed by either
frequency shift or tunneling current �position FSF or TCF, respectively�,
making it possible to log the latter as a free signal. The XY scan circuit is
omitted in the diagram.

FIG. 2. �Color online� Normalized frequency shift � and tunneling current
IT dependence on the tip-sample separation taken simultaneously for a
Pt�111� sample at VBIAS=0.5 V and constant amplitude mode with oscilla-
tion amplitude A0=0.8 nm. The exponential behavior of the IT�Z� function
is marked by a dashed line with the slope coefficient �=4.0 nm−1.
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2��ZEQU = ln� 1

2�
�

0

2�

e−� sin �d�� 
 f��� . �5�

The value of the quantity � is determined from the inverse
function to f

� = f−1�2��ZEQU� . �6�

The previous equation can be solved numerically using, for
instance, a chart or a table. In this work, a simple “zero-
finding” MATLAB™ script was used to evaluate �. Note that
the dimensionless quantity 2��ZEQU is the argument of the
above function, not the directly measured value of �ZEQU.
Returning to a dimensional quantity, A0 can be written as

A0 = �AV =
f−1�2��ZEQU�

2�
. �7�

Hence, � can be written as

� =
f−1�2��ZEQU�

2�AV
. �8�

The value of the Z-displacement �ZEQU from the equilibrium
tip position �for A0=0� was recorded for a given voltage
amplitude AV by reading it out from the scanning force mi-
croscope �SFM� control electronics. Using a set of measured
values, �ZEQU=0.32 nm at AV=100 mV as well as �
=4.0 nm−1, determined independently, the voltage-
mechanical coefficient �=5.8 nm /V was calculated.

Here, we treat � as an unknown parameter and determine
it from a fitting to experimental data in the course of the
amplitude determination. The displacement �ZEQU calcu-
lated from Eq. �4� is plotted in Fig. 3 as a function of the
oscillation amplitude A0 for different values of �. For a suf-
ficiently large amplitude, i.e., 2�A0	1, the slope of
�ZEQU�A0 ,�� approaches unity for all �, allowing us to ob-
tain the value of the coefficient � irrespective of �.16 How-
ever, for low values of A0 or �, i.e., 2�A0�1, the slope
deviates substantially from unity. For instance, at A0

=0.6 nm, the slope deviates from unity by 25%, 11%, and
5% for �=2, 4, and 10 nm−1, respectively. A procedure
avoiding the abovementioned inaccuracy in the determina-
tion of � is proposed in the following. Experimental data
taken in a range of the readout voltage amplitude AV from 25
to 210 mV at �IT�=20 pA and Vbias=0.8 V are shown in
Fig. 3 as black dots. The theoretical dependence �ZEQU

=f��AV ,�� is fitted to the experimental data for the two
sought parameters � and �. The function �ZEQU

=f��AV ,�� is monotonic both for � and �. It ensures that for
the increment in �ZEQU obtained in the given range of read-
out voltage amplitude AV, there is only one pair �� ,�� giving
the best theoretical values fitting the experiment. The fitting
results in �= �3.83
0.05� nm−1 and �= �5.9
0.05� nm /V
for the data showed in Fig. 3, which is in good agreement
with the directly evaluated value of �=0.4 nm−1 �Fig. 2� as
well as with �=5.8 nm /V previously obtained. The upper
abscissa axis in Fig. 3 shows the readout voltage amplitude
AV of the probe oscillation using the coefficient � estimated
above. Note that the quantity AV is strictly dependent on the
given electronic circuit as distinct from A0. The procedures
presented above avoid the necessity of using large oscillation
amplitudes and, in the case of the fitting procedure, an inde-
pendent experimental determination of the tip-sample work
function.

IV. RESULTS

Figure 2 shows the normalized frequency shift �
= ��f / f0�kA0

3/2 �Ref. 30� and tunneling current dependences
on the tip-sample distance taken simultaneously for the plati-
num sample at VBIAS=0.5 V with the feedback loop
switched off. The high stiffness k of quartz of about 0.5
MN/m �Ref. 17� enables a measurement with relatively low
oscillation amplitude A0, here 0.8 nm, while maintaining a
low intrinsic frequency noise.18,19 Although the needle-
sensor stiffness is a few orders of magnitude larger than the
typical interatomic force gradient, the ratio of the resonance
frequency k and f0 �Ref. 30� is in the order of unity, here
equal to 0.54 nNHz/nm, thus providing values of the fre-
quency shift comparable to other SFM probes with much
lower stiffness, such as cantilevers or tuning forks.31 The
typical minimum of the ��Z� dependence is well recognized
with the value of about −2 nN�nm�0.5, providing a stable
scanning process also in the attractive tip-sample force
range. The exponential part of the tunneling current relation
�with currents above the inner noise level of the I /V con-
verter� was fitted by the exponential function with the coef-
ficient �= �4.0
0.15� nm−1. We chose the point at which
the tunneling current rises above the noise level as the zero
point for the Z-displacement.

Images of the platinum�111� surface investigated using a
quartz needle sensor are shown in Fig. 4. The multilayer
atomic steps can be easily recognized in the topography im-
age. The Z noise was about 0.2 Å with the related lateral
resolution of about 10 nm.32 The feedback loop was closed in
the frequency shift feeds �FSF� position, in which the fre-
quency shift output of demodulator electronics is fed as input
into the feedback circuit, delivering an error signal for the

FIG. 3. �Color online� Dependence of the displacement �ZEQU from the
equilibrium tip-sample position �Eq. �4�� vs the oscillation amplitude A0 as
well as the readout voltage amplitude AV for different values of the param-
eter �. At low values of A0 or �, i.e., 2�A0�1, the slope deviates substan-
tially from unity. For instance, at A0=0.6 nm the slope deviates by 25%,
11%, and 5% for �=2, 4, and 10 nm−1, respectively. The experimental data
�black dots� were used to fit the �ZEQU�A0 ,�� curve �see dashed-dotted
line�.
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PI-c. The simultaneously recorded tunneling current was not
used for the feedback. Therefore, this signal is termed the
free signal. Both signals are shown in the middle and right-
hand images in Fig. 4. Here, we intentionally set the propor-
tional parameter of the PI-c to a low value.33 This leads to an
overshoot in the error signal when scanning in the step-up
direction, as also seen in Fig. 5. The free signal follows this
error signal because both are related to the distance between
the tip apex and the surface. On the other hand, this distance
is controlled by the PI-c and differs greatly from the set point
value near steps due to the slow PI-c response during scan-
ning. Applying a simple model for the PI-c and assuming a
proportional transfer function of the other parts of the loop,
i.e., the high-voltage converter, the Z-piezotube, and the fre-
quency demodulator �I /V converter�, the Z-topography sig-
nal can be written as

z�t� = Pe�t� +
1

T
�

0

t

e���d� , �9�

where e�t� is the error signal, and P and T are proportional
and integral parameters, respectively. Hence, for sufficiently
low values of P, the following error signal results:

e�t� � T
dz�t�

dt
. �10�

The error signal is proportional to the time derivative of the
topography signal. This is in good agreement with the ex-
perimental profiles shown in Fig. 5, where the correlation of

the error peak height with the height of particular atomic
steps is readily visible.

Although the scans presented here were taken in the at-
tractive force regime, the streaks observed in the tunneling
current images �right-hand column in Fig. 4� probably result
from a momentary contact between tip and sample due to the
slow PI-c response.

Finally, measurements in the tunneling current feedback
�TCF� mode were performed as shown in Fig. 6. In this case,
the tunneling current fed the feedback loop and the fre-
quency shift was recorded as a free signal. Strips related to
atomic steps are distinguished in both the error signal and the
free signal pattern. However, in contrast to the case discussed
above, the latter has the opposite sign to the former. The
frequency shift dependence is not a monotone function of the
tip-sample distance, and when acquired as a free signal in the
attractive force range, its derivative has the opposite sign to
the tunneling current derivative �see Fig. 2�. Therefore, posi-
tive deviations in the error signal �tunneling current� at step
edges correspond to negative ones in the frequency shift sig-
nal.

V. CONCLUSIONS

We performed scanning probe microscopy investigations
on a platinum surface by means of a 1 MHz extensional
quartz sensor, as yet rarely used as an SFM sensor. An elec-
tronic circuit for simultaneous measurement of frequency
shift and tunneling current was proposed in this paper. Using
a current/voltage converter with a relatively narrow band-
width in comparison to the driving frequency of the quartz, a
common electric circuit for simultaneous operation in both
STM and SFM mode is possible. The determination of me-
chanical oscillation amplitude utilizing the tunneling-current-
controlled procedure was extended to include the determina-
tion of the average tip-sample work function. In addition, we
showed that the probe signal, which is not used for the
Z-feedback, follows the error signal of the PI-c.
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