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Abstract

Inelastic electron tunneling spectroscopy (IETS) is a tool used to research
the vibrational modes in a tunneling junction. This report describes the
setup of a cryogenic scanning tunneling microscope (STM). Potentially this
STM can be used in the research to the edge modes of graphene edge junc-
tions. Gold samples were used for the calibration of the z stage of the setup
by using two different methods (histogram based/line cut based). Exper-
iments at cryogenic temperatures seemed to have difficulties measuring
topographic images at 77 K. These difficulties are most likely caused by
condensation of atmospheric gasses still present in the system. To solve
this problem, a heater is required to prevent material condensing on the
sample or tip. In order to implement IETS in the system it is proposed to
used a combination of a heater and thermometer in order to keep the sys-
tem clean.
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Chapter 1
Introduction

Graphene is a versatile material that can be used in order to make elec-
trodes. This is previously demonstrated in twisted graphene edge junc-
tions[1]. The junction presented in this paper has possible applications in
identifying organic molecules and sequencing genetic material. Besides
these applications, this junction also has application to study the chemistry
of the graphene edge itself.

The building blocks of graphene are carbon atoms in a hexagonal lattice.
At the edge of this pattern the chemical structure is different compared to
the bulk 2D material. Besides this, the chemical structure of the edge of the
graphene can be altered by edge functionalization[2].

In order to probe the structure of this functionalized edge, many exper-
imental methods can be used. On of these methods is inelestic electron
tunneling spectroscopy (IETS). This method can be used to identify the
vibrational modes present in the junction. Using these modes, chemical
structures can be identified[3, 4]. This technique can be implemented in
scanning tunneling microscope (STM) systems to locally probe the vibra-
tional modes[5].

The graphene edge junctions previously studies in the Van Ruitenbeek group
used an adjusted STM to control the junction. Therefore it is possible to use
the this system to study the (functionalized) edge of graphene using IETS.
In order to obtain the energy resolution needed to resolve the modes, these
experiments need to be performed at cryogenic temperatures.

In this thesis we describe the set up of a cryogenic STM in a dip stick. This
microscope is set up and experiments were performed in order to calibrate
the system. The main goal was implementing IETS in this system in order
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to apply this to graphene edge junctions. Unfortunately it was not possible
to do this due to time constraints.

In chapter 2 the theory of quantum tunneling and IETS is discussed. Af-
ter this, the experimental methods and the data processing is discussed in
chapter 3. The results obtained using these methods are shown in chap-
ter 4. Finally the results and recommendations for follow up research are
discussed in chapter 5.
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Chapter 2
Theory

The scanning tunneling microscope (STM) is a technique in the scanning
probe microscopy family. By moving a tip over the surface of a sample, the
topography of this sample is measured. Besides this, using scanning tun-
neling spectroscopy (STS), also material properties like the local density of
states can be measured[6]. In a STM a bias is applied to the junction and
the tunneling current is monitored to obtain a fixed distance between the
tip and sample. The tip does not touch the sample, therefore classically
there would be no current flowing through the junction. In quantum me-
chanics, particles such as electrons have a chance to tunnel through an area
with a larger potential energy than the energy of the particle. This is caused
by the wave function penetrating the classically forbidden region for the
particle. The amplitude of the wave function decreases exponentially the
further you enter the forbidden region. If two conducting materials are
close enough, the chance for an electron to jump through the forbidden re-
gion, becomes so large that a current is measurable. This phenomenon is
called quantum tunneling. In this chapter a model for describing quantum
tunneling is discussed.

2.1 Elastic transport between electrodes

In this study, we will look at tunneling junctions in an STM. By applying a
bias to this junction, a current will flow through the junction. This current
is caused by electrons tunneling through a potential barrier.

Our junctions can be modeled as two electron reservoirs with a well de-
fined electron density of states (DOS) and occupation probability. Between
these two reservoirs, is a junction with a transmission probability T(E) =
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2.2 Transmission probability in tunneling 4

(a) (b)

Figure 2.1: (a) Schematic situation showing the junction. On the left(right) we
have an electron reservoir with a DOS, D(E) = dk

dE and occupation function fL(E)
( fR(E)). Between these reservoirs, we have a junction indicated by a restriction
with a transmission function T(E).(b) Model for the potential V(x) in the tunnel
junction. φ1 (φ2) is the workfunction of the sample(tip). eV is the potential applied
between tip and sample and ∆x is the distance between tip and sample.

|t(E)|2 that is a function of electron energy. A schematic view of this junc-
tion can be found in figure 2.1a. The current flowing through this junction
can be described as

I(V) =
2e
h

∫
T(E)[ fL(E)− fR(E)]dE.

In this model, only electrons close to the Fermi surface take part in conduc-
tance. Only electrons in a state unoccupied in the other electrode can take
part of elastic tunneling through the junction due to the Pauli exclusion
principle. This is shown in the model by the term fL(E)− fR(E)[7, 8, 9].

2.2 Transmission probability in tunneling

In electronic tunneling junctions, there is no physical contact between the
two electrodes. The complete current going through the junction is caused
by the quantum mechanical tunneling effect. In this effect, it is important to
take the wave function of the electrons into account. For the first part of the
derivation of this transmission probability, we will follow the derivation
called the Wentzel-Kramers-Brillouin (WKB) approximation as described
in Sakurai[10]. Using the WKB approximation in STM is previously also
described in multiple papers[11, 12]. The wave function of electrons can be
described by the Schrödinger equation in 1D

d2uE(x)
dx2 +

2m
h̄2 (E − V(x)) uE(x) = 0, (2.1)

Version of August 2, 2022– Created August 2, 2022 - 14:38

4



2.2 Transmission probability in tunneling 5

where uE(x) is the 1D waveform, m is the mass of the electron, h̄ is the
Planck constant, E is the energy of the electron and V(x) is the potential of

the tunnel junction. By defining k(x) =
√

2m
h̄2 (E − V(x)) we can write the

Schrödinger equation as

d2uE(x)
dx2 + (k(x))2uE(x) = 0. (2.2)

By taking an Ansatz, the wave function in a material can be written as

uE(x) ≈ exp
(

i
h̄

W(x)
)

.

This now gives the differential equation

ih̄
d2W(x)

dx2 −
(

dW(x)
d

)2

+ h̄2k(x)2 = 0. (2.3)

Now we assume that h̄
∣∣∣d2W(x)

dx2

∣∣∣≪ ∣∣∣dW(x)
dx

∣∣∣2 to obtain

W(x) ≈ W0(x) = ±h̄
∫ x

dξk(ξ).

Now we can approximate the wave function uE(x) using the potential. The
used potential of the junction is shown in figure 2.1b. This potential can be
approximated in the barrier with width ∆x by V(x) ≈ φ̄ = φ1+φ2

2 . where
φi is the work function of the tip and sample. By filling this in in (2.4) and
filling this in into the Ansatz for the wave function, we get

uE(x) ∝ exp

(
±i
∫ x

dξ

√
2m
h̄2 (E − φ̄)

)
. (2.4)

If the energy E of the electrons is lower than the average work function of
the materials of the tip and sample, we get

uE(x) ∝ exp

(
∓
∫ x

dξ

√
2m
h̄2 (φ̄ − E)

)
(2.5)

= exp

(
∓
√

2m
h̄2 (φ̄ − E) x

)
. (2.6)

Now in order to obtain the tunneling probability T(E) we use

T(E) =
∣∣∣∣uE(∆x)

uE(0)

∣∣∣∣2
= exp

(
−2
√

2m
h̄2 (φ̄ − E)∆x

)
.
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2.3 Simmons model 6

2.3 Simmons model

Combining the model from section 2.1 and the transmission probability of
section 2.2, we can obtain the Simmons model in 3 dimensions[13, 14]. This
model describes the IV characteristic of tunneling junctions and can be used
to determine the average potential height. The model is given by

J(V) =
e

4π2h̄β2∆x2

(
φ̄ exp

(
−2β∆x

√
2mφ̄

h̄2

)
(2.7)

− (φ̄ + eV) exp

−2β∆x

√
2m (φ̄ + eV)

h̄2

)

In which J is the current density and β is a correction factor to correct for the
integration of square roots. By taking the low voltage regime (eV ≪ φ̄), the
value of β is 1 and we can take the Taylor series of the square root around
eV to obtain

J(V) ≈ e
4π2h̄∆x2

(
φ̄ exp

(
−2∆x

√
2mφ̄

h̄2

)

− (φ̄ + eV) exp

(
−2∆x

(√
2mφ̄

h̄2 +

√
m

2φ̄h̄2 eV

)))

=
e

4π2h̄∆x2

(
φ̄ − (φ̄ + eV) exp

(
−2∆x

√
m

2φ̄h̄2 eV

))
exp

(
−2∆x

√
2mφ̄

h̄2

)
.

2.4 Inelastic electron tunneling spectroscopy

Inelastic electron tunneling spectroscopy is used in order to probe the vi-
brational states in a tunneling junction and can be used in order to probe
the edge chemistry in a twisted edge junction. In IETS an IV curve is mea-
sured, for low biases, this curve is described by the Simmons equation as
previously discussed. In this scenario only a single conduction channel is
present. If vibrational modes are present in the junction, these modes can
open an extra conduction channel through the junction where the electron
will lose energy and excites the vibrational state[15, 4]. This is illustrated in
figure 2.2a. This extra conduction channel increases the differential current
dI
dV and will therefore be visible as a bump in the d2 I

dV2 . An idealized example
of this is shown in figure 2.2b.
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2.4 Inelastic electron tunneling spectroscopy 7

(a) (b)

Figure 2.2: (a) Schematic overview of the tunnel junction. Besides elastic transport
where the electron will keep its energy, also a second inelastic mode of transport
becomes possible by a vibrational state. (b) IV curves obtained while perform-
ing IETS. At the energy eV = h̄ω a vibrational mode can be excited, causing an
increase in the differential conductance. Figures adjucted from [4].
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Chapter 3
Methods

During the project a scanning tunneling microscope (STM) was used to
perform measurements. The main measurements are topographic data on
gold on mica and highly ordered pyrolytic graphite (HOPG). This STM is
described in section 3.1. In order to cool down the STM to liquid nitro-
gen temperatures (77 K), the STM is mounted in a dipstick that is directly
inserted in a dewar filled with liquid nitrogen. This part of the setup, to-
gether with the vacuum system used, is described in section 3.2.

3.1 Scanning Tunneling Microscopy

The main technique used in this work is scanning tunneling microscopy
(STM). In this surface technique, an atomically sharp tip is scanned across
the surface. The typical distance between the tip and sample is on the order
of Ångströms. This distance is kept constant using a feedback system based
on the electrons tunneling between the tip and sample[16]. In section 2.1,
the theory of electron tunneling is presented.

3.1.1 Experimental setup

The STM used in the performed experiments, is a slider based design. This
design is developed to be used in cryogenic environments. In the system,
the tip is mounted to a slider that can be moved to adjust the height of the
tip above the sample. The sample is mounted on an xy moving stage. Both
the xy and z stage move by using piezoelectric actuators. The piezos used
in the system are shear piezos and work by applying a high voltage to the
piezoelectric material. This high voltage is provided by two high voltage
amplifiers with a gain of G = 20 and G = 25. By applying a bias between
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3.1 Scanning Tunneling Microscopy 9

the tip and the sample and measuring the current flowing through the junc-
tion, the separation can be calculated. For measuring the current, a femto
DLPCA-200 current amplifier with a gain of 1 × 109 V A−1 is used[17]. The
distance between the tip and sample is kept constant using a feedback sys-
tem. By recording the movements made by the tip during scanning, the
topology of the sample can be measured. The scanning is done in two axes.
The first axis is the fast moving axis which will be called the x axis. The
second axis is the slow moving axis which will be called the y axis. By
moving in a zigzag pattern, the sample is scanned. The surface is scanned
two times along the fast axis. Both scans are taken in different direction
and can therefore by used for studying the hysteresis in the system. The
complete system is controlled by an SoftdB MK2-A810 which is an open
source STM controller[18]. The computer used to capture the data and to
control the STM controller is running an adjusted version of GXSM3 [19].
A complete schematic overview of the STM system can be seen in figure
3.1.

IV

25X

25X

20X

LPF

Z piezo's

Y piezo's

X piezo's

1kHz

Bias voltage

Tip

Sample STM controller

SoftdB
MK2-A810

G=10
9

Computer

GXSM3

Figure 3.1: Schematic overview of the used STM system. On the left, the biased
sample can be seen with the xy piezos that move the sample for scanning. Right to
that the tip is shown that is attached to the z piezos and makes electrical contact to
the current amplifier. The output of this amplifier is connected together with the
signal of the piezo to the STM controller that handles the feedback and controls
the scanning motion and data acquisition.

Feedback system

In order to keep the tip at a constant distance from the surface of the sam-
ple, a feedback system is used. The STM controller contains the feedback
system used for this. As an input for this feedback system, the current is
measured and the current is amplified using a IV converter. In the con-
troller, the logarithm of this current is calculated and the setpoint is sub-
tracted to obtain the error signal. Using this error signal, the proportional
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3.1 Scanning Tunneling Microscopy 10

and integral feedback is calculated. A weighted sum of these signals is
taken as the output signal. This resulting signal is amplified for the z stage
piezo. This system is similar to the system discussed by Oliva et al.[20]

Slip stick motion

The piezoelectric actuators used in the system have a range in the order of a
3 µm[21]. Therefore it is needed to implement a system to make coarse mo-
tion. In the STM used, this coarse motion is implemented using slip stick
motion. By using the difference in friction between the piezo and a slip-
pery surface when moving the piezos fast or slow, the object can be moved
over macroscopic distances. In figure 3.2 this mechanism is demonstrated.
The mechanism used for moving the tip in the z direction is described in a
patent by Pan[22].

(a) (b) (c)

Figure 3.2: a. Initial position of slider (gray middle part) and piezos (brown parts).
b. Position of slider and piezos after making the first fast movement of the piezos.
Note that the slider is not moved due compared to the first image. This is the slip
motion. c. Slow recovering of the piezos moving the slider further. This is the
stick motion of the slip stick mechanism. The previous position is shown as a light
image.

3.1.2 Data analysis of STM images

In order to calibrate the STM system, the data needs to be analyzed and
some measurement artifacts need to be corrected in order to retrieve the
most optimal results. The main artifacts considered are the misalignment
between different rows, piezo hysteresis and a plane offset. Software was
written in Python in order to correct these artifacts.

3.1.3 Fast axis misalignment correction

In the setup used, the piezos that move the z stage are also used to make
the course movements of the z stage. This means that in certain scans, the
height of two adjacent lines can be different due to slipping of the move-
ment stage. In order to correct the misalignment between adjacent rows
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3.1 Scanning Tunneling Microscopy 11

along the fast axis, the difference between multiple lines is determined.
This is done by subtracting the height of two adjacent lines and finding the
median difference. The median difference is then subtracted from the sec-
ond line. By doing this for the entire image, all the lines are positioned at
the same height. An example of this process is shown in figure 3.3.
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Figure 3.3: a. Rough data as captured using the STM. b. Corrected image af-
ter subtracting the median difference between two lines. c. Line cut through the
removed background as a function of the vertical pixel index.

3.1.4 Piezo hysteresis correction

The xy stage of the microscope is moved by using shearing piezo electric
actuators. These attenuators work by the inverse piezo electric effect where
a material deforms after applying an electric bias[23]. Using piezoelectric
actuators enables control of the stage on the nano scale. One of the disad-
vantages is the hysteresis present in the shear voltage dependency [24, 25].
This can be clearly seen in the line cuts of the scan and rescan along the fast
axis of the microscope. A typical example of this phenomenon can be seen
in figure 3.4. In the system used, this hysteresis is particularly noticeable.
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3.1 Scanning Tunneling Microscopy 12
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−170

−160
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−140

−130
z

(n
m

)
scan

rescan

Figure 3.4: Example of the a line cut of a measurement of gold on mica at room
temperature. The hysteresis is clearly visible as both scans are disconnected, but
both share the same features.

The correction of the hysteresis is made by using a moving window corre-
lation method as also demonstrated by Fu et al [26]. By taking a small area
around a point at coordinate x and sliding this over the x axis, we can find
the position where the difference between the trance and retrace of the im-
ages is the smallest. The distance where the difference is minimal, is taken
as the piezo hysteresis. This can be described as

∆x(xp) = arg min
∆x

N
2

∑
i=− N

2

(
zS(xp + i + ∆x)− zR(xp + i)

)2 , (3.1)

where ∆x is the piezo hysteresis, xp is the position on the fast axis measured
in pixels, N is the window size and zS (zR) is the height measured during
the scan (rescan). Through this measured hysteresis, a polynomial model
is fitted. The difference ∆x of this fitted model is divided by 2 and the fast
axis of the image are adjusted. An example plot of ∆x and the resulting line
cut is shown in figure 3.5.
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3.1 Scanning Tunneling Microscopy 13
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Figure 3.5: (a) Measured ∆x for the data set presented in figure 3.4, the error is
determined by taking the standard deviation along all the lines. The orange line
is the fitted model through the data. (b) same line as shown in figure 3.4, but now
after the correction is applied.

After correcting the axes, the measured data can be resampled using the
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3.1 Scanning Tunneling Microscopy 14

new axes and bilinear interpolation by using

z(x, y) ≈ 1
(x2 − x1)(y2 − y1)

· (3.2)
z(x1, y1)
z(x1, y2)
z(x2, y1)
z(x2, y2)


T

x2y2 −y2 −x2 1
−x2y1 y1 x2 −1
−x1y2 y2 x1 −1
x1y1 −y1 −x1 1




1
x
y

xy

 (3.3)

where z(x, y) is the topographic height at the position x, y, x1, x2 are the
nearest coordinate on the x axis on the original grid and y1, y2 are the near-
est coordinates on the y axis of the original grid. [27, 28].

3.1.5 Plane correction

As samples will not be mounted perfectly perpendicular compared to the
xy plane, all images will have a linear plane offset. In order to correct this,
the sample data has a constant plane subtracted from it. This plane should
be chosen is such a way that the terraces measured, are aligned to the xy
plane of the STM.

The normal of this plane is determined by finding the most common nor-
mal in the image. To find this vector, first all the normal vectors of the
topology are found using a down sampled topographic image. Using all
these vectors the most likely values for all the components are found. This
is done by finding the maximum of a histogram of all the values of a com-
ponent of the normal vectors in the measurement. Subsequently a flat plane
with this most common normal vector is subtracted from all the measured
heights. In figure 3.6 a 3D view of a flattened image is shown.
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3.2 Vacuum and cryogenic system 15
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Figure 3.6: a. False color plot of a typical flattened image of gold on mica taken at
room temperature. b. Same image but now rendered in 3D, showing the relative
flatness of the terraces in the measurement.

3.2 Vacuum and cryogenic system

In order to perform cryogenic experiments, the STM head with the xy stage
and z stage are mount in a dipstick. This dipstick is a large tube that can
be inserted in a nitrogen or helium dewar. Before inserting the dipstick
in a dewar, it is needed to pull the dipstick to a vacuum. In order to do
this, a Pfeiffer HiCube pumping system is used. This system contains a
membrane pre-pump and a turbo pump. After inserting the dipstick in the
cryogenic liquid, the cool-down will pump down the system even further
using cryo-pumping.

The dipstick needs to be pulled vacuum on a table before inserting in the
dewar. After a sufficient vacuum is reached, the pump is disconnected and
the dipstick can be inserted into the dewar. During the insert, the dipstick
can be further pumped vacuum using a vacuum hose to connect the pump
to the dipstick.

Figure 3.7 contains a simplified schematic of the used system.
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3.2 Vacuum and cryogenic system 16

STM

Pump
valve

Pfeifer HiCube

To controller /

ampliefiers

Vacuum can

Venting
valve

Figure 3.7: Simplified schematic overview of the main parts of the dipstick with
the vacuum system. On the left the vacuum can at the end of the dipstick is shown
that contains the STM. With a conical seal, this can is sealed. The dipstick contains
the wires for the STM. At the other side of the dipstick the connections to the STM
are made. This side also contains the venting valve for venting the system. Also
the Pfeifer vacuum pump is connected to this side of the dipstick via a pump valve.
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Chapter 4
Results

Various experiments were conducted using the STM setup. Electrochemi-
cally etched nickel tips were used for all experiments conducted. The tips
are etched using a solution of 2M KCl using an gold ring as a second elec-
trode. A sinusoidal wave with a frequency of 20 Hz a peak to peak voltage
of 6 V and an offset of 3 V were used. To the tips a small weight was at-
tached to make sure that the tips fell after etching. This process is compa-
rable to a process described by Cavalini et al [29].

4.1 Gold on mica samples at room temperature

In the following section we will discuss the results obtained using the setup
in ambient conditions. The first samples that were used in order to condi-
tion the tips of the STM, are gold samples grown on mica. The gold on these
samples is a layer of Au(111) with atomic flat areas with atomic steps[30,
31]. These samples are commonly used for tip preparation and z stage cal-
ibration.

4.1.1 Typical images

For the most data that was obtained, there were clear atomically flat sur-
faces visible with atomic steps between the surfaces. The resolution and
quality of these images varied widely mainly depended on the quality of
the tip that was in use at that moment. Figure 4.1 shows a comparison
between typical, good and the best data obtained on the system.
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Figure 4.1: Three examples of obtained results using the STM setup. (a) Typical
result obtained using the setup. Terraces are visible and the data can be used to
obtain z stage calibrations. (b) Good data obtained using our setup. In this image,
more details can be seen. (c) Best result obtained using our setup. Notice the
small holes in the surface. Please note that the scale on the last image is different
compared to the first two images.

4.1.2 Piezo hysteresis correction

For the data obtained, it is tried to correct the piezo hysteresis. This cor-
rection was successful for all the measurements except for the data ob-
tained on the 29 of june. Therefor, the uncorrected data is used for the
further analysis of this experiment. A third order polynomial ∆x(x) =
ax3 + bx2 + cx + d is fitted to the data. The obtained parameters for the fits
are listed in table 4.1. There is some variation of the obtained parameters
between the different measurements, however all the fits are similar. An
overview of the final fitted functions can be found in figure 4.2

Dataset a (Å
−2

) b (Å
−1

) c d (Å)

2022/05/30 9.5(1)× 10−9 −1.143(2)× 10−4 −5.84(5)× 10−2 7.0(4)× 102

2022/06/29 6.2(3)× 10−9 −1.090(6)× 10−4 −4.5(1)× 10−2 6.92(1)× 102

2022/07/07 1.268(9)× 10−8 −1.371(1)× 10−4 −9.03(3)× 10−2 8.347(3)× 102

2022/07/12 6.7(9)× 10−9 −1.078(1)× 10−4 −4.93(4)× 10−2 7.110(3)× 102

2022/06/28 3.5(2)× 10−8 −1.41(1)× 10−4 −5.9(2)× 10−2 2.32(1)× 102

Table 4.1: Fit parameters found by fitting the shift caused by piezo hysteresis to a
third order polynomial. The top four measurements consist of measurements over
a range of 500 nm. The last measurement is over a range of 250 nm.

4.1.3 z stage calibration

It is possible to obtain a calibration of the z stage using a flat image. In
order to do this, a step of an image is taken and a histogram around this
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Figure 4.2: Results of fitting the piezo hysteresis for the various data sets. Note
that the curve for the data set of the 29th of June is different compared to the other
data sets. This is due to the correction procedure not working correctly for this
data set. The original uncorrected data is used for the rest of the analysis.

area is made. Another possibility is to use a line cut through the image to
measure the height of the terraces.

We compared both methods by taking data obtained on multiple days and
comparing the obtained results. The first method is by taking histograms.
For 5 data sets flat areas were chosen and histograms were made. Areas
where chosen where a clear and single step could be identified. From these
histograms, Gaussian fits were made from the peaks and height data ex-
tracted from this histogram. After this, also the height difference between
two terraces is measured by using a line cut. The line cuts are made through
roughly the same area used for the histogram. In order to filter out some
of the noise, the line cut is averaged over a width of 5 nm. The data for one
of the measurements is shown in figure 4.3. For the other used data sets,
similar figures are shown in appendix A.
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Figure 4.3: (a) Image of the measurement used for the data analysis. In orange the
area used for making the histogram in b is shown. In red the line for the line cut is
shown. The width of the red line is the width used for averaging the data for the
line cut. (b) Histogram of the orange region shown in the first image. The blue bars
give the measured data. The orange line is the fit of two Gaussian functions made
to this data. (c) Data of the line cut shown by the red line in the first figure. The
blue line is the average height around along the width of the line, the light blue
area is the standard error on this value. The red lines indicate the points where the
height is determined for finding the terrace height.

The data for all the data sets is shown in figure 4.4. Here the different appar-
ent (before calibration) heights between two terraces are shown. Both the
histogram and the line cut method give comparable results that always fall
within a single error bar. The absolute value of the height difference varies
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4.1 Gold on mica samples at room temperature 21

between samples. By taking the weighted average, the resulting apparent
height between two terraces is 4.6(3)Å by using the histogram method and
4.9(3)Å with the line cut method. In combination with the know value of
2.4 Å for terrace height, we find a correction value for the z axis[32].
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Figure 4.4: Comparison for the apparent terrace heights for multiple data sets. The
data obtained by using a histogram is shown in blue. The data obtained using line
cuts is shown in orange.

4.1.4 IZ curves

Besides the topographic images, also the current as a function of the sep-
aration from the surface is measured. To do this the z is varied and the
current is recorded. The contact point (z = 0 above the surface) is deter-
mined by the first point where the current is above 9.9 nA. This is not the
point where the tip actually touches the surface, but this point is close to
the maximal current (10 nA) measurable with the used current amplifica-
tion. During the IZ measurements, the contact point changes slightly. This
is likely due to the tip changing when making contact. A typical IZ curve
is shown in figure 4.5. An exponent in the form of

I(z) = I0 exp (κz)

is fitted to the measurement data as the transmission probability decreases
exponentially as described by equation (2.7). In this formula, I(z) is the
current at a distance z. I0 is the current at z = 0 and κ is the decay constant
for the current. By taking the weighted average over multiple fitted curves,
we find κ = 0.44(8) nm−1
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Figure 4.5: Current as a function of the tip separation from the point where the cur-
rent is 10 nA. In blue the measured data is shown, in orange the fitted exponential
decay.

4.2 HOPG samples at room temperature

Besides gold on mica, also highly ordered pyrolytic graphite (HOPG) sam-
ples were measured. These graphite samples consist of highly ordered
graphene layers and atomic HOPG is widely used in scanning probe mi-
croscopy in order to calibrate x-y stages [33, 34].

Before measurements were made on HOPG, the tip was conditioned on a
gold surface. The surface of HOPG was exfoliated before measurement to
ensure a clean graphite surface. Typical surfaces of HOPG are flat com-
pared to the gold samples. A typical result is shown in figure 4.6.
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Figure 4.6: Example of a flake of HOPG measured in the STM. Two different flakes
can be seen on the bottom. On the top there is a different structure divided by a
high line.

4.2.1 Height of flakes

Similar to the height differences of terraces that were measured for gold, we
can also measure the height of the flakes in the image. Both the histogram
and line cut method can be used to find the height again. In figure 4.7 the
data analysis is shown. For the data set shown a height of 2.5(5)Å for the
histogram method and 3.1(2)Å for the line cut method.
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Figure 4.7: (a) Image of the measurement used for the data analysis. In orange the
area used for making the histogram in b is shown. In red the line for the line cut is
shown. The width of the red line is the width used for averaging the data for the
line cut. (b) Histogram of the orange region shown in the first image. The blue bars
give the measured data. The orange line is the fit of two Gaussian functions made
to this data. (c) Data of the line cut shown by the red line in the first figure. The
blue line is the average height around along the width of the line, the light blue
area is the standard error on this value. The red lines indicate the points where the
height is determined for nding the terrace height.
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4.3 Gold on mica samples at liquid nitrogen temperature 25

4.3 Gold on mica samples at liquid nitrogen tempera-
ture

After tip preparation was performed on gold on room temperature to en-
sure a good tip and sample, the dipstick was cooled down. The system
was allowed to come to an thermal equilibrium before measurements were
started.

4.3.1 Problems during cooldown

Measurements were attempted at liquid nitrogen temperatures (77 K). Most
measurements of gold on mica did not result in the same kind of terraces as
seen in the measurements made at room temperature. Even after dipping
and pulsing the tip, the surface would not give the expected terraces as
measured at room temperature. After warm up the tip and sample would
give the same results as before the cool down.

Heater

In order to prevent condensation, a heater was mounted to the sample. In
the first iteration, the heater (a 5.6 kΩ resistor) was mounted to the side of
the sample. Using this iteration the data shown in figure 4.11 was mea-
sured. The usability of this heater was limited due to the solder used to
connect the heating resistor, melting during the heating. A second sample
used a heater mounted below the sample. The wires were soldered to the
resistor, but also covered with an isolating epoxy that is primarily used to
fix the sample to the heater. This sample was heated during the cool down
by applying a voltage of 70 V.
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15:24 15:26 15:28 15:30 15:32
10 4

10 3

Figure 4.8: Pressure in the system while the heater was turned on. During the
small peak, the heater was first turned off after the pressure started to rise. The
big peak was during heating of the sample. The pressure returned to the base
pressure by itself.

Initial results after heating did not give satisfactory results, the sample was
heated by applying the highest voltage possible with the system (200 V).
During this heating, the pressure at the top of the dipstick rose rapidly
as demonstrated in figure 4.8. After the pressure was recovered and the
tip was approached again, the tunneling junction was not stable anymore.
Suspected is that during this peak, the sample and heater were heated too
much and burned. The resistance of the heater remained constant after this
heating, indicating that the contacts to the heater kept in place. After heat-
ing the system back up to room temperature the sample seemed heavily
damaged as is shown in figure 4.9.
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4.3 Gold on mica samples at liquid nitrogen temperature 27

(a)

(b)

Figure 4.9: (a) Microscopic photograph of the damaged gold sample. A clear dis-
coloring around the sample holder and damage to the sample can be seen. (b)
Close up of the gold sample near the wire connecting the sample to the sample
holder. Delamination of the sample is visible next to discoloring of the sample.
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4.3 Gold on mica samples at liquid nitrogen temperature 28

4.3.2 z stage calibration

It can be expected that the response of the piezos is different at low tem-
peratures compared to room temperature. Therefor it is important to re-
calibrate the STM system at low temperature. Unfortunately, only a single
measurement with identifiable terraces at 77 K was obtained. An image of
this data are shown in figure 4.10.
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Figure 4.10: Data of gold on mica obtained at 77 K. Terraces are visible that can be
used to perform the z stage calibration. Clear measurement artifacts are visible in
this measurement.

Using this measurement an estimation of the calibration can be made. The
results of this measurement is shown in figure 4.11. Due to the large mea-
surement artifacts present in this measurement, the procedure used for flat-
tening the data did not work as well on this data compared to the data at
room temperature. Therefor the peaks in the histogram are widened a lot
and it is hard to find the peak height belonging to the two terrace heights.
This is also visible in the line cut where it is clear that the terraces are not
flat. The obtained apparent heights using the two different methods are
12(4)Å for histogram method and 16(3)Å for the line cut method.
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Figure 4.11: (a) Image of the measurement used for the data analysis. In orange
the area used for making the histogram in b is shown. In red the line for the line
cut is shown. The width of the red line is the width used for averaging the data for
the line cut. (b) Histogram of the orange region shown in the first image. The blue
bars give the measured data. The orange line is the fit of two Gaussian functions
made to this data. (c) Data of the line cut shown by the red line in the first figure.
The blue line is the average height around along the width of the line, the light
blue area is the standard error on this value. The red lines indicate the points
where the height is determined for nding the terrace height.

4.3.3 IZ curves

Similar to the gold samples at room temperature, also the IZ curves were
measured at 77 K. The curves deviate less from an exponential decay com-
pared to the similar curves taken at room temperature. By taking the weighted
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average we obtain a decay constant of 1.7(3)Å
−1

. It should however be
noted that although this value is different compared to the value obtained
in section 4.1.4 the decay constant is very similar before applying the z cal-
ibration.
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Figure 4.12: Current as a function of the tip separation from the point where the
current is 10 nA. In blue the measured data is shown, in orange the fitted expo-
nential decay.

4.4 HOPG samples at liquid nitrogen temperature

Besides Au on mica, also HOPG samples were measured under cryogenic
conditions. Just like the cryogenic experiments for gold, these experiments
did not yield the results that would be expected from these samples. The
measurements contain large rounded features. These features are consis-
tent between scans, however they are not what you would expect from
HOPG samples. A typical example of the data obtained is shown in figure
4.13.
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Figure 4.13: Typical result obtained for an HOPG sample at 77 K. The topography
measured is more textured compared to the really flat surface of HOPG measured
at room temperature.
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Chapter 5
Discussion and Outlook

In this work we discussed the measurement and calibration of the STM set
up. Due to time constraints it was not possible to implement IETS anymore.
In section 5.3 a proposal for implementing this set up is discussed.

5.1 Calibration and measured samples

Using Au on mica the z stage of the STM setup is calibrated. For the data
in this study, many different tips and samples were used. In figure 4.4
the measured apparent height of the step edges do vary between samples.
Furthermore, both methods used, resulted in large uncertainties in the step
height. This error also propagate in the measured values of for instance the
decay constant in the IZ curves.

In using the histogram method, the main contributor to the error in the
apparent step height is the width of the Gaussian peaks in the height his-
togram. Not only the natural variation of the height in the sample causes
this widening, also the quality of the data processing plays a large role. The
better the image is flattened, the smaller the variation in the histogram will
be, giving better calibration values. The line cut method relies on the user
to determine where in the line cut both terraces are sampled. This is less
reproducible compared to function fitting. Furthermore, near the edge of
a terrace, the feedback can overreact to sharp features, distorting the line
cuts through the edge. In order to better determine the calibration value,
fitting a plane though both terraces could potentially yield better results.

In the measured HOPG sample, the steps measured in section 4.2 are smaller
than compared to previous reported[35, 36]. It is suspected that this differ-
ence can be contributed to errors in the calibration of this STM. More mea-
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surements and calibration steps should be taken in order to measure the
step height in HOPG.

5.1.1 Correction for piezo hysteresis

At room temperature, the piezo hysteresis is large and noticeably deforms
the data obtained using the setup. In most images, the described method
for correcting this hysteresis worked well. All the obtained fits for ∆x are
similar between data sets. The larger difference between the hysteresis of
the data obtained on the 7th of july and the other dates might be attributed
to differences in scan speeds since larger scan speeds cause larger hystere-
sis[37]. Further research with varying scan speeds could be performed in
order to obtain calibration curves for this system. A parabolic model is
previously shown to describe the hysteresis well[27]. This is different com-
pared to our results where a third order polynomial described the hystere-
sis better. The main reason for this difference could be the asymmetrical
behavior in the piezo hysteresis and therefore a model with an odd pri-
mary term being the best fit.

When applying the used moving window correction method, it is not pos-
sible to separate the hysteresis on the fast moving x axis and the z axis. It
is expected that the hysteresis in the z axis is negligible due to the much
smaller moving range of the z piezos compared to the x piezos.

5.1.2 IZ curves

IZ curves were measured at room temperature and 77 K for gold samples.
Comparing the curves obtained at room and cryogenic temperatures, it can
be seen that the curves at 77 K better follow the exponential curve. This
shows that the stability of the STM system at low temperatures is much
higher compared to the stability at room temperature. The found decay
constants are different for room temperature and cryogenic temperature.
This can be caused by a layer of condensation on the sample. By using the
Simmons model and fitting this to an IV curve, this can be verified.

5.2 Improvements to improve cryogenic performance

During the experiments performed, it is clear that the performance of the
STM during cool down is not yet enough for reliably performing topo-
graphic measurements and IETS. The main problem limiting cryogenic mea-
surements is the contamination of the sample and tip. This contamination
is most likely in the form of condensation left over gas remaining from
pumping the system to a vacuum. A prime candidate for this gas is oxygen
which has a boiling point of 90 K. Because the tip and sample work again
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5.3 Inelastic Electron Tunneling Spectroscopy 34

after heating the system back to room temperature, the contamination is
most probably an atmospheric gas at room temperature. Using a heater in
order to clean the sample had some effect, however the heater failed, by
either melting the solder that connects the heater or damaging the sample
by overheating, too quickly in order to have a long time where the system
is clean.

Furthermore, the heating of the sample is hard to control due to not know-
ing the temperature of the sample. For further experiments, it might be
beneficial to redesign the sample holder in order to accommodate a heater
and thermometer directly under the sample like previously used by Nathanael
van den Berg for twisted edge junctions[38]. Using epoxy to mount the
heater and wires, enables the heater to become hotter then the melting point
of solder. This gives access to the possibility to anneal the sample in the
system[39]. By also having a thermometer under the sample, the sample
could be kept at a constant predetermined temperature. This would have
prevented the damage as discussed in section 4.3.1

Further improvements to the cryogenic performance could possibly be made
by lowering the pressure in the dipstick during insertion. This could be
obtained by remounting an ion pump and cleaning and performing a full
bake out of the system. The ionic pump was removed from the setup since
this pump did not function anymore. It could be expected that ensuring a
lower starting pressure lowers the amount of material able to condense on
the sample or tip. This, in combination with the heater, could improve the
chances to obtain good images.

5.3 Inelastic Electron Tunneling Spectroscopy

In order to perform IETS in the current setup, only minor changes to the
setup need to be made. To measure the differential conductivity dI

dV , the
bias voltage across the junction is modulated with a small AC voltage. Mea-
suring the amplitude of the AC current gives a direct measure for the dif-
ferential conductivity[4]. By numerical differentiation, d2 I

dV2 can be found.
These measurements can be performed using a lock-in amplifier[40]. For
the small AC voltage needed to modulate the bias, the local oscillator of
the lock-in amplifier is used. The input side of the lock-in needs to be AC
coupled to the amplified current.

The schematic in figure 3.1 needs to be adapted to incorporate this change.
This new set-up is shown in figure 5.1. When first implementing this sys-
tem, it is important to carefully consider the frequency the measurement
is made. Important factors to consider, are the signal to noise ratio of the
AC bias, the parasitic capacitance of the STM and the bandwidth of the
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amplifier.
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Figure 5.1: Adjusted schematic overview of the used STM system to incorpo-
rate the changes needed to perform IETS experiments. For simplicity, the circuits
needed for controlling the piezos are omitted. Compared to the setup shown in
figure 3.1, the lock-in amplifier is added. The local oscillator is added to the bias.
The input of the amplifier is AC coupled to the amplified current.
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Chapter 6
Conclusion

In this report the set up and calibration of a cryogenic scanning tunnel-
ing microscope (STM) is discussed. This setup can potentially be used to
research graphene edge junctions. The goal was to set up inelastic elec-
tron tunneling spectroscopy (IETS) in order to study the edge chemistry of
graphene. However, this goal was unfortunately not reached due to diffi-
culties measuring topographic images at 77 K.

These difficulties are most likely caused by condensation of atmospheric
gasses still present in the system. Partial successful experiments were per-
formed using a heating resistor in order to clean the sample. For further
experiments, we would suggested to use a heater and thermometer in or-
der to control the heating of the sample and to anneal gold samples in the
system.

Gold samples were used to calibrate the z stage of the STM system both at
room and cryogenic temperatures. In order to obtain the calibration val-
ues, software was written to correct for piezo hysteresis on the fast scan-
ning axis, flatten the data and obtain the step height of gold terraces in two
different ways. A method using a histogram of the height of the sample
and a method using line cuts of the sample were used. Both methods yield
large uncertainties in the obtained calibration values. Therefore, more ex-
periments are needed in order to find a better calibration value for the z
stage.

Furthermore, highly ordered pyrolytic graphite (HOPG) was measured in
the system. These samples will become important in order to calibrate the
xy stage.

In order to perform IETS using this set up, it will be needed to implement
a system for heating the sample in a controlled way, besides the pressure
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37

in the system needs to be sufficiently low to eliminate as many particles as
possible. Feasible methods for this are suggested in the discussion. Hope-
fully these suggestions will help reaching the goal for performing IETS on
twisted graphene edge junctions.
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Appendix A
Data for other data sets for Au
on Mica at room temperature

These figures are the figures visualizing the rough data used in section 4.1.
The data from the following figures are shown in figure 4.4.
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Figure A.1: (a) Image of the measurement used for the data analysis. In orange
the area used for making the histogram in b is shown. In red the line for the line
cut is shown. The width of the red line is the width used for averaging the data for
the line cut. (b) Histogram of the orange region shown in the first image. The blue
bars give the measured data. The orange line is the fit of two Gaussian functions
made to this data. (c) Data of the line cut shown by the red line in the first figure.
The blue line is the average height around along the width of the line, the light
blue area is the standard error on this value. The red lines indicate the points
where the height is determined for finding the terrace height.
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Figure A.2: (a) Image of the measurement used for the data analysis. In orange
the area used for making the histogram in b is shown. In red the line for the line
cut is shown. The width of the red line is the width used for averaging the data for
the line cut. (b) Histogram of the orange region shown in the first image. The blue
bars give the measured data. The orange line is the fit of two Gaussian functions
made to this data. (c) Data of the line cut shown by the red line in the first figure.
The blue line is the average height around along the width of the line, the light
blue area is the standard error on this value. The red lines indicate the points
where the height is determined for finding the terrace height.
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Figure A.3: (a) Image of the measurement used for the data analysis. In orange
the area used for making the histogram in b is shown. In red the line for the line
cut is shown. The width of the red line is the width used for averaging the data for
the line cut. (b) Histogram of the orange region shown in the first image. The blue
bars give the measured data. The orange line is the fit of two Gaussian functions
made to this data. (c) Data of the line cut shown by the red line in the first figure.
The blue line is the average height around along the width of the line, the light
blue area is the standard error on this value. The red lines indicate the points
where the height is determined for finding the terrace height.

Version of August 2, 2022– Created August 2, 2022 - 14:38

45



A.4 Data 12 July 2022 46

A.4 Data 12 July 2022

−200 −100 0 100 200

x (nm)

−200

−100

0

100

200
y

(n
m

)

(a)

Area for Histogram

Line cut

−2 0 2 4

z (Å)
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Figure A.4: (a) Image of the measurement used for the data analysis. In orange
the area used for making the histogram in b is shown. In red the line for the line
cut is shown. The width of the red line is the width used for averaging the data for
the line cut. (b) Histogram of the orange region shown in the first image. The blue
bars give the measured data. The orange line is the fit of two Gaussian functions
made to this data. (c) Data of the line cut shown by the red line in the first figure.
The blue line is the average height around along the width of the line, the light
blue area is the standard error on this value. The red lines indicate the points
where the height is determined for finding the terrace height.
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