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Scanning tunneling microscope combines unique capabilities in imaging and spectroscopy with atomic precision and
it can obtain energy-resolved spectroscopic data with atomic resolution. In this paper we utilize a recently proposed
modification to the STM feedback control loop to acquire high quality d2I / dV2 images. We have developed a constant
differential conductance imaging method by closing the STM feedback loop with a high precision dI / dV measurement.
In this mode, the tip’s vertical position is adjusted so as to keep the differential conductance constant during raster
scanning of the surface. Based on this imaging mode, we propose a new technique to acquire fast and reliable scanning
tunneling spectroscopy data simultaneously with the imaging.

I. INTRODUCTION

Scanning tunneling microscopy (STM) is based on main-
taining a quantum tunneling current between a sharp conduc-
tive tip that is hovering within a sub-nanometer distance of
a conductive sample1,2. To a first approximation, the STM
image maps surface topographic features, however the local
electronic properties of the sample can affect the tip height,
so that the resulting image is in fact a mixture of topographic
and electronic features. Early in the development of the STM,
it was realised that the STM could be used to extract local
electronic properties of surfaces, and various methods, collec-
tively known as scanning tunneling spectroscopy (STS) have
been designed for this specific purpose3. However, despite ad-
vancements in this field, there exist significant technical hur-
dles to increase the speed and precision of scanning tunneling
spectroscopy techniques.

The electronic structure of a surface can be determined in
several ways: the simplest involves performing successive
constant-current imaging at different sample bias voltages4–6.
Varying the bias voltage probes different surface states of the
sample and can be used to map the spatial distribution of sur-
face electronic states.

In many instances, however, a complete electronic struc-
ture map is not required and local measurements would be
enough7. For these types of single-point spectroscopy, the
STM tip is positioned over a specific point, the feedback loop
is switched off, and the sample voltage is varied over the de-
sired values, so as to acquire the tunneling current as a func-
tion of bias voltage, I(V). The bias voltage is then turned back
to the previous constant-current imaging value and the feed-
back is reactivated. Similarly, the Local Density of States
(LDOS) at a certain location can be determined from the dif-
ferential conductance, dI / dV .

Current-imaging tunneling spectroscopy (CITS) is an ex-
tension of individual I(V) spectroscopy8. Tunneling spec-
tra are taken at every pixel of an image. Spectroscopic in-
formation, e.g. current I(x,y) or differential conductance
dI / dV maps at fixed bias voltages, are then produced from
the corresponding data sets. This spectroscopy method re-
quires pausing the scan and turning off the feedback loop for

a)Corresponding author: Reza.Moheimani@utdallas.edu

every pixel. This is a laborious task and a normal map of small
sample area can take up hours9. Therefore, in this method low
lateral drift and tip-sample junction stability are of key impor-
tance.

STM inelastic tunneling spectroscopy (STM-IETS) has
been used to identify molecules on a conductive surface10–12.
As the energy of tunneling electrons exceeds a threshold volt-
age, an inelastic channel for tunneling opens up in addition
to the elastic tunneling current that can excite vibration of an
atom or molecule on the surface. This is observed as an in-
crease in the slope of the I-V curve, which is usually too small
to be detected directly from dI / dV . This also appears as a
peak or dip at a bias voltage corresponding to the energy of
the vibrational mode in the d2I / dV2 signal and is measured
by lock-in techniques. A small modulation voltage is added
to the dc bias. The signal amplitude measured at twice the
modulation frequency is proportional to d2I / dV2 . This con-
ventional way of measuring d2I / dV2 leads to a very small and
noisy signal, even with the lock-in technique.

Previously, we demonstrated a method to improve the
signal-to-noise ratio (SNR) of a differential conductance im-
age by incorporating notch filters in the STM feedback loop13.
We showed that this modified feedback loop enables us to ap-
ply a higher amplitude modulation without adversely affecting
the topography measurements. In this paper, we employ the
same method as in [14] to obtain a high SNR d2I / dV2 image.
We expect these methods to benefit STM spectroscopic ap-
plications, enabling users to obtain reliable information about
the local density of electron states (LDOS) of a sample and
identify molecules or atoms on or beneath a surface. We also
propose a method that the I-V curve can be obtained simul-
taneously with the topography image without interrupting the
feedback loop. Similarly to CITS, our method also provides
a tunneling spectra for every pixel of an images; however, it
reduces the imaging time significantly.

The dI / dV image can be acquired simultaneously with the
topography image by utilizing the modulation technique. This
works by superimposing a sinusoidal modulation signal on
the dc sample bias voltage and measuring the component of
ac current that is in-phase with the modulation voltage13,15.
For a small modulation amplitude, this signal is proportional
to dI / dV . The feedback loop is closed on the dc tunneling
current and the controller output constructs a constant-current
topography image of the surface. Here, we propose the con-
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stant differential conductance imaging mode for STM. In this
mode, the tip is scanned over the surface while the feedback
loop keeps the component of current in-phase with the modu-
lation constant.

The remainder of the paper continues as follows. In
the next section, experimental setup and theoretical back-
ground are briefly explained. High signal-to-noise ratio
d2I / dV2 imaging is presented in Section III. In Section IV,
constant dI / dV imaging mode and its implementation are de-
tailed. The ultra-fast current-voltage spectroscopy is explored
in Section V, and the paper is concluded in Section VI.

II. EXPERIMENTAL METHODS

Experiments were performed using a home built room-
temperature ultrahigh-vacuum scanning tunneling microscope
with the base pressure of 10−11 Torr16. Real-time control
tasks such as the STM feedback loop were handled by a
ZyVector 20-bit digital control box17. We used Zurich Instru-
ments HF2LI as an external lock-in amplifier and a FEMTO
LCA-400K-10M as a transimpedance amplifier. The tran-
simpedance amplifier has a bandwidth of 400 kHz with the
amplification gain of 107.

We performed our experiments on hydrogen passivated
Si(100)-2×1 samples. The ability to precisely pattern a hydro-
gen terminated silicon surface14,18–20, selectively adsorb vari-
ous atoms and molecules21,22, and integrate new devices with
conventional silicon electronics, make this surface ideal for
developing atomically precise manufacturing methods. Our
Si(100) samples are boron doped with a resistivity of 1 ohm
cm. Tip and sample preparation procedures are reported in
detail elsewhere13,23.

Several methods have been proposed to approximate the
current flowing through a tunneling junction (electrode-gap-
electrode). In the energy-dependent approximation of the
Bardeen model, the tunneling current is dependent on the den-
sity of states of the tip and the sample according to24:

I =
4πe

h̄

∫ eV

0
ρt(ε− eV )ρs(ε)T (ε,V,δ )dε (1)

where ρt , ρs, δ , and T (ε,V,δ ) are the density of states of the
tip, the density of states of the sample, the barrier thickness,
and the transmission factor for tunneling from a tip to a sample
state. Assuming that ρt and T are voltage independent24, the
first derivative of the tunneling current in Eq. 1 with respect to
V results in the differential conductance dI / dV as follows:

dI
dV

=
4πe2

h̄
ρt(0)ρs(eV )T (eV,V,δ ) (2)

Eq. 2 demonstrates that the differential conductance is pro-
portional to the density of states of the sample.

In conventional STS, the current-voltage characteristic is
recorded by keeping the tip at a fixed position over the surface
and slowly sweeping the bias voltage. For a low frequency
sweep, the measured current is primarily due to the quantum
tunneling with the capacitive current being negligible. The

P
iezo

 tu
b

e

𝑉

Preamp

Z controller

+
𝑉𝑚 sin(𝜔𝑡)

Lock-in amplifier

𝑑𝑛𝐼

𝑑𝑉𝑛
Ref.

InputOutput

FIG. 1. Schematic representation of an STM operating in constant-
current imaging mode. With the lock-in technique, dnI / dVn is mea-
sured at the sample bias voltage of V , simultaneously with imaging.

first derivative of the total current then provides information
on LDOS of the surface, and the second derivative gives in-
formation on vibrations of the adsorbate.

Adding a dither voltage Vm sin(ωt) to the sample bias V will
result in a tunneling current I = f (V +Vm sin(ωt)). The Taylor
series expansion of I around the voltage V is as follows:

I = f (V +Vm sin(ωt)) =
∞

∑
k=0
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(3)

By grouping the terms with the same multiples of the mod-
ulation frequency, Eq. 3 can be written as

I = I0 +
∞

∑
i=1

(a2i−1sin((2i−1)ω t)+a2icos(2iω t)) . (4)

For a small dither voltage, the higher order terms of each
group can be neglected and the amplitude of tunneling current
at nω is proportional to the nth derivative of I, i.e.

ai ∝
dnI
dV n (5)
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FIG. 2. The control block diagram of STM in constant-current mode.
The tunneling current experiences a transient change when the tip
encounters an unknown topographic feature, h, on the surface. The
preamplifier GA(s) with the amplification gain of kp converts the tun-
neling current to a measurable voltage. This is then regulated by the
controller C(s) through adjusting the tip-sample gap δ . The con-
troller command is amplified by the high voltage amplifier Gh(s),
which drives the piezo actuator Gp(s).

In practice, the nth derivative of tunneling current at a fixed
sample bias voltage is measured by a lock-in amplifier, as
shown in Fig. 1. A sinusoidal modulation with the frequency
of ω and amplitude of Vm is added to the dc bias voltage of
sample. The resulting current is then sent back to the lock-
in amplifier. For a low frequency dither signal, the capacitive
component of total current is negligible and amplitude of the
signal at nω is proportional to dnI / dVn . On the other hand,
the capacitive component is substantial for a high frequency
dither signal and it must be considered in the measurements.
In this case, amplitude of the in-phase component of the to-
tal current at the fundamental frequency represents dI / dV and
the quadrature part is proportional to the capacitance:

Itotal = I + Icap = I +CVmω cos(ωt) (6)

where C is the total capacitance comprising the tip-sample and
stray capacitances.

III. HIGH SNR dI / dV AND d2I / dV2 IMAGING

In our previous work13, we showed that high signal-to-
noise ratio dI / dV images can be obtained by incorporating
notch filters in the feedback loop. The modified STM feed-
back control system, depicted in Fig. 2, enables us to apply
a higher amplitude dither voltage without adversely affecting
the topography image, leading to a higher quality differential
conductance image25.

We use the same method to perform high SNR
d2I / dV2 imaging. Here, a 2 kHz dither signal is generated
by the lock-in amplifier and added to the sample’s - 2.5 V dc
bias voltage. The amplified current is sent back to the lock-
in amplifier to be compared with the reference signal. Total
current, the in-phase component of current at the fundamen-
tal frequency, the quadrature component of current at the sec-
ond harmonic, and the in-phase component of current at the

third harmonic, are sent to ZyVector17 for producing current,
dI / dV , d2I / dV2 , and d3I / dV3 images, respectively.

The results are plotted in Fig. 3, where protrusions are white
and depressions are black in the topography images. Sim-
ilarly, regions of high current are white and regions of low
current are black in the current images. Topography, dI / dV ,
d2I / dV2 , and d3I / dV3 images for a typical dither amplitude
of 0.1 V are shown in Fig. 3 (a-d). The current setpoint is
1 nA in these experiments. The differential conductance and
d2I / dV2 images are quite noisy due to the low SNR.

For the second set of experiments, we incorporated notch
filters in the feedback loop and imaged the same area. The
center frequencies of these filters were located at the fun-
damental frequency of the dither voltage and the first four
higher harmonics. The stop bandwidth of filters was 0.2 kHz.
This modified feedback control system enabled us to apply a
higher amplitude dither voltage, without adversely affecting
the topography image in Fig. 3 (e). The quality of dI / dV ,
d2I / dV2 , and d3I / dV3 images are significantly improved as
shown in Fig. 3 (f-h). Consequently, dimer rows and defects
are clearly visible, whereas they are not in Fig. 3 (b-d). This
method is, therefore, advantageous in detecting the location
of buried dopants in a H-terminated silicon surface.

A Zurich instrument lock-in amplifier is used to demodu-
late the amplified current into the in-phase and 90°out of phase
components at the fundamental frequency and higher harmon-
ics. To measure the SNR of these signals, they were recorded
with a sampling rate of 28.783 kHz at the output ports of the
lock-in amplifier over 20 s time periods, while the lateral posi-
tion of the STM tip was kept constant. The signal-to-noise ra-
tio is defined as the ratio of the mean to the standard deviation
of the signal. The SNR of dI / dV , d2I / dV2 , and d3I / dV3 ,
were measured as 1.955, 0.094, and 0.002, respectively, with
the conventional method and increased to 5.574, 4.393, and
1.046, with our method. These significant improvements in
SNR were brought about by incorporating notch filters into
the feedback loop, which allowed us to increase the modula-
tion amplitude.

IV. CONSTANT DIFFERENTIAL CONDUCTANCE
IMAGING

A simplified model of tunneling current between the sample
and the tip of an STM can be expressed as26,27:

I ≈ H(V,ρt ,ρs)e−1.025
√

φδ (7)

Constant current mode scanning tunneling microscopy is
the most frequently used method for acquiring STM topogra-
phy images. In this mode, a closed-loop control system ad-
justs the vertical position of the tip in order to keep the nat-
ural logarithm of tunneling current (ln(I)) constant. Assum-
ing that all parameters except for δ are constant in Eq. 7, the
tip-sample separation is linearly proportional to the ln(I) of
tunneling current.

From Eq. 7, the first derivative of I with respect to V is
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FIG. 3. Topography image (top row), dI / dV image (second row), d2I / dV2 image (third row), and d3I / dV3 image (bottom row) of a hydro-
gen terminated Si(100) surface. (a)-(d) with 0.1 V modulation amplitude and without notch filters in the feedback loop, (e)-(h) with 0.8 V
modulation amplitude and with notch filters in the feedback loop.

expressed as:

dI
dV
≈ dH

dV
e−1.025

√
φδ (8)

Under the same assumption as for the constant current
mode imaging, Eq. 8 shows that ln(dI/dV ) is also linearly
proportional to the tip-sample separation and can be used as a
feedback signal.

Here, we close the STM feedback loop on the ln(dI/dV )
signal. This amounts to a new imaging mode for the UHV

STM. The corresponding control system block diagram is
shown in Fig. 4. A sinusoidal bias modulation with frequency
of ω and amplitude of Vm is added to dc sample bias voltage.
The resulting current is then amplified by the preamplifier and
sent back to the lock-in amplifier that measures amplitude of
the component of the current that is in-phase with the mod-
ulation signal (a1 in Eq. 4). For a small dither voltage, a1 is
approximately proportional to dI / dV . This is then digitally
scaled by kl in the lock-in amplifier and sent to the ZyVector
STM control system as an analog signal. The setpoint mi-
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FIG. 4. The control block diagram of an STM in constant differential
conductance mode. The modulation voltage Vm sin(ωt) is added to
the sample bias voltage V . The resulted current is then amplified by
the preamplifier GA(s). The lock-in amplifier measures the in-phase
component of the amplified current, scales it by a factor of kl , and
sends it to the ZyVector for the control purposes.

nus the natural logarithm of this signal is defined as the error.
The proportional integral controller regulates the tip-sample
height in order to minimize the error signal. The controller
output is then plotted along with the x and y positions of the
tip to construct a topography image of the surface.

Fig. 5 shows images of a Si(100)-2×1:H passivated surface
in constant differential conductance mode. All of the images
were obtained simultaneously. A bias modulation at 2 kHz
and amplitude of 0.8 V was added to - 2.5 V sample bias volt-
age. The topography image in Fig. 5 (a) is constructed by
closing the feedback loop on ln(kpkla1), where a1 is the am-
plitude of in-phase component of current with the modulation,
kp is the preamplifier gain of 107, and kl is the lock-in ampli-
fier scale factor of 10. The a1 and a2 images are also shown
in Fig. 5 (c) and (d), respectively. It can be assumed that a1
and a2 are proportional to dI / dV and d2I / dV2 , respectively.
In this experiment, the setpoint (a1)set was 0.1 nA. The image
of dc tunneling current after the notch filters (kpI) f ilt. is also
shown in Fig. 5 (b).

V. ULTRA FAST CURRENT-VOLTAGE SPECTROSCOPY

In this section we introduce a new method to acquire com-
plete I-V characteristics of a surface and the topography at
the same time. This ultra-fast spectroscopy technique over-
comes the slow speed inherent to the conventional scanning
tunneling spectroscopy and allows real-space imaging of sur-
face electronic states in real time. Many applications can be
foreseen for this technology, e.g. we are using rapid spec-
troscopy to detect locations of buried dopants in silicon during
atomic-scale device fabrication.

This method is based on the imaging mode explained in
Sec. IV, with the difference that a high amplitude modulation
voltage without a dc bias is applied to the sample. The feed-
back loop is then closed on the a1 signal, i.e the fundamental

(d)(c)

(b)(a)

FIG. 5. (a) Topography image, (b) filtered dc current image, (c)
dI / dV image, and (d) d2I / dV2 image of a Si(100)-2×1:H passivated
surface, in constant differential conductance imaging mode. All of
the images are obtained simultaneously.

frequency component of the tunneling current obtained from
the lock-in amplifier. This provides the possibility to equally
sweep both positive and negative voltages without the need to
apply a very high amplitude modulation. A sinusoidal signal
with the frequency of ω is applied to the sample. The resulting
current contains both tunneling and capacitive components. A
preamplifier, i.e. a transimpedance amplifier, converts the to-
tal current to a measurable voltage. This signal is then sent to
the lock-in amplifier and is demodulated to the in-phase (a1
in Eq. 4) and the quadrature components (CVmω in Eq. 6).
The feedback loop is closed on the ln(kpkla1) signal when the
surface is raster scanned. The tunneling current is obtained
by subtracting the capacitive current, CVmω cos(ωt), from the
total current. This is recorded in conjunction with the modu-
lation voltage to construct an I-V curve within a time span as
short as the half period of the modulation. Also, the tunneling
current image of choice at a fixed sample bias voltage between
−Vm and +Vm can be constructed from the I-V curves data.

Fig. 6 shows simultaneously obtained images of a hydro-
gen passivated silicon surface with two adjacent depassivated
dimer rows. The scan size is 16nm×16nm and the image size
is 128× 128 pixels. A sinusoidal voltage with a frequency
of 2 kHz and amplitude of 2.5 V is applied to the sample.
The topography image in Fig. 6 (a) is constructed by clos-
ing the feedback loop on ln(kpkla1). The a1 image is shown
in Fig. 6 (b). In this experiment, the setpoint (a1)set is 0.1 nA.
I-V curves are recorded simultaneously with the topography
image for every pixel. There are 4600 Sa/nm with the Zurich
instrument recording at a sampling rate of 460 kSa/s, the scan
speed of 100 nm/sec, and the modulation frequency of 2 kHz.
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(f)(e)

(d)(c)

(b)(a)

FIG. 6. Simultaneous STM and STS imaging of a Si(100)-2×1:H
passivated surface. A 2 kHz sinusoidal signal with the amplitude of
+ 2.5 V was applied to the sample. (a) The topography image was
obtained by closing the feedback loop on the a1 signal, the in-phase
component of current with the modulation. (b) a1 image of the same
area. (c), (d), and (e) The tunneling current image at the voltage
of - 2.3 V, - 1.8 V, and + 2.3 V, respectively obtained form the I-V
curve data of each pixel. (f) I(V) on a dangling bond (red curve)
and on a Si-H bond (black curve). All of the data were obtained
simultaneously.

This is equivalent to 1766 samples or 7.68 cycles per silicon
atom. Higher resolution and more cycles to further reduce
noise would be available at slower scan speeds. This setup
enables us to acquire a tunneling current image for every sam-
ple bias voltage between -2.5 V and +2.5 V. Fig. 6 (c), (d), and
(e) show the tunneling current image at the sample voltage of
- 2.3 V, - 1.8 V, and + 2.3 V, respectively. Fig. 6 (f) compares
the I-V curves obtained on a dangling bond (DB) and on a
Si-H bond. The tunneling current at a specific voltage de-
pends on the physical height of surface features and the local
density of electron states (LDOS). We observe in Fig. 6 (e)
that contrast between tunneling current on a dangling bond
and on a Si-H bond at the sample voltage of + 2.3 V is more
striking compared to the negative voltages in Fig. 6 (c) and (d).

The smaller band gap on the dangling bond produces a larger
current in this case. These measurements resemble those re-
ported in previous studies28–31. For a 7.2nm×7.2nm sample
area with 80 scan lines, the entire imaging/spectroscopy pro-
cedure with this method requires only 12 seconds. That is, our
method constructs a spectroscopic map of the surface at least
1500 times faster than the conventional CITS method9.

VI. CONCLUSIONS

In this work, we have developed a method that enables us to
obtain dI / dV and d2I / dV2 images with a better accuracy than
conventional methods, due to an improved SNR. By incor-
porating notch filters in the feedback loop of the STM con-
trol system, we were able to increase the amplitude of the
modulation signal without compromising the quality of the
topography signal, or running the risk of a tip crash. We in-
troduced constant differential conductance imaging mode to
produce the topography image of the surface. In this imaging
mode, a modulation signal is added to the bias voltage and
the in-phase component of current is kept constant throughout
the experiment. This is particularly advantageous to obtain
a cleaner topography image in the presence of low-frequency
noise (flicker noise) in the current signal. Finally, an ultra fast
spectroscopy method was proposed. This method provides
an I-V spectra for every pixel of an image during scanning
and significantly reduces the spectroscopy time. Unlike the
conventional spectroscopy techniques, experimental require-
ments for our spectroscopy method are easily fulfilled at a
room temperature. Furthermore, implementing this method
does not require additional hardware if the lock-in amplifier is
incorporated in the STM control software.
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