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A common cause of tip-sample crashes in a Scanning Tunneling Microscope (STM) operating in
constant current mode is the poor performance of its feedback control system. We show that there
is a direct link between the Local Barrier Height (LBH) and robustness of the feedback control
loop. A method known as the “gap modulation method” was proposed in the early STM studies for
estimating the LBH. We show that the obtained measurements are affected by controller parameters
and propose an alternative method which we prove to produce LBH measurements independent of the
controller dynamics. We use the obtained LBH estimation to continuously update the gains of a STM
proportional-integral (PI) controller and show that while tuning the PI gains, the closed-loop system
tolerates larger variations of LBH without experiencing instability. We report experimental results,
conducted on two STM scanners, to establish the efficiency of the proposed PI tuning approach.
Improved feedback stability is believed to help in avoiding the tip/sample crash in STMs. Published
by AIP Publishing. https://doi.org/10.1063/1.5003851

I. INTRODUCTION

The invention of the Scanning Tunneling Microscope
(STM) in the early 1980s facilitated the study of material sur-
face physics by providing atomic-resolution surface images.1

Since its invention, the STM has found many applications in
surface and material science which have led to a number of
ground breaking observations.2–5 In addition to being a diag-
nostic tool, the STM is now being used for lithography which
makes it a strong candidate as a tool for atomically precise
manufacturing in the future.6,7

The functionality of the STM is based on a quantum
mechanical phenomenon known as the tunneling current
which refers to the electrical current established between an
atomically sharp tip and a conducting surface when their rela-
tive distance is in the order of 1 nm and a direct current (DC)
bias voltage is established between the two objects. The tun-
neling current is exponentially dependent on the tip/sample
separation under a constant bias.1 Therefore, a linear control
system can be implemented to measure the logarithm of the
current and move the tip in a direction normal to the sam-
ple to regulate the current at a constant setpoint.1,8 This is the
basis for operation of the STM in constant current mode which
provides a topographic image of the surface.

Under normal imaging conditions, the relative distance
between the tip and the sample is in the range of a few
angstroms.9 At such extreme proximity and due to the pres-
ence of adverse effects such as the highly resonant nature of
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b)Author to whom correspondence should be addressed: reza.moheimani@
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piezo-actuators, model uncertainties and nonlinear dynamics,
precise operation of the control system is of vital importance.
Otherwise, a tip/sample crash may occur which dulls the tip
and damages the sample. Although attempts to use advanced
controllers, e.g., sliding mode control,10 have been reported,
proportional-integral (PI) control is the primary feedback con-
trol system used in STMs.8,11,12 The PI controller with fixed
gains may occasionally lose its safe performance due to large
uncertainties in STM dynamics. Hence, poor performance of
the control system can be a major cause of tip/sample crashes
which is a well-known operational challenge in STMs.

Following early applications in imaging, the STM tip was
found to be useful as a tool for triggering chemical reactions
selectively at distinct locations on the sample. Specifically, the
STM is used in Hydrogen Depassivation Lithography (HDL)
during which the STM tip transmits a tunneling current which
is large enough to remove surface hydrogen by breaking its
bond to silicon.13–16 Commonly, both current setpoint and bias
voltage are higher in the lithography mode compared to the
imaging mode.6,7 The tip-sample crash problem due to the
poor control performance can be even worse in the lithogra-
phy mode given the larger uncertainties caused by ongoing
chemical reactions on the surface.

This work is aimed at addressing the tip/sample crash
issue in STMs by improving the control system performance
both in imaging and lithography modes. Previously, we pre-
sented a method for closed-loop system identification which
enabled us to obtain the open-loop dynamics of the STM.17 We
showed that the DC gain of the open-loop system is strongly
affected by the Local Barrier Height (LBH), which depends
on the quantum mechanical properties of the tip and local sur-
face atoms, and hence is not constant.18 LBH and its variable
nature have been known to the STM users and have been
studied extensively for several decades.9,19,20 Additionally,
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a procedure known as the “gap modulation method” has been
used to estimate the LBH and simultaneously to construct an
image to plot the LBH variations over the sample surface.1,20

The gap modulation method or dI/dZ spectroscopy refers
to the procedure during which the tip-sample separation is
oscillated at a known frequency and the resulting oscillation
in the logarithm of current is tracked by a lock-in amplifier.
In this approach, it is assumed that the modulating frequency
is beyond the controller bandwidth, and hence the tip/sample
oscillating amplitude is assumed to be constant.1,9 However,
this is a weak assumption that does not always hold. Con-
sequently, the LBH obtained through this approach can be
affected by feedback parameters. Furthermore, this assump-
tion is contradictory to the requirement of high-bandwidth
controllers for fast scanning purposes.21

In this paper, we modify the gap modulation method based
on the insight that the DC gain of the open-loop system is a
strong function of the LBH. In the method proposed here,
we use two lock-in amplifiers to track the dither signal at
the input and output ports of the system simultaneously in
order to obtain a more accurate estimation of the LBH. In
addition, we present experimental results comparing the con-
ventional and proposed LBH estimation methods. They show
that our proposed method results in LBH images with less
dependence on the feedback parameters. We observe that sur-
face features with higher LBH are more easily distinguished
from the topographic features using our proposed method.

LBH is assumed to be constant in the design of STM
control systems.8,10,11,22,23 However, this assumption is incon-
sistent with the variable nature of the LBH and may lead to
closed-loop instabilities in STMs.18,24 We propose to con-
tinuously update the PI controller gains in order to preserve
the closed-loop stability despite variations in the LBH. We
present experimental results that show how a feedback sys-
tem with fixed controller gains can experience instability over
specific locations on the sample where the true value of the
LBH is different from those for which the controller gains
were selected. We report experimental results that show over
the same locations our auto-tuning PI controller preserves
closed-loop stability and leads to a superior performance. All
the experiments are performed on hydrogen passivated silicon
surfaces.

In the remainder of the paper, we present theoretical
insights into the STM control system operation and the con-
ventional gap modulation method in Sec. II. Then, we state
our approach to LBH measurements and propose a self-tuning
PI control scheme based on the estimated LBH. In Sec. III, we
present experimental results that show the efficiency of our
LBH estimation method as well as the self-tuning controller.
We conclude the paper in Sec. IV.

II. THEORETICAL INSIGHTS

In this section, we briefly describe the commonly used
gap modulation method for LBH estimation that dates back
to the early STM studies in the 1980s.1 We will describe an
alternative solution that we believe to lead to superior results.
We discuss the implications of inaccurate LBH measurement
on the stability of the STM control system and explain how

our proposed method can lead to a high-performance control
system.

A. Conventional LBH measurement method

It is well-known that assuming a constant small bias volt-
age V with a one-dimensional square barrier of height ϕ above
the Fermi level results in a simplified tunneling current model9

i∝V exp
(
−1.025δ

√
ϕ
)

, (1)

where δ in Å is the barrier thickness and is approximately equal
to the tip-sample separation. The barrier height ϕ depends on
the electronic properties of both the tip and the sample and
usually is assumed as the average of the tip and sample work
functions.1 Theoretical and experimental investigations have
shown that, in the typical working ranges of the STM, ϕ is
almost independent of δ.19 Therefore, in such ranges, a linear
relationship holds between the logarithm of tunneling current
(ln i) and the tip-sample separation δ. This allows for the
implementation of a linear feedback control system to keep
the current i at a constant setpoint id by adjusting the relative
distance between the tip and the sample.

The assumption that ϕ is independent of δ in the working
range immediately converts Eq. (1) to the following relation
that makes it possible to measure the barrier height:

ϕ∝

(
d ln i
dδ

)2

. (2)

Equation (2) indicates that the rate of change of ln i with
respect to the separation δ is proportional to the square root
of the barrier height. The gap modulation method was intro-
duced in the early STM studies to measure ϕ based on Eq. (2).
In this method, a modulating signal at frequency Ω is added
to the piezo-tube drive and forces the tip to oscillate in the
direction normal to the sample. It is assumed that the oscil-
lation amplitude of δ at that frequency is fixed because Ω is
beyond the bandwidth of the controller. Then only tracking the
amplitude of ln i at Ω using a lock-in amplifier will suffice to
calculate ϕ.

The barrier height obtained by Eq. (2) is a quantity that
depends on the surface local electronic properties as well as
those of the tip. Hence, the terminology Local Barrier Height
(LBH) or the apparent barrier height is used. This measurement
is a basis to generate another STM image called the LBH image
which is found to be capable of presenting additional details
regarding the surface physics. However, the basic assumption
that validates the gap-modulation method is not always correct.
In fact, even if Ω is beyond the bandwidth of K(s), there is
always a portion of ln i atΩwhich passes through the controller
K(s) and adds up to δ that is modulated at Ω. This means
that ln i influences δ at frequency Ω and this effect becomes
more profound when larger controller bandwidth is required
for fast imaging. Under these circumstances, the denominator
of Eq. (2) can no longer be assumed to be a constant and this
may affect the measured LBH values.

In Sec. II B, we first discuss the effect of LBH on the
controller stability and performance, and then we propose an
alternative approach to LBH measurement to circumvent the
above issues.
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B. LBH effects on control system performance

Equation (2) shows that the LBH can be considered, math-
ematically, as a gain which maps the tip-sample gap (δ) into
the logarithm of current (ln i). Knowing that the current con-
trol system uses ln i as the feedback signal and adjusts δ by a
control signal, it can be shown that the LBH is directly affect-
ing the DC gain of the open-loop STM dynamics that is being
controlled. There are other parameters that contribute to the
plant DC gain, e.g., the high-voltage amplifier gain and piezo-
material sensitivity. However, all of these parameters are fixed.
In addition, it can be assumed that any dynamic drop due to the
scanner and filter dynamics at the frequency of modulation is
fixed. These assumptions are based on the closed-loop system
identification tests performed on the STM which have been
discussed in the authors’ previous reports.17,18,24

Figure 1 displays a simplified block diagram of the
STM Z-axis control. Here, G(s) and K(s) are the open-loop
plant and controller dynamics, respectively. kHV is the high-
voltage amplifier gain and Gp(s) is the piezo-scanner dynamics
in the Z-direction. Surface topography, constant logarithm
terms, and measurement noise are represented by h, C, and
n, respectively, and id is the current setpoint.

It is well-known in that the DC gain of the open-loop
plant is a critical factor in the closed-loop stability and per-
formance of the system. Since the DC gain is a function of
the LBH value, the STM stability can be violated if the LBH
experiences substantial variations. In a previous work,18 we
presented experimental results which suggested that the DC
gain may vary by a factor of two due to the LBH variations on
a H-passivated silicon sample and a tungsten tip. Therefore,
LBH variations can destabilize the STM feedback loop that
operates based on a conventional fixed-gain PI controller.

C. Proposed LBH measurement method

Our approach for measuring the LBH is similar to the
conventional method in the sense that it is based on modulating
the tip-sample distance at a high frequency and tracking the
corresponding amplitude at the output by a lock-in amplifier.
However, unlike the conventional approach, we assume that
the modulated amplitude of δmay change due to the controller
response. This is a sensible assumption because even if the
modulating frequency is out of the bandwidth of the closed-
loop system, the controller will always pass a portion of ln i at

FIG. 1. Simplified Z-axis control block diagram showing the LBH as a
parameter that affects the DC gain of open-loop plant G(s).

the frequency Ω, and as a result, the modulation amplitude of
δ will be affected by LBH.

The control block diagram shown in Fig. 1 motivates us to
measure the DC gain of the plant G(s) and relate it to the LBH
variations. To do this, we inject a single-tone dither signal with
frequency Ω at an arbitrary point in the feedback loop, e.g.,
current setpoint, and track the amplitude of Ω-components at
the input and output of G(s). If the amplitude of setpoint dither
is r0, the corresponding amplitudes at the input and output of
G(s) will be given by

Y ( jΩ)=K( jΩ)G( jΩ) (1 + K( jΩ)G( jΩ))−1 r0, (3)

W ( jΩ)=K( jΩ) (1 + K( jΩ)G( jΩ))−1 r0, (4)

where W (s) and Y (s) are input and output signals for G(s) in
Laplace space, respectively, as shown in Fig. 2, and j =

√
−1.

Calculating the magnitude of complex variables and dividing
(3) by (4) gives

‖ Y ( jΩ) ‖
‖W ( jΩ) ‖

= ‖ G( jΩ) ‖ = C̃, (5)

which means that the fraction in the left of (5) is independent
of the controller dynamics and feedback effects and solely
dependent on the plant dynamics at the frequency of Ω. On
the other hand, we can separate the effect of the plant DC gain
and the rest of its dynamics by re-writing the right hand as

C̃ =
√
ϕkHVγ ‖ G0( jΩ) ‖, (6)

where γ is the constant piezo-material sensitivity and G0(s) is
a dynamic system with unit DC gain representing the remain-
ing dynamic components of G(s). As discussed before,18

‖G0(jΩ)‖ is reasonably assumed to be constant during the

FIG. 2. The LBH is estimated by measuring the open-loop gain C̃ at a fixed
high frequencyΩ. To do this, the current setpoint is modulated at the frequency
Ω and the amplitude of the corresponding component at ln i and W are tracked
by a lock-in amplifier and are divided by each other. A combination of a 2nd
order IIR band-pass filter (BPF) and a 1st order Lyapunov filter is used to
track the amplitudes at the modulation frequencyΩ. By setting a user-defined
constant value C̃d , a signal for continuous update of the PI controller gains is
obtained as C̃d/C̃ which is passed through a saturation box SAT for a safety
reasons.
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STM operation. Thus, any variation in C̃ is due to the changes
in the square root of LBH. We calculate RY = ‖Y (jΩ)‖ and
RW = ‖W (jΩ)‖ using any type of lock-in amplifier and divide
them to obtain C̃ according to (5) at each time t. The esti-
mated parameter C̃ reflects the variations of the LBH and
is proportional to the feedback loop gain. Therefore, C̃ can
also be used to continuously update the gains of a PI con-
troller in reaction to variations in plant DC gain in order to
maintain the LBH at a pre-determined level. Here, we use a
Lyapunov filter to track the amplitude of the dither signal. This
is an alternative implementation of a lock-in amplifier that was
described in detail previously.24,25 In this scheme, the signal is
first passed through a second order infinite impulse response
(IIR) band-path filter with a passband centered at Ω and then a
first order Lyapunov filter tracks the amplitude of the resulting
signal.

D. Self-tuning PI controller

Conventionally, a proportional-integral (PI) controller is
used to regulate the current in STMs operating in constant cur-
rent mode. Such a controller is described by two parameters:
the integral gain ki and the corner frequency ωc,

K(s)= ki

(
1
s

+
1
ωc

)
. (7)

With a fixed corner frequency, the feedback loop gain
is a multiplication of ki and the DC gain of G(s). Hence, to
minimize the effect of LBH variations on the feedback loop,
we can update ki continuously as follows:

(ki)n+1 = (ki)n
C̃d(
C̃
)

n

, (8)

which means that based on the value of C̃ estimated at the step
n, the integral gain at step n + 1 should be updated according
to 8. Note that the speed with which C̃ can be estimated is
bounded by the limited bandwidth of the estimator. This origi-
nates from limited passband of the BPFs and bandwidth of the
Lyapunov filters. Wider bandwidth enables faster but noisier

estimation, and a trade-off should be made on each system.
The scanning speed should be selected so that PI gains can be
updated in response to topographic LBH changes. For instance,
a C̃ estimator shown in 2 with a 400 Hz bandwidth takes 5 ms
to settle in reaction to a step change in LBH. During this time,
the tip has traveled less than 0.3 nm if the scanning speed is
60 nm/s. Higher scanning speed will require wider estimation
bandwidths. For a discussion on various methods of high speed
amplitude modulation, see Ref. 26.

III. EXPERIMENTAL RESULTS

In this section, we present our experimental results. First,
we describe the experimental setup. Then, we present the
results showing the difference between the conventional and
proposed LBH measurement methods, and finally, we use the
proposed LBH method for control system tuning and show-
case its efficiency on the Zyvex Labs scanner as well as a
commercial scanner.

A. Experimental setup

A series of experiments were performed using a novel
STM scanner designed by Zyvex Labs. This is a three degree-
of-freedom serial kinematic piezo-stack actuator shown in
Fig. 3. This scanner provides a 4 mm motion range in the
coarse positioning mode through a stick-slip mechanism with
consistent steps as small as 1 nm that were measured with
an interferometer. Also, during fine positioning, a range of
3 × 3 µm in the XY plane and 1.5 µm in the Z-direction
is achieved with a resolution better than 2 pm. A second set
of experiments were conducted using a ScientaOmicron VT
STM.27 This instrument uses a piezo-tube scanner for fine
positioning in a range of 12 × 12 × 1.5 µm with a reso-
lution better than 1 pm. Coarse positioning of this scanner
is obtained by a stick-slip mechanism that covers a range of
10 mm at each direction with individual steps no larger than
40 nm. In this product, a built-in eddy-current damping sys-
tem is implemented for vibration isolation, which removes the
need for an additional mechanical stage for vibration isolation.

FIG. 3. Zyvex Labs’ scanner: a serial
kinematic piezo-stack actuator. Travel
range is 4 mm × 4 mm × 4 mm (XY Z)
and 3 µm × 3 µm × 1.5 µm (XY Z)
for coarse and fine positioning, respec-
tively.
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Hydrogen terminated silicon samples with tungsten tips were
used in the experiments. Details of sample preparation have
already been presented in previous studies.28 The STM is
customized for Hydrogen Depassivation Lithography (HDL)
which is previously described in detail.6,28 Tip preparation is
also discussed in a previous work.29 All the experiments were
conducted in the imaging mode; however, in several cases,
lithography patterns are visible in the STM images.

Both of the scanners described above are operated in ultra-
high vacuum of 10�11 Torr and in room temperature. A Femto
DLPCA-200 current pre-amplifier with a gain of 109 Ω and
bandwidth of 1 kHz is used for current measurement with the
Zyvex scanner. A 20 bit Digital Signal Processing (DSP) unit
running at 50 kHz sampling frequency is used for driving the
system both in imaging and lithography modes. This DSP is
a product of Zyvex Labs and is trademarked as ZyVector. A
software unit called ScanZ provides the user with a graphi-
cal user interface as well as the capability to define scanning
and lithography conditions, controller gains, and experiment
conditions. The proposed LBH measurement and self-tuning
control algorithms have been implemented in the DSP, and
their parameters are tunable through ScanZ. A dSPACE Micro-
LabBox running at 50 kHz sampling rate is used for recording
the time-domain data. The STM images presented in this paper

TABLE I. Major parameter values used throughout the experiments.

Parameter Value

Feedback bandwidth 300 Hz
LBH estimation bandwidth 400 Hz
Rastering speed 60 nm/s
Dither frequency 4 kHz
Current setpoint 0.2 nA
Bias voltage �2.5 V
Signal-to-noise ratio 10 dB

are further processed by Gwyddion30 for better display. Table I
shows the main parameters used for imaging, LBH estimation,
and controller tuning throughout this paper.

B. LBH measurement results

Both the conventional LBH measurement method and the
alternative method proposed here are used to generate LBH
images. These images are obtained with and without the PI
controller tuning scheme described in Sec. II D. In the present
section, we compare the obtained results to appreciate the
difference between the two methods.

FIG. 4. STM topography image
(top) and the LBH images using the
proposed (middle) and the conventional
(bottom) methods. All three images
were captured simultaneously while
the self-tuning algorithm was off.
The plots left to each image show
the corresponding profile and suggest
that a relative 21.6% of the mean
value is due to the topography effects
in the proposed method, while this
relative value is as high as 60.4% in
the conventional method. A better
contrast of LBH features in the
conventional method is apparent.
RelTOPO is defined as RelTOPO
= 2 (maxTOPO − minTOPO) /(maxTOPO
+ minTOPO ).
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Figure 4 displays a STM topography image as well as
LBH images obtained using the proposed and conventional
methods simultaneously. Experiments were conducted with
fixed PI gains. The topography image shows the relative height
of features with respect to the mean value. In order to depict the
LBH image, we estimated parameter C̃ based on Eq. (6) and
divided it further by the system constants kHV and γ to set the
units to 1/nm, as shown in Fig. 4 (middle). In the conventional
method, only ln i is used to produce the image. The image
displayed at the bottom of Fig. 4 was plotted using the signal
RY shown in Fig. 2.

A number of surface features including dimer rows, a
step edge, missing Si dimers, and dangling bonds (DB) are
visible in the topography image (Fig. 4 top). For some fea-
tures, the contrast is purely physical. The top of the step edge
appears brighter than the base, while the missing dimer defects
appear dark. Dangling bonds (DB) result from missing hydro-
gen atoms6,28 and appear as bright features. In this case, the
contrast is electronic. The dangling bond states are much closer
to the Fermi level than the H-terminated dimers, and as a result,
tunneling is easier on the dangling bonds; hence, the tunneling
current tends to increase over them. However, since the con-
troller keeps the current constant, it moves the tip away from
the surface over a dangling bond and as a result dangling bonds

appear as bright spots in the topography image. Equivalently,
LBH is lower on a dangling bond since states are closer to
the Fermi level. This results in a higher DC gain of G(s) in
Fig. 1 given the negative sign in the exponential component in
Eq. (3).

It is well known that the LBH image is always correlated
with the topography. One reason is that the control system
moves the tip perpendicular to the average surface, while the
actual current is not always in this direction.1 Although the
LBH changes while crossing the dimer rows, a large correla-
tion to topography is considered an undesired effect in LBH
images.1 The profile B sketched in Fig. 4 (middle) shows
that the topography is within 21.6% of the mean value of the
recorded LBH, while the profile C shows this value as high
as 60.4%, suggesting that the LBH image that our method
produces presents less correlation to the topography. In addi-
tion, it is observed that the dangling bonds that are real LBH
features appear with a better contrast in the middle image
in Fig. 4 which suggests that the proposed method is capa-
ble of capturing the surface electronic properties with a better
contrast.

Our analysis in Sec. II A shows that the conventional
method also depends on the feedback system parameters, and
we expect to observe more LBH image distortion while the

FIG. 5. STM topography image (top)
and the LBH images using the pro-
posed (middle) and the conventional
(bottom) methods. All three images
were captured simultaneously while the
self-tuning algorithm was active. The
plots left to each image show the cor-
responding profile and suggest that a
relative 30.0% of the mean value is due
to the topography effects in the pro-
posed method, while this relative value
is as high as 46.1% in the conventional
method. It is clear that at the bottom
image, the real LBH features appear as
high as the topography features, but the
LBH image obtained using our method
(middle) is not affected by controller
tuning and the LBH features are still
distinguishable with good contrast.
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controller gains are adjusted. This is shown in Fig. 5 which is
the same as Fig. 4 except that the self-tuning control scheme
proposed in Sec. II D is operating. Figure 5 (middle) shows that
the LBH features are still distinguishable with good contrast
while the self-tuning controller is operating. In contrast, in the
ln (i) image which represents the conventional LBH measure-
ment method, the LBH features appear as high as topographic
features. This failure is due to the dependency of the con-
ventional method on the feedback parameters, as discussed in
Sec. II A.

C. Self-tuning PI control

In order to investigate the efficiency of the self-tuning
algorithm proposed in Sec. II D, we assigned a set of high

PI gains which put the feedback system close to the stability
margin. We used the Zyvex Labs’ scanner for these tests, and
first turned the tuning algorithm off while scanning a litho-
patterned sample with a slow rastering speed of 60 nm/s. In the
patterned area, the LBH is higher than the rest of the sample.
As a result, we expect the closed-loop system to experience
ringing while passing over the litho-patterned area noting that
the loop gain is already high.

Figure 6 displays the STM topography, current error, and
LBH images on top, middle and bottom rows, respectively,
for the two cases of PI tuning off (middle column) and on
(right column). Prior to these tests, we produced a HDL pat-
tern on the sample and drew several line patterns which are
visible in the images plotted in Fig. 6. Hydrogen atoms have
been removed from the patterned area. As a result, the LBH

FIG. 6. Effect of the self-tuning PI controller using Zyvex Labs’ scanner. Top: topography image, middle: current error image, and bottom: LBH image, for the
two cases of tuning on (right column) and off (middle column). PI gains are high and the system is close to the stability margin when the tuning is off. Large
feedback error proves closed-loop ringing and instability when passing over the lithography patterns. The same system with the self-tuning controller operating
stays stable. Parameters given by Table I are used during the experiments. First, three images are captured simultaneously in one scan while the tuning was
off. Immediately after that, we turned the tuning on and captured the images shown in the right column. All other parameters and scan conditions are the same
between the two cases.
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is higher on the patterns compared to the rest of the sample
where electrons tunnel through hydrogen. Recalling that the
LBH is directly affecting the closed-loop gain, we expect to
observe instability over the patterns given large initial PI gains.
We first fixed the PI gains and scanned the sample using the
parameters given in Table I. Then, we activated the tuning
algorithm and scanned the same area again. All other param-
eters and conditions are the same between the two successive
scans.

The middle row of Fig. 6 compares the current error signal
between the two cases. When the tuning is off, the feedback
system undergoes large oscillations while passing over the
lithography patterns. As a result, the current error experiences
values as large as 0.6 nA. Note that in the areas other than the
patterns, the system is stable and the current error is kept near
zero. This supports our claim that the control system perfor-
mance can be affected significantly by the local properties of
the sample and tip. On the other hand, when the tuning is on,
the current error image in the right column of Fig. 6 shows that
the feedback stability is preserved both over the lithography
patterns and hydrogen passivated area using the self-tuning
algorithm.

The top row of Fig. 6 compares the topography images for
the two cases with and without a self-tuning controller. Ring-
ing due to the closed-loop instability is apparent around the
patterns when the tuning is off. At the bottom row of Fig. 6,

the LBH images are compared. Note that when the feedback
system undergoes instability while the tuning is off, the LBH
estimation algorithm fails. Therefore, the estimated LBH val-
ues shown in profile E are not reliable in this case. However,
the system stays stable when using the PI tuning method. The
estimated LBH values for this case displayed in profile F in
Fig. 6 show a near 30% increase in the measured value which
was enough to destabilize the feedback system in the absence
of the tuning algorithm.

We also conducted further tests to verify the performance
of the proposed self-tuning controller on the commercial Omi-
cron scanner. We pursued the same test strategy articulated
above by setting high PI gains and repeating the STM scan
successively with and without the PI tuning scheme. Results
are shown in Fig. 7. A prior lithography pattern provides an
area on which the LBH value is locally different from the
rest. Passing over the pattern while the tuning algorithm is off,
the feedback system undergoes ringing as shown by profile
D in Fig. 7 given that the PI gains are already high. However,
repeating the same scan immediately with the self-tuning algo-
rithm in operation, the control system preserves the stability as
proved by the current error image and profile C in Fig. 7. Get-
ting the same behavior on a commercial STM scanner assures
us that the observed performance of the self-tuning PI con-
troller is not due to the dynamics of the scanner and can be
generalized to the whole family of STMs.

FIG. 7. Effect of the self-tuning PI controller using the Omicron scanner. Top: topography image, and bottom: current error image, for the two cases of tuning
on (right column) and off (middle column). PI gains are high and the system is close to the stability margin when the tuning is off. Large feedback error proves
closed-loop ringing and instability when passing over the lithography patterns. The same system with the self-tuning controller operating stays stable. Parameters
given by Table I are used during the experiments. First, the two images in the middle column are captured simultaneously while the tuning was off. Immediately
after that, we turned the tuning on and captured the images shown in the right column. All other parameters and scan conditions are the same between the two
cases.
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IV. CONCLUSIONS

In this paper, we investigated a method for measuring the
Local Barrier Height (LBH) that dates back to the early years
of STM research and showed that the quantity measured by
this method is undesirably dependent on the feedback con-
troller parameters. We showed that this dependency is due to
the fact that the controller still responds, though weakly, to the
modulating frequency Ω even if Ω is beyond the bandwidth
of the closed-loop system.

On the other hand, we showed that the DC gain of the
open-loop plant is solely a function of the LBH. Thus, we
proposed a method in Sec. II C to estimate the DC gain and
consequently the LBH. We showed that the proposed method
removes the dependency of the measured quantity on the
feedback parameters as given by Eq. (6).

Since the control loop gain can change due to the
LBH variations, we expect that the control system perfor-
mance is affected by those variations for a fixed set of con-
troller parameters. In order to remove the negative impact
of a varying LBH on the system stability and performance,
we proposed a tuning algorithm in Sec. II D which continu-
ously updates the PI gains based on the instantaneous LBH
measurement.

We conducted an experimental analysis to compare the
conventional and proposed LBH measurement methods in
Sec. III B. Results show that the proposed method yields
LBH images that display the real LBH objects (e.g., dangling
bonds) with a better contrast. In other words, the LBH features
are better distinguished from the background with our pro-
posed method. Furthermore, we showed that using the PI self-
tuning algorithm negatively affects the LBH image obtained
by the conventional method. This result is expected given that
the conventional LBH measurement method is undesirably
dependent on the controller parameters.

We conducted further experiments to investigate the effect
of the self-tuning PI controller. We used a set of large but sta-
ble PI gains to put the system close to the stability margin.
In such a situation, the closed loop is more sensitive to loop
gain variations and can present instances of violated stability
when the plant DC gain changes due to the LBH. This is exactly
what happens over the patterned area in Fig. 3. It is obvious
that we can avoid instability by setting low PI gains. How-
ever, first, we do this to prove our hypothesis claiming a link
between feedback stability and a local property of the tun-
neling junction that is subject to change. Second, given the
large gain variation due to the LBH, it is always possible
that instability occurs temporarily even with low PI gains
especially while the STM tip triggers chemical reactions
on the surface as in the lithography mode. Third, there is
always interest toward large PI gains to increase the band-
width of the closed-loop, and consequently, the scanning
speed. Using smaller PI gains reduces the chance of feed-
back instability, but due to less sensitivity and smaller band-
width, it results in more tip-sample crash. The proposed PI
tuning scheme is expected to facilitate boosting PI gains
to the stability limit and hence achieving higher bandwidth
and scanning speed while safely avoiding more tip sample
crashes.
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