High signal-to-noise ratio differential conductance spectroscopy
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The scanning tunneling microscope (STM) has enabled manipulation and interrogation of surfaces with atomic-scale
resolution. Electronic information about a surface is obtained by combining the imaging capability of the STM with
scanning tunneling spectroscopy (STS), i.e. measurement of current-voltage (I/V) characteristics of the surface. We
propose a change in the STM feedback loop that enables capturing a higher quality dI/dV image. A high frequency
dither voltage is added to the bias voltage of the sample and the fundamental frequency component of the resulting
current is demodulated. The in-phase component of this signal is then plotted along with the X and Y position data,
constructing the dI/dV image. We show that by incorporating notch filters in the STM feedback loop, we may utilize
a high-amplitude dither voltage to significantly improve the quality of the obtained dI/dV image.

I.  INTRODUCTION

The invention of the scanning tunneling microscope in the
early 1980s by Binnig & Rohrer was a major breakthrough in
the field of microscopy'. STM relies on the concept of quan-
tum tunneling. A sharp tip is brought within subnanometer
distance of a conductive surface. By applying a bias voltage
between the sample and the tip, electrons tunnel through the
vacuum separating the two. In constant current mode, a feed-
back control system keeps the tunneling current constant by
varying the tip-sample separation. Here, the topographic im-
age can be constructed using the controller output along with
the X and Y position data.

Since the invention of STM, there have been ongoing ef-
forts to improve the already existing spectroscopic modes
and to develop new techniques to unravel important elec-
tronic properties of the surface. A number of spectroscopy
modes have been developed and are available today, includ-
ing inelastic electron tunneling spectroscopy (IETS)>, time-
resolved scanning tunneling microscopy (TRSTM)>%, as well
as I-V7? and I-Z %! spectroscopy modes. Current-Voltage
spectroscopy, also known as scanning tunneling spectroscopy
(STS), is perhaps the most widely used spectroscopic mode
of STM, which provides information about electronic prop-
erties of the surface. In particular, d (InI)/d(In'V) is a good
measure of the local density of states (LDOS) of the surface.

An STS spectrum can be obtained by positioning the STM
tip above a particular location, freezing the tip Z position,
and measuring the tunneling current as a function of the bias
voltage. Then, the slope of the I-V curve at each bias volt-
age, dI/dV, corresponds to the sample’s local electron den-
sity of states (LDOS). In addition, the dI/dV signal can pro-
vide information about the spatial variation of electronic wave
functions, and single-electron tunneling (SET) phenomenalz.
This is a slow process that could be affected by the piezoelec-
tric actuator’s drift, which changes the XY position and tip-
sample height and thus the measured current. An alternative
is to acquire a scanning tunneling spectroscopy spectrum by
means of a modulation technique. Compared to the numerical
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derivation of an I-V curve, measuring dI/dV by the lock-in
technique enhances the signal-to-noise ratio (SNR). Using the
lock-in technique, a dI/dV image at the bias voltage V can be
obtained simultaneously with the topography image without
the need for disabling the feedback loop. However, images
that are obtained from this method suffer from noise, which is
mainly due to the small amplitude of the dither voltage. The
signal level must be kept small to avoid perturbing the feed-
back loop as a high amplitude dither voltage is fed back to the
controller and disturbs the topography image. Here, we report
a method that enables increasing the SNR of dI/dV imaging
using the lock-in technique. We show that with a small change
in the feedback loop, we can improve the quality of differen-
tial conductance imaging by utilizing a large amplitude dither
voltage, without introducing noise into the STM image.

II.  METHODS

A home built Lyding-style ultra high vacuum STM'3, op-
erating at room temperature, is used to perform the experi-
ments described here. The base pressure of the STM is as low
as 107! Torr. A ZyVector'* STM control system is used to
handle real-time control tasks with a sampling frequency of
100kHz.

The experiments were performed on H-terminated Si(100)
samples. To prepare a sample, a piece of 1 ohm cm boron-
doped wafer is degassed at 650° C for 8 hours. The surface ox-
ide film and any carbon contamination are removed by flash-
ing the sample three times to 1250° C for 30 s. Then, the sam-
ple is cooled to 350° C and is exposed to a flux of atomic H
for 4 min. This is generated by a 1300° C tungsten filament
cracking the background H, molecules into atomic H!3.

The tunneling current between the tip and the sample can
be expressed as!®:
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with prip, Psampie» and T (€,V,d) representing the density of
states of the tip, density of states of the sample, and the trans-
mission factor for tunneling from a tip to a sample state. If the
particle energy is much smaller than the vacuum level, then
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FIG. 1. The block diagram of STM for the measurement of dI/dV.

the transmission coefficient can be expressed as'®!”:
T o< exp(—const.d /) )
with d and ¢ being the barrier thickness and the barrier height,

respectively.

For STS, the tunnel current is proportional to the density
of available states from the Fermi level up to the bias voltage.
Therefore, the current-to-voltage characteristics of the tunnel-
ing junction is utilized to measure the local density of states
(LDOS). The differential conductance dI/dV is obtained by
taking the first derivative of the tunneling current in Eq. 1 with
respect to V as follows:
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Therefore, assuming that the density of states of the metal
tip and the transmission factor are voltage independent, then
the differential conductance is proportional to the density of
states of the sample!®.

To obtain differential conductance at a bias voltage of V, a
dither voltage V,, cos(ot) is added to the sample bias voltage.
For a low frequency dither signal, it can be assumed that the
measured current is primarily due to the quantum tunneling
with the capacitive current being negligible. Therefore, to ob-
tain differential conductance for specified points within a pre-
defined voltage range, the bias voltage is slowly swept during
the measurements and for each point dI/dV is recorded.

The I-V curve can be represented by a function f as
I = f(V+Vycos(ot)). Using the Taylor series expansion of
I around the voltage V, it can be shown that the amplitude of
signal at n is proportional to the nth derivative of / with re-
spect to V. For a low frequency dither signal, the quadrature
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FIG. 2. The modified STM feedback loop. C(s), Gy(s), and G,(s)
are controller, high voltage amplifier, and Z axis actuator, respec-
tively. G4 (s) is the preamplifier with an amplification gain of k.

component is negligible and the amplitude of the signal at w is
equal to dI/dV. On the other hand, the quadrature component
would be substantial for a high frequency dither signal and
it should be taken into account. In this case, the amplitude
of the in-phase component of the current at the fundamental
frequency represents dI/dV and the quadrature part is propor-
tional to the capacitance. In practice, the amplitude of funda-
mental frequency can be obtained by a lock-in amplifier, as
shown in Fig. 1. A dither voltage V,, cos(t) is generated by
the lock-in amplifier and added to the sample bias voltage V.
The resulting current is then sent back to the lock-in amplifier
and is compared with the reference signal to be demodulated
to the in-phase and quadrature components.

In order to increase the amplitude of the dither voltage and
obtain high quality differential capacitance images, we added
five notch filters to the feedback loop of the STM as shown
in Fig. 2. With these filters in the feedback path, a higher
amplitude dither signal can be used to obtain the dI/dV im-
age without any adverse effect on the topography image. This
change in the feedback loop of STM can greatly enhance the
quality of STS.

Ill.  RESULTS AND DISCUSSION

We performed a series of experiments on a H-terminated
Si(100) surface to investigate the effect of incorporating notch
filters in the feedback loop on the signal-to-noise ratio of STS.
In these experiments, the bias voltage of the sample and the
set-point current were set to - 2.5V and 1 nA, respectively. A
Zurich Instruments HF2LI 50 MHz lock-in amplifier was used
to generate a 700 Hz dither signal, which was added to the bias
voltage and applied to the sample. We used a FEMTO LCA-
400K-10M transimpedance amplifier with the bandwidth of
400kHz and the amplification gain of 107 as the preampli-
fier. The amplified current was sent to a ZyVector'* box,
which is used for control and image processing purposes. It
was also sent back to the lock-in amplifier and separated into
in-phase and quadrature components at the fundamental fre-
quency. The in-phase component of the signal was sent to
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FIG. 3. The topography image (top row) and dI/dV image (bottom row) of a Si(100)-2x1:H passivated surface. (a)-(b) without notch filters
and with a small amplitude dither voltage (V;, = 0.1 V), (c)-(d) without notch filters and with a large amplitude dither voltage (V,, = 0.5V),
and (e)-(f) with notch filters and with a large amplitude dither voltage (V,, = 0.5 V).
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FIG. 4. Single-sided amplitude spectrum of topography with and
without notch filters in the feedback loop.

ZyVector'* and used for producing dI/dV images in real time.

A typical topography image and its corresponding dI/dV
image for a dither amplitude of 0.1 V are shown in Fig. 3(a)
and 3(b), respectively. Fig. 3(b) shows that the obtained
dI/dV is quite noisy and has a low SNR. By increasing the
dither voltage to 0.5V, the SNR of differential conductance
image is improved as shown in Fig. 3(d). However, although
the dither signal is out of the bandwidth of the control system,
nonetheless it finds its way into the controller and disturbs the
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FIG. 5. Comparison of profiles I and II in Fig. 3. The SNR is
enhanced by using notch filters in the feedback loop.

feedback loop operation. This makes the topography image in
the Fig. 3(c) noisy. For a high amplitude dither, these pertur-
bations in the tip-sample height may cause a tip-sample crash.
This can change the tip rendering both the tip and the sample
unusable.

To obtain high quality images for both the topography and

the dI/dV, we incorporated five notch filters at 1 kHz, 2 kHz,
3kHz, 4kHz, and 5kHz into the feedback loop. The 3 dB



bandwidth of all the filters was 0.2kHz. These filters atten-
uate the current signal at the fundamental frequency of the
dither voltage and its first few harmonics. This enhances the
SNR of the topography image and simultaneously increases
the quality of dI/dV, as shown in Fig. 3(e) and Fig. 3(f), re-
spectively. Fig. 4 compares the single-sided amplitude spec-
trum of topography with and without notch filters in the feed-
back loop. This demonstrates the SNR improvement that may
be achieved with this method. For dither voltages more than
0.5V, the standard deviation of noise exceeds 0.1 A. This is
comparable to topographic features on the sample and results
in noticeable noise on the topography image. To visualize the
noise content of topography image more clearly, two profiles
are drawn along a same dimer row and are shown with blue
lines on Fig. 3. We observe in Fig. 5 that the topography pro-
file IT in Fig. 3(e) is much smoother than its counterpart in
Fig. 3(c).

We use a Zurich Instruments lock-in amplifier to measure
the amplitude of the component of current which is in-phase
with the dither voltage. This small current is corrupted by
measurement noise appearing at the lock-in amplifier out-
put. Since this is then utilized by our digital control system,
ZyVector"‘, to construct a dI/dV image, this measurement
noise has an adverse impact on the resolution of the image.
The dI/dV image in Fig. 3(f) clearly demonstrates the higher
resolution of our method in comparison with the conventional
method, shown in Fig. 3(b). To quantify this, we recorded
the dI/dV signal at the output of the lock-in amplifier with a
sampling rate of 28.78 kHz over a 20 s time period. The lateral
position of the STM tip was kept constant during this experi-
ment. The SNR, defined as the ratio of the mean to the stan-
dard deviation of dI/dV, was measured as 1.145 with the con-
ventional dI/dV method. It was increased to 3.953 with our
method. This 24.78 dB enhancement in SNR was made pos-
sible by incorporating notch filters in the feedback loop that
enabled us to increase the dither amplitude from V,, = 0.1V
toV, =05V

IV. CONCLUSIONS

Scanning tunneling microscopy has a wide range of appli-
cations in science and technology. In this work, we introduced
a small, but powerful, change in the feedback control system
of the STM, which greatly improves the SNR of scanning tun-
neling spectroscopy. Implementation of this method does not
require additional hardware and all the required modules can
be added to the control software package of most STMs. We
showed that by filtering the dither frequency and its higher
harmonics from the feedback loop, the amplitude of the dither
voltage can be increased in STS leading to higher quality
dI/dV images. The effectiveness of this method was experi-
mentally examined. Having demonstrated proof-of-principle
of this spectroscopy method, we have confirmed the repro-
ducibility of the improved SNR of dI/dV images, by per-
forming similar experiments with several different samples
and tips. Furthermore, by allowing us to maintain the feed-
back control loop during the collection of the dI/dV data, we

maintain the tip-sample distance, and thus obtain more reli-
able data.
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