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We report on a careful analysis of the local tunneling conductivity by means of ultra-high vacuum scanning
tunneling microscopy/spectroscopy (STM/STS) technique in the vicinity of low-dimensional structures on the
Si(111)—(7 x 7) and Si(110)—(16 x 2) surfaces. The power-law exponent « of low-frequency tunneling cur-
rent noise spectra is investigated for different values of the tunneling contact parameters: relaxation rates, the
localized state coupling, and the tunneling barrier width and height.
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1. INTRODUCTION

Low-frequency noise with the spectral density 1/f*
is a ubiquitous phenomenon, which hampers opera-
tions of many devices and circuits. The problem of
low-frequency noise formation with a 1/f® spectrum
in electron devices is one of the most interesting and
important in recent years. Low-frequency noise was
discovered for the first time in vacuum tubes [1] and
later observed in a wide variety of electronic materi-
als [2-4]. The importance of the low-frequency noise for
electronic and communication devices gave rise to nu-
merous studies of its physical mechanisms and methods
for its control. However, after many years of investiga-
tion [5-8], the origin of 1/ f® noise is still not clear. Up
to now, the typical approach to the 1/ f noise problem
consists in “by hand” introducing a random relaxation
time 7 for a two-state system with the probability dis-
tribution function A/7". Therefore, the noise spectrum
of a two-state system averaged over 7y has a power-law
singularity. But the physical nature and microscopic
origin of such a probability distribution function is un-
known in general. Although the current noise gives a
basic limitation for the performance of a scanning tun-
neling microscope, only a limited number of works were
devoted to the study of 1/f“ noise. Correspondingly,
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no comprehensive methods for low-frequency noise sup-
pression in modern devices and especially in the tun-
neling contacts have been developed.

The scanning tunneling microscopy (STM) data ob-
tained above the surface of pyrolytic graphite were
analyzed in [9] and [10]. The power-low exponent «
equal to about 1.4 was determined in [10]. The tun-
neling current noise spectrum in the vicinity of indi-
vidual impurity atoms on an InAs(110) surface was in-
vestigated in [11] and it was revealed that the power-
law exponent of 1/f% noise depends on the presence
of an impurity atom in the tunneling junction area.
The tunneling current noise at the zero value of ap-
plied bias voltage was investigated in [12]. Measure-
ments were carried out at the ultra-high vacuum con-
ditions at the base pressure 5 - 10~'" Torr. It has
been demonstrated that at the zero bias voltage, the
1/f® component of noise in the tunneling current van-
ishes and white noise becomes dominant. The physi-
cal phenomena that govern the 1/f® tunneling current
noise fluctuations were discussed in [13-15]. Coulomb
blockade as one of the sources of 1/ f* noise formation
was considered in [13]. Another possible mechanism is
connected with the atomic adsorption/desorption pro-
cesses on the sample/tip surface in the tunneling con-
tact [14]. In [15], the 1/f® tunneling current noise
was explained in terms of surface diffusion of adsorbed
molecules in the tunneling contact area.
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Theoretical investigations of the noise in a two-
level system was carried out in [16-19]. In [16],
the authors studied current noise in a double-barrier
resonant-tunneling structure due to dynamic defects
that switch states because of their interaction with a
heat bath. Time fluctuations of the resonant level re-
sult in low-frequency noise, which depends on the rel-
ative strengths of the electron escape rate and the de-
fect switching rate. If the number of defects is large,
the noise is of the 1/f type. In [17], the authors stud-
ied shot noise in a mesoscopic quantum resistor. They
found correlation functions of all orders and the distri-
bution function of the transmitted charge and consid-
ered the Pauli principle as the reason for the fluctua-
tions. The current fluctuations in a mesoscopic conduc-
tor were studied in [18]. A general expression for fluc-
tuations in a cylindrical tunneling contact in the pres-
ence of a time-dependent voltage was derived. In [19],
the authors demonstrated that low-frequency tunnel-
ing current noise is the result of a sudden Coulomb-
interaction switching on and off of conduction electrons
with charged states localized in the tunneling contact.

To the best of our knowledge, tunneling cur-
rent noise STM/STS (scanning tunneling spectroscopy )
measurements have been performed only for relatively
simple surfaces like those of gold, graphite, or graphene.
In this paper, we report on detailed investigations of the
low-frequency tunneling current noise spectrum in the
vicinity of low-dimensional structures on the Si(111)-
(7x7) and Si(110)—(16 x 2) surfaces. We payed special
attention to the dependence of the power-law exponent
a of the low-frequency tunneling current noise spec-
trum on the tunneling contact parameters: relaxation
rates, the localized state coupling, and the tunneling
barrier width and height. Decreasing low-frequency
noise is a necessary and important task for perform-
ing precision measurements. During scanning tunnel-
ing microscopy experiments, we often deal with mea-
surements in the presence of localized states. Hence,
our main goal was to investigate low-frequency noise
on surfaces, where localized states are formed by the
low-dimensional surface structures, and to analyze the
influence of system parameters (the tunneling current
and the bias voltage) on the behavior of low-frequency
noise.

2. EXPERIMENTAL

Tunneling current spectrum measurements were
performed with the use of a specially constructed ex-
perimental setup including both hardware and software
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parts, which was incorporated into a commercial ult-
ra-high vacuum (UHV) room temperature STM Omi-
cron system (base pressure 2 - 107! Torr). The UHV
system is decoupled from the building by a specially
designed vibration isolation floor for optimal measure-
ment conditions. In all the experiments, electrochem-
ically etched tungsten tips were used. The STM tips
were produced from tungsten wires (0.25 mm in diam-
eter) that were electrochemically etched in 10 % KOH
solution and cleaned in the UHV by flashing due to the
direct current flowing. STM topographic images were
obtained in the constant-current mode.

All the measurements were performed at room tem-
perature. Before the beginning of any noise measure-
ments, it was necessary to wait for more than 6 h to
reach thermal equilibrium of the STM mechanical head
to avoid thermal drift and ceramics crip. Thermal equi-
librium was extremely important because the feedback
loop was switched off during the noise measurements
to prevent any spectrum changes caused by the STM
electronics. Because we were interested in the frequen-
cies lower than 1 Hz, an experimental run for one curve
lasted for more than 100 s. Our main goal was to an-
alyze how the tunneling contact parameters influence
the value of the tunneling current noise spectrum, mea-
sured in the vicinity of localized surface states formed
by the low-dimensional surface structures and surface
defects. We performed tunneling current noise spec-
trum measurements in the vicinity of surface defects
on a Si(111)—(7 x 7) surface and in the vicinity of one-
dimensional structures on the Si(110)—(16 x 2) surface.

Si(111) samples doped by P were cut from the com-
mercially available wafers. The doping concentration
was 5 - 10" em™2. Si(110) samples were cut from
the P-doped (110) oriented Si wafers with the nomi-
nal doping concentration about 5-10'® cm 3. Samples
were ultrasonically cleaned in aceton and distilled wa-
ter. With the use of “Ni-free” tools, they were mounted
on the sample holder made from tantalum and degassed
at 600°C for 12 h. Further preparation of Si(111)
surface deals with sample flashing at 1200°C by di-
rect current flowing and the subsequent slow sample
cooling. Finally, the (7 x 7) reconstruction was ob-
tained on the Si(111) surface. A typical STM image
of the Si(111)—(7 x 7) surface reconstruction is shown
in Fig. 1la. The STM-measured structure is consistent
with the surface model of Si(111)—(7 x 7) suggested
in [20]. After degassing, Si(110) samples were processed
with argon-ion sputtering at 5 kV and 50 mA during
1 h. In the final stage of Si(110) surface preparation,
samples were flashed at 1470°C dy direct current flo-
wing and slowly cooled down. A typical STM image of
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Fig.1. a) STM image of Si(111)—(7 x 7) surface re-

construction. Scan area is 275 x 275 A%, Applied bias
voltage Uy = —1 V, tunneling current I, = 50 pA. The
area that corresponds to the tunneling current noise
spectrum measurements is marked by the black rectan-
gle. b) Tunneling current noise spectra in the double
logarithmic scale for different values of the tunneling
current: 1 — I; = 25 pA; 2 — I; = 100 pA. Applied
bias U; = —1 V. Power-law exponent values are shown
in the figure

Si(16 x 2) reconstruction on the Si(110) surface is pre-
sented in Fig. 2a. Areas with 5 x 1 reconstruction are
also seen on the surface. The measured STM structure
is consistent with the “pentagons” model of Si(110)-
(16 x 2) surface reconstruction [21, 22].

The following experimental noise measurement pro-
cedure was used. After the sample preparation de-
scribed above and the STM tip approach, it was neces-
sary to wait for about 6 h to rich equilibrium tunneling
conditions. Performed next were the search for an iso-
lated defect on the Si(111) surface or a one-dimensional
structure on Si(110) by means of STM imaging and ac-
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Fig.2. a) STM image of Si(110)—(16 x 2) surface re-
construction. Scan area is 230 x 230 A%, Applied bias
voltage Uy = —1.5 V, tunneling current I; = 50 pA.
The area that corresponds to the tunneling current
noise spectrum measurements is marked by the black
rectangle. b) Tunneling current noise spectra in the
double logarithmic scale for different values of the ap-
plied bias voltage: 1 —U; = —-0.7V; 2—U; = 0.7 V.
Tunneling current I; = 25 pA. Power-law exponent va-
lues are shown in the figure

quisition of a high-resolution (5 nm x5 nm) STM image
of the corresponding part of the surface. The STM tip
was positioned right above the defect or the one-dimen-
sional structure on the surface with fixed values of the
tunneling current and applied bias voltage. Because the
relative displacement of the STM tip is small, the ef-
fects caused by manipulator ceramics creep are almost
negligible, and hence only a few minutes are needed
for stabilization. The feedback loop was interrupted
for the time necessary to perform the tunneling cur-
rent measurement, after which the feedback loop was
switched on again. Finally, the control acquisition of a
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high-resolution (5 nm x 5 nm) STM image of the sur-
face in the vicinity of the defect or the one-dimensional
structure were performed to avoid any changes during
measurements.

3. RESULTS AND DISCUSSION

We revealed in our previous paper [11] that there
is a variation of the power-law exponent value in the
vicinity of localized surface states in comparison with
the measurements performed far away from surface-lo-
calized states. We revealed that the strongest effect
occurs in the case where measurements are performed
directly above the localized states. Our aim in this pa-
per was to analyze the dependence of the power-law
exponent, of the low-frequency tunneling current noise
spectrum on the tunneling system parameters. We con-
sider that such analysis is mostly evident in the case
where the effect is the strongest. This takes place when
measurements are performed directly above the surface
defects.

We start the discussion with the results obtained
for the Si(111)—(7 x 7) surface. Tunneling current noise
spectrum S measurements were performed above the
surface area marked by the black rectangle in Fig. 1a
and are shown in Fig. 15. Curve 1 was measured with
the tunneling current setpoint I; = 25 pA and curve
2, with I; = 100 pA. The tunneling current setpoint
is the value that continues being constant during the
measurement procedure when the STM feedback loop
is interrupted. The value of applied bias voltage was
the same during both measurements and was equal to
U; = —1 V. 1t is evident from Fig. 1b that the shape of
the tunneling current noise spectrum can be approxi-
mated in the best way by a 1/f* dependence. Devia-
tions from this dependence become noticeable for the
frequencies higher than 800 Hz. A fitting procedure
gives the following values for the power-law exponents:
a =0.50+0.02 for I; = 25 pA and a = 0.49 £+ 0.02 for
I; = 100 pA. The difference between the exponent val-
ues is lower than the experimental error. Consequently,
it is possible to conclude that the tunneling current
noise spectra are almost insensitive to the value of the
tunneling current setpoint. The tunneling current value
directly determines the distance between the surface
localized state formed by the defect and the localized
state on the STM tip. With an increase in the tunne-
ling current, the distance decreases and stronger cou-
pling between localized states takes place. Because we
have not found the power-law exponent changes with
the changing the tunneling current, we can conclude
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that the tunneling current noise spectrum amplitude
does not depend on the coupling strength between the
localized states in the tunneling contact.

Some additional noise (spikes) visible on the mea-
sured spectra are most probably due to the microphone
effect and have no influence on the presented data. The
dash-and-dot lines in Figs. 1b and 2b show the linear
approximation of the current noise spectrum curve ob-
tained by the least-mean-squares (LMS) method in the
frequency range from 0.1 Hz to 1 kHz (the cutoff fre-
quency). The power-law exponent was determined us-
ing several (at least 5) independent measurements in
each case.

We also measured tunneling current noise spectra
above the reconstructed Si(110)—(2 x 16) surface. Tun-
neling current noise spectrum measurements were per-
formed above the surface area marked by the black
rectangle in Fig. 2a and are demonstrated in Fig. 2b.
The obtained results demonstrate a significant, differ-
ence for the power-law exponent values measured for
the different values of the applied bias: a = 0.66 +0.03
for Uy = —0.7 V and a = 0.98 £ 0.05 for U = 0.7 V.
The difference is far above the experimental error level.
We can explain such a strong difference between the
obtained values of the power-law exponent as follows.
When electrons tunnel from the sample valence band
to the STM tip continuous-spectrum states, the overall
dispersion of the tunneling current noise spectrum is
a few times higher in comparison with the dispersion
of the tunneling current noise spectrum for a positive
value of the applied bias, when electrons tunnel from
the STM tip continuum-spectrum states to the sample
conduction band. This means that the power-law expo-
nent value strongly depends on the electronic structure
of the surface and, consequently, is determined by the
relaxation rate values in the tunneling contact.

The obtained results correspond to the theoretical
model proposed in [19], where the authors analyzed
modifications of the tunneling current noise spectrum
by the Coulomb interaction of conduction electrons in
the leads with nonequilibrium localized charges in a
tunneling contact due to the sudden switching on and
off of localized-state Coulomb potentials during the
electron tunneling processes.

4. CONCLUSION

We performed a detailed investigation of the
tunneling current noise spectrum dependence on the
tunneling contact parameters. We demonstrated that
the power-law exponent strongly depends on the
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electronic structure of the sample and is independent
of the value of the localized state coupling.
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