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Abstract

Vertical heterostructures between graphene (Gr) and hexagonal boron nitride (hBN) have
attracted a great deal of interest, due to their potential applications in the semiconductor
industry as new and superior transistor materials. The direct growth of the heterostucture
still remains challenging and in this bachelor thesis, I report a novel electron assisted
growth technique, which is used to attempt to grow Gr atop hBN atop an Ir(111) single
crystal surface. This technique has already proven to be successful in the opposite order
of growing hBN atop Gr/Ir(111) [1].

To properly understand the growth and possible heterostructure formation, pure phases
of both hBN and Gr on Ir(111) are characterized first using scanning tunneling microscopy
(STM) and low energy electron diffraction (LEED). This structural characterization of
the pure phases reveals a stronger binding of hBN than Gr to Ir(111) and, therefore, a
favored stacking order of Gr atop hBN.

In contrast to this expectation, my STM and LEED results of the electron assisted
growth of Gr atop a full hBN layer show, that the temperature required for Gr formation is
too high for hBN layer to sustain, and is already complicated by a low sticking coefficient
of ethylene atop. After high temperature annealing, the hBN layer is determined to leave
behind a (6⇥2) boron nanoribbon superstructure and no ordered Gr islands are observed.
However, the effect of the electron beam in the growth technique is indicated to result in
an uneven charging of the hBN layer on Ir(111), and this, in combination with its already
highly corrugated pore-wire structure, calls for new research.
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1 Introduction

Two-dimensional materials (2DMs), such as graphene (Gr), have attracted a great deal of
attention due to their unique properties. Properties, that are inaccessible in their three-
dimensional counterparts and which could lead to a variety of possible applications. As
a result of extensive research, a lot has been achieved since Gr was first isolated from
the van der Waals (vdW) bound bulk graphite in 2004 by mechanical exfoliation [2]. In
comparison to Gr, hexagonal boron nitride (hBN) is rather unknown. In the same year,
or rather, almost a year earlier, Corso et al. [3] reported a discovery of so-called boron
nitride nanomesh on Rh(111) grown by chemical vapor deposition (CVD), that is, by
dosing a precursor molecule borazine onto a hot, clean and catalytically active Rh(111)
substrate. However, as the field of 2DMs still was to be arisen by the discovery of Gr,
this hBN/Rh(111) nanomesh structure was first explained as a few atomic layers of hBN.
Only a few years later it was suggested [4] and verified [5] to consist only of single atomic
layer of hBN.

Majority of the low-hanging fruits have already been picked in terms of the growth,
structure and properties of individual 2DMs. Therefore, a large research effort has been
shifted to investigate how the individual 2DMs could be stacked together to form, so-called
vertical vdW heterostructures. The two isostructural and isoelectronic, sp2 hybridized
honeycomb structures hBN and Gr are, for example, interesting to stack. Graphene it-
self is well known for its extremely high carrier mobility, due to the linearly dispersing
Dirac cone band structure, and hence massless Dirac fermions [6]. Unfortunately the zero
band gap, making it impossible for Gr to stand by itself within the electronic industry.
However, combined with hBN, where the interplay of alternating B and N atoms creates
a bandgap of 5.97 eV, the highly desired semiconducting properties could be achieved.
Therefore, Gr/hBN heterostructures have promising applications varying from electronics
to photonics [7, 8]. In particular, it has already been shown that using few layers of hBN
as the dielectric material in a graphene field-effect-transistor does not diminish its prop-
erties [9], as opposed to some other dielectric substrates, and in some cases, hBN can even
further enhance them [10].

Figure 1(a) can be conceptually used to vizualize the vertically stacked vdW het-
erostructure between the two honeycomb structures. Intrinsically, the figure shows the
hBN bulk structure, where the strongly covalent bound atomic layers are bound together
by weak vdW bonds. Now, by replacing the B and N atoms in one layer by carbon
atoms, one has the Gr/hBN vdW heterostructure, and by further continuing one reaches
the graphite structure. Even though the vast similarities in their structures, they do dif-
fer by a mismatch of approximately 1.8% in their surface lattice constants. If the two
atomic layers are aligned on top of each other, this lattice mismatch will give arise to a
characteristic ”beating pattern”, visualized in Fig 1(b).
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Figure 1: (a) Van der Waals bound bulk hBN
[11]

. (b) Schematic moiré superstructure of the

Gr/hBN heterostructure
[12]

.

This periodic beating pattern, better known as a moiré superstructure, already present in
any epitaxial 2DMs, and its periodic distance is denoted by the moiré lattice constant �. In
the Fig. 1(b) are also marked high-symmetry sites, where the atoms of the two layers are
stacked in a specific stacking order. The repetition of these sites in the heterostructure
will result in periodic variations in the superlattice potential, and can ultimately even
lead to fundamentally new physics, such as fractional quantum Hall effect and theorized
Hofstadter butterfly effect [12].

Even though, epitaxial growth of high quality monolayers of both Gr and hBN on
transition metal substrates are a rather common practice today, the direct growth of the
second layer remains challenging. This is simply because of the fact, that by covering
the catalytically active substrate with the first monolayer of inert sp2 hybridized layer,
either Gr or hBN, no second layer can be grown by the commonly used CVD technique
or its direct derivatives. In these techniques, the catalytic activity of the substrate is
of crucial importance to dissociate the precursor molecules. Therefore, improved growth
techniques are fundamental for manufacturing these heterostructures. Even the already
discussed, realized applications of Gr/hBN vdW heterostructures, consists of thin films
of either Gr, hBN or both, commonly manufactured by direct transfer i.e., mechanical
exfoliation [13]. This technique, however, gives no control of the amount of stacked layers,
and is not promising to be implemented beyond the field of research. Furthermore, the
electronic structure of bilayer Gr is already vastly different to monolayer Gr [6].

In this thesis, full advantage of the catalytic activity of Ir(111) substrate is used for
growing the first monolayer of hBN. The Ir(111) substrate further provides a well defined
reference for the structural characterization of hBN by scanning tunneling microscopy
(STM) and low energy electron diffraction (LEED). In particular, the characteristic moiré
structure of the epitaxial hBN, already present as a result of the lattice mismatch between
hBN/Ir(111) will be determined and discussed. The influence of the substrate and the
periodic variations in the lateral atomic registry will also be discussed, and compared to
the structure of Gr on Ir(111). Finally, it will be attempted to grow the vertical vdW
heterostructure of Gr atop hBN/Ir(111), employing a novel technique, namely, electron
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assisted growth (EAG). In this technique an electron beam will assist to dissociate the
hydrocarbons from the common Gr precursor ethylene already at room temperature (RT).
The growth will be initiated by a step-wise annealing and STM and LEED characterization
of the possible Gr formation will be discussed.

2 Theory

In this section an important concept of crystal structures are described, followed by both
a theoretical and an experimental description of surface techniques that are used to probe
these structures in this thesis.

2.1 Real and Reciprocal Space

In a real three-dimensional vector space, a real Bravais lattice is defined as a discrete set
of points with position vectors of the form,

R = n1a1 + n2a2 + n3a3 (1)

where {ai} are linearly independent, primitive translation vectors that span the Bravais
lattice for ni 2 Z. The Bravais lattice combined with basis atoms gives the crystal struc-
ture. Translational symmetry of the Bravais lattice allows for a mathematical construction
of a dual-space, namely, a reciprocal space.

The reciprocal space can be defined as a Fourier transform (FT) of the real space, i.e.,
any real Bravais lattice periodic function can be expanded as Fourier series to reciprocal
space. Take, for example, an arbitrary function in a 1D lattice with spacing a,

f(x) = f(x+ a)
FT
=)

X

k

fke
ikx

=

X

k

fke
ikx

e
ika (2)

where k = n2⇡/L for n 2 Z with L ⌘ [m], and fk are the Fourier coefficients. For the
last equality to hold, it has to be satisfied that exp (ika) = 1, which gives k = n2⇡/a. In
general, considering a 3D Bravais lattice periodic function f(r) = f(r+R), and one has

e
iG·R

= 1 (3)

where G = ha⇤
1 + ka⇤

2 + la⇤
3 for h, k, l 2 Z, is by definition the corresponding Bravais

lattice in reciprocal space. For the above identity to hold it can be shown, that the real
and reciprocal lattice vectors must satisfy,

a⇤
i · aj = 2⇡�ij (4)

where �ij is the Kronecker’s delta. This equation now constructs the whole reciprocal
lattice from the real lattice and vice versa. However, even the orthogonality of the lat-
tice vectors and therefore, possible rotations between the two lattices are not completely
necessary for the present thesis. It is often enough to note the ”reciprocity”, namely,

|a⇤
i | /

1

|ai|
(5)
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as already evident from the 1D case.

2.2 Surface Techniques

To carry out surface science experiments it is not only necessary to have special techniques
with high enough surface sensitivity, but it is also crucial to be able to keep the surface
under investigation clean for a long enough time. The latter condition and also indirectly
the former, can be achieved by operating in an ultra-high vacuum (UHV) environment.
The UHV environment typically has a pressure in the order of 10

�10 mbar or below,
which can maintain the surface relatively clean for several hours. This low pressure can
be achieved by using several pumping techniques in series, namely, rough, turbo and ion
pumps. For more details see e.g. [14].

The two surface techniques described in this section are LEED and STM. They are
both electron based techniques and, therefore, surface sensitive. However, it is important
to note that STM is a local probe while LEED is an averaging scattering technique.

2.2.1 Low Energy Electron Diffraction

Electrons are known to have a wavelength given by the de Broglie equation

� =
hp
2mE

(6)

where h is Planck constant, m is the electron rest mass and E is the electron kinetic
energy. For typical energy range used in LEED; 20-200 eV, this gives a wavelength in
the order of ångströms, just small enough to probe atomic distances in crystal structures.
Furthermore, due to the wave nature of electrons, the propagation of an incident electron
in LEED can be described by a wavevector

k0 =

p
2meU

~ k̂ (7)

where ~ is reduced Planck constant, U is the accelerating voltage and e is the electron
charge. Based on von Laue conditions for elastic scattering, |k0| = |k|, it is known that
constructive interference as a result of scattering from real lattice vector occurs, if and
only if the change in wavevector is equal to the reciprocal lattice vector,

�k = k0 � k = Ghkl (8)

where k is the scattered wavevector. From this, Eq. (8), it is noted that the diffraction
pattern satisfies all the reciprocal lattice relations described in the previous section.

In Fig. 2(a) is shown schematics of a typical LEED setup. A monochromatic low
kinetic energy electron beam is generated by a filament and accelerated by voltage U

towards a sample. The electron beam is further focused by electron optics, achieving a
beam diameter of approximately 1 mm. The low kinetic energy electrons heavily interact
with the sample and are then backscattered either elastically or inelastically. On the way
back towards the detector, the electrons encounter multiple grids all of which are grounded
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to provide field free regions, except the one indicated by number 2. This grid is biased
with a voltage just above the initial accelerating voltage and, therefore, only lets through
elastically scattered electrons. Finally, the electrons are detected on a fluorescent screen.
The fluorescent screen is biased with a high voltage to again accelerate the electrons which
then gives an intense light pulse for each electron. The screen is further curved, or rather
spherical, to provide an uniform scattering radius from the sample.

Figure 2: (a) Schematics of a typical LEED setup (b) Ewald sphere construction fulfilling the

Laue conditions for elastic scattering in two dimensions. Indicated are vertical crystal truncation

rods indexed by the Miller indices (h,k). The fluorescent screen corresponds to the top part of

the sphere normal to electron incidence k0. Both from
[15]

Figure 2(b) shows an Ewald sphere construction of the Laue conditions in the recip-
rocal lattice hl-plane. The fluorescent screen is the top part of the circle, normal to the
wavevector of the incident electrons k0. The sphere radius can be varied by varying the
accelerating voltage given by Eq. (7), and the Laue conditions are met when the circle
intersects the vertical rods. These vertical rods are due to symmetry breaking at the sur-
face, because of which the three Laue conditions are reduced to two, i.e., Eq. (8) becomes
�k = Ghk, and diffraction spots are observed for the whole range of kinetic energies.
However, the inelastic free mean path for low kinetic energy electrons, 20-200 eV, is in
the order of 5-10 Å, i.e., few atomic layers. Therefore, rather sharp intensity maximas are
observed when the circle intersects the denoted ellipsoids, corresponding to the bulk Laue
conditions. It is to be noted, that these conditions do not explain intensity fluctuations
observed in experimental LEED patterns as a function of the electron kinetic energy.

In the simplest case, LEED can serve as a quick macroscopic technique to deter-
mine symmetries and periodicities of possible overlayer structures in the system, as used
throughout in this thesis. However, not always explicitly as shown in an example below.
The most common way to describe overlayer structures is Wood’s notation,

✓
|b1|
|a1|

⇥ |b2|
|a2|

◆
R↵� A (9)

where ai are the substrate unit cell vectors and bi are the overlayer vectors, ↵ denotes
possible rotation between these vectors and A corresponds to a chemical element.
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Figure 3(a) shows real space overlayer structures of (2 ⇥ 2)R0 and three rotational
domains of (2⇥ 1)R0 on fcc(111). Noting that the ratios of the lengths in the Wood no-
tation can be simply inverted to correspond to reciprocal space. This real space structure
can then be characterized in a typical LEED image shown in Fig. 3(b), where the unit
cell vectors of the fcc(111) are indicated by the white arrows. The three different colors
corresponding to the different rotational domains of the (2 ⇥ 1)R0 structures. However,
without the color coding it would be impossible to distinguish whether the LEED pattern
is actually from a (2⇥ 2) structure or the three rotational domains of (2⇥ 1) structures.

Figure 3: Real and reciprocal space structural characterizations (a) Hexagonal substrate, (2⇥
2) and three rotational domains of (2 ⇥ 1) overlayer structures (b) Schematic LEED pattern

corresponding to three coexisting rotational domains of (2⇥ 1) overlayer structures, from
[16]

.

Further complications to the structural determination with LEED is caused by in-
tensity variations of the diffraction spots as a function of the electron kinetic energy.
Sometimes making some spots hardly visible, if at all, especially in the case of low cov-
erage. It is always important to record images for a range of different kinetic energies.
Moreover, sometimes even multiple scattering events have to be considered, especially in
the case of layered structures or with possible sub-structures inside the unit cell.

Additionally, one can note by comparing these two figures for real and reciprocal
lattices of fcc(111) that there is 30� rotation between them. This is caused by the orthog-
onality of the real and reciprocal lattice vectors of different indices as described by the
Eq. (4), which can be further used to distinguish the different domains.

2.2.2 Scanning Tunneling Microscopy

Scanning tunneling microscope is one of the common real space surface techniques in
the family of scanning probe microscopes. The technique is fairly new surface technique
compared to scattering techniques and was invented by Binning and Rohrer in 1983 [17].
As the name suggests, this technique and its surface sensitivity combined with ”atomic”
resolution relies all on quantum tunneling. That is, an electron can tunnel through a
classically forbidden region, i.e., through a potential barrier between an atomically sharp
STM tip and the surface being probed. As the operation principle is based on quantum
mechanics, it can be described by the many-body Schrödinger equation (S.E),
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Ĥ = E (10)
where the Hamiltonian operator, Ĥ = T̂ + Û , is the sum of kinetic and potential en-
ergy operators. If one could solve for the energy eigenvalues E, and the corresponding
eigenstates  , any observable quantity of the system could be determined, in principle.

To conceptually understand the operation principle of STM, it is, however, enough
to restrict to tunneling in 1D, in the simplest approximation as follows. Considering a
free electron travelling to +z-direction, and which encounters a finite constant potential
U(z) = U for 0  z < d, further assuming no reflection. The electronic wavefunction  (z)
solving a single electron S.E is given by  (z) =  (0) exp (�z), where the decay constant
is  =

p
2m(U � E)/~. Furthermore, the transmission through this barrier of width d is

given by T = exp (�2d).
In STM operation, the apparent potential barrier height can be approximated as the

average of the tip and sample work functions, i.e., U = �b = (�t+�s)/2
[18]. For simplicity,

assuming equal conductors and estimating typical metal work functions, �b = 4 eV � E,
gives a decay constant of  =

p
2m�b/~ = 1 Å�1. Therefore, for every �d = 1 Å

this results in a decay of the tunneling current by almost an order of magnitude. It is
now clear why technique based on quantum tunneling is so powerful. For flat surfaces,
approximately 90% tunneling can be accounted coming from the outermost tip atom only,
(of the atomically sharp tip), giving this technique an extremely high resolution.

However, to further understand what is actually imaged in the STM, one has to turn
back to the many-body S.E. Commonly adopted approach to discuss the theory behind
STM is Tersoff-Hamann theory [19], which is based on the many-body tunneling theory
of Bardeen [20]. Neglecting electron-electron interaction, Bardeen solved the S.E for the
”tip” and the sample separately as one particle equations. Assuming weak tip-sample
interaction and nearly orthogonal states and, therefore, by time-dependent perturbation
theory, the tunneling current to the first order can be written as,

I =
2⇡e

~
X

t,s

f(Et)[1� f(Es + eV )]|Mts|2�(Et � Es) (11)

where, in terms of Fermi-Dirac distribution, f(Et)[1�f(Es+eV )] is the probability of an
occupied and an empty state existing at the tip, Et, and sample, Es, energies, combined
with an applied bias V . The Dirac delta function �(Et�Es) allows only elastic transitions.
Mts is the matrix element describing the overlap of the tip and sample states subjected to
the perturbation. This equation is simply the Fermi’s golden rule; a general result of the
time-dependent perturbation theory, describing the transition rate from one eigenstate to
another, further fulfilling the tunneling condition from filled states to empty states.

Using Bardeen’s transfer Hamiltonian method, the matrix element can be written as a
current density operator, integrated over any surface area in the barrier region bounding
the volume between tip and sample,

Mts =
~2
2m

Z
dS( ⇤

tr s �  sr ⇤
t ) (12)

The matrix element and hence, the tunneling current can be solved separately from the tip
and the sample S.Es. No knowledge of the total Hamiltonian or the total wavefunctions
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is required. For two well defined surfaces, both wavefunctions can be expanded as Bloch
surface states, however, in STM operation the exact structure of the atomically sharp tip
is not known. Therefore, the tip states are hard to determine.

After the invention of STM, Tersoff-Hamann (TH) made further approximations to
this theory, namely, low operation bias; decreasing the tunneling energy interval, low
temperature limit; all states are occupied(unoccupied) below(above) the Fermi level and
most importantly approximating spherical, s-wave tip. This s-wave tip approximation
naturally made the evaluation of the Eq. (12) almost trivial. Under these approximations,
the tunneling current can be written as,

I / V

X

s

| s(r0)|2�(Es � Ef ) = V ⇢s(r0, Ef ) (13)

The tunneling current is now proportional to the applied bias V and the local density of
states (LDOS), ⇢(r0, Ef ), of the sample at the Fermi level EF , evaluated at the position
of the tip. Therefore, in the TH picture the STM does not image the surface atoms, but
rather the electronic structure convoluted with the tip height. It is also to be mentioned,
that this theory makes the simulation of STM images rather trivial as the only unknown
is the LDOS of the sample at a certain height, which is trivially determined within any
electronic structure simulation, such as density functional theory (DFT). Furthermore,
this theory allows interpretation of STM images way beyond just the structure.

However, there are several shortcomings to this theory, namely: It is not possible to
describe often experimentally observed strong tip-sample interaction, especially in the
case of low tip-sample distances, or constantly varying tunneling conditions, where the
former already inherent from Bardeen’s perturbation theory approach. Moreover, even the
minimum lateral resolution given by Tersoff-Hamann’s s-wave tip approximation cannot
explain the often experimentally achieved atomic resolution. The tip states have been
further modified to the Bardeen theory by Chen [21], where it was determined, that the
atomic resolution cannot only be accounted for the atomic sharpness of the tip, but rather
for using a tip material with partially filled d-shell, such as tungsten. For which the atomic
resolution was determined to occur when the tunneling is from tungstens dz2 orbitals [22].

Figure 4(a) shows schematics of the tunneling principle from filled states to empty
states between two conductors, separated by a distance d. The red wave shows the
overlap of the real part of two Bloch waves through a potential barrier of height, given as
the average of the two work functions. Furthermore, as a negative bias is applied to one
conductor, it will raise its Fermi level, EF , respect to the other conductor, giving electrons
enough energy to tunnel from the filled states of one conductor to the empty states of the
other. If the direction of the bias is reversed, the tunneling principle is reversed, i.e., the
STM can be used to probe both the filled and the empty states of the sample.
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Figure 4: (a) Tunneling between two biased conducting materials separated by a distance d
[14]

.

(b) Schematics of a typical STM setup
[23]

.

Figure 4(b) shows schematics of a typical STM setup. Atomically sharp tip is con-
nected to a xyz-piezoelectric tripod and is approached within a nanometer distance from
the sample surface in UHV chamber. A raster scan, performed by the x and y pods,
is initiated from the computer while a small bias is applied to the sample. If the bias
applied to the sample is negative, the electrons will tunnel from the sample to the tip
and a tunneling current is measured at every point of the scan. Two scanning modes
exist, namely, constant current mode and constant height mode. In the constant current
mode, used in this thesis, a preset current value is chosen and the measured tunneling
current is compared to this value at every point of the scan. To maintain the chosen
constant current value, a correction voltage is applied to the z-piezo, either expanding
or contracting it, and the tunneling current will increase or decrease exponentially as a
result. This applied correction voltage can be directly converted to a topographic image
of the surface, which is then viewed on the computer. With correct calibration on known
substrates, the piezos response to the correction voltage can be converted to a surface
topographic image with a very high resolution.

In a constant-height mode, the feedback loop is kept idle and the tunneling current
variation is measured instead. This method is generally faster, but often results in tip
crashes due to high topographical variations of surfaces. Furthermore, the STM has to be
isolated from vibrations coming from the surroundings, which can be achieved by either
floating the sample in a magnetic field or by spring damping as illustrated in the figure.
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3 Method

All experiments were carried out in the Obelix UHV environment with base pressure of
10

�10 mbar at Lund University. This environment consisted of a preparation chamber
and an analysis chamber, where the latter is equipped with room temperature STM and
LEED. The Ir(111) single crystal was cleaned by repeated cycles of annealing at 1400 K,
hot sputtering with 1 kV Ar+ ions at 1000 K (p = 10

�5 mbar, HV = 650 V, Iems = 10

mA) and exposing to system to oxygen atmosphere of pressure p = 10
�7 mbar at 800 K.

Growth hBN/Ir(111): Prior to the hBN growth, the precursor borazine was purified
by three cycles of freeze-pumb-thaw. The hBN monolayer was grown by CVD, exposing
the Ir(111) substrate to 100 L of borazine (p = 10

�6 Torr for 100 s) at 1250 K in the
preparation chamber. The high quality of the grown hBN monolayer was verified with
STM and LEED and is discussed in Sec. 4.2.

Growth Gr/hBN/Ir(111): The electron beam from the filament, (I = 4 A and HV
= 200 V), in the EAG technique was used to dissociate the hydrocarbons from the pre-
cursor molecule ethylene. Two doses, followed by step-wise annealing were characterized,
namely: Dose 300 L ethylene (p = 10

�6 Torr for 300 s at RT), anneal in steps of 773
K, 1073 K and 1273 K. Start over by cleaning the sample and growing hBN with the
above recipe, then: Dose 6000 L ethylene (p = 10

�5 Torr for 600 s at RT), anneal in steps
of 773 K, 973 K, 1173 K and 1373 K. STM and LEED characterization were performed
after every step. The temperatures were carefully measured using infrared pyrometer.
This temperature evolution is discussed in Sec. 4.3. Furthermore, the acquired STM and
LEED images were processed and analyzed using ImageJ and Igor Pro softwares.

4 Results and Discussion

4.1 Substrate Ir(111)

The substrate chosen for the growth of the Gr/hBN heterostructure was Ir(111). Iridium
is a group 9 element, just below rhodium in the periodic table of elements, hence with a
partially filled d-shell a transition metal by definition. Iridium has a high melting point of
2700 K which makes the high temperature growth of Gr/hBN possible. Furthermore, Ir is
a fcc metal and, therefore, each bulk atom has a coordination number of 12, i.e., number
of nearest neighboring atoms, as can be determined by repeating the fcc unit cells shown
in the Fig. 5(a).
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Figure 5: (a) Fcc unit cell with the (111) plane indicated by the transparent gray plane. (b)

The ABC stacking of fcc [111] direction, with hexagonal surface unit cell marked by the black

rhombus and the high symmetry adsorption sites are also highlighted. (c) Side view of the ABC

stacking and the corresponding high symmetry sites.

To create a well defined surface for the growth of Gr/hBN, the iridium single crystal
has been cleaved in the [111] direction given by the Miller indices, indicated by the
transparent gray plane in the Fig. 5(a). Figure 5(b) shows the Ir(111) dense packed
six-fold rotational symmetric surface layer, the symmetry that is preferred for the growth
of honeycomb structures. Indicated in the Fig. is also the hexagonal primitive unit cell,
with lattice vectors of equal lengths |a1| = |a2| and an angle of ✓ = 120

� between them.
Important for the characterization of overlayer structures formed on this surface, are the
high symmetry adsorption sites, indicated by a three-fold hollow hcp and fcc site, a bridge
site and a top site. In Fig. 5(c) the difference between the hcp and fcc hollow adsorption
sites is visualized by the ...ABCABC... stacking order of the atomic layers in the fcc(111)
direction. The hcp-hollow site has an atom directly below in the second layer, while
fcc-hollow site has an atom directly below in the third layer. As a consequence of these
two distinct high-symmetry sites, the surface combined with the substrate reduces to
three-fold rotational symmetry.

As the Ir crystal is cleaved and the (111) surface is formed, the coordination number
for a surface atom is reduced to 9, given by six in-plane nearest neighbors and three below.
Consequently, three dangling bonds per surface atom are created, which gives the system
surface energy. The surface energy which is partly linked to the catalytic activity of the
Ir(111) surface, and is of fundamental importance for dissociating the precursor molecules
for growth of the hBN monolayer atop, as will be discussed in the next section. Lastly,
it is worth mentioning, that due to the dense packing of the Ir(111) surface, it has lower
surface energy than Ir(100) or Ir(110) planes, in the respective increasing order. However,
on the upside of this, it will experience less surface relaxation, both in-plane and vertical.
Hence, the nearest neighbor distance in the iridium bulk is referenced close to the Ir(111)
surface lattice constant with value of aIr = 2.7147 Å at RT [24].
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4.2 Structure and Growth of hBN/Ir(111)

By chemical vapor deposition of 100 L of precursor molecule borazine, B3H6N3, on a
Ir(111) surface kept at 1250 K, only single atomic layer of hBN can be grown as a result
of self-termination of the growth process. Figure 6(a) shows an overview STM topograph
of the grown hBN monolayer film with these parameters. As seen from the image, the
hBN monolayer continues over several underlying Ir(111) step edges without any visible
domain boundaries. Furthermore, only a single rotational domain of the STM observed
6-fold symmetric hBN/Ir(111) moiré structure can be verified by the six sharp spots in
the fast Fourier transform (FFT), shown as an inset. This moiré structure, with uniform
periodicity, originating as a result of the mismatch between the lattice constants of Ir(111),
aIr = 2.715 and hBN, (vdW bulk value), ahBN = 2.504 Å [25].

Figure 6: STM and DFT characterization of the real space structure of hBN/Ir(111). (a)

100x100 nm
2

STM overview of the CVD grown hBN/Ir(111), inset: FFT of the STM image. (b)

10x10 nm
2

partial atomic resolution STM topograph, with the moiré and hBN unit cells indicated

by the black and white rhombuses, respectively. (c) DFT ball model of a commensurate 12-on-

11 hBN/Ir(111) superstructure
[26]

. Large and small yellow balls indicating the B and N atoms,

respectively, (heights, relative to the Ir(111) substrate color coded respect the side bar). Gray,

green and blue indicate the Ir atoms in the first second and third layer, respectively.

Figure 6(b) shows a zoom-in of the hBN/Ir(111) moire structure, with partial atomic
resolution of the hBN atomic rows in one direction, visible as the lines diagonally across
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the image. The translational symmetry of the moiré structure is shown by the moiré unit
cell indicated by the black rhombus, while the smaller white is the hBN unit cell. The
two unit cells can be said to be aligned to a good approximation. Furthermore, due to
the hexagonal nature of the moire structure, the Ir(111) unit cell can be concluded to
be aligned with the hBN unit cell as well. Direct measurement of the unit cell lengths
yields too small values due to calibration of the piezos and, therefore, are not presented.
However, the periodicity of the hBN atomic rows occurring along each moiré unit cell
length is carefully measured to give an average of 12 hBN unit cells. The condition for
the appearance of the periodic moiré structure, just as in the case of periodic interference
pattern, can be described by r ⇥ r hBN unit cells on top of (r � 1) ⇥ (r � 1) Ir(111)
unit cells, provided by their alignment and relative lattice constants. This would then
result, as determined directly from the STM topograph, a moiré superstructure of 12⇥12
hBN unit cells on top of 11⇥11 Ir(111) unit cells, further referred as 12-on-11. This value
would justify the choice of best commensurate superstructure for a DFT simulation seen
in Fig. 6(c). A more precise moiré analysis is done in the next section.

As already visible in the STM topograph, Fig. 6(b), the STM does not image the
hBN/Ir(111) surface uniformly due to periodic variations of LDOS and/or surface height
within the moiré unit cell. So-called pore sites with central depressions appear surrounded
by wire sites, named on the account of the discovery [3]. The variation in the LDOS and
the surface height can be determined as consequence of different hBN adsorption sites,
as determined by the relaxed and most energetically favored hBN overlayer structure
in the DFT simulation, Fig. 6(c). The figure highlights three different high-symmetry
adsorption sites for boron and nitrogen atoms within the moire cell, reducing the STM
observed rotational symmetry to 3-fold. Furthermore, a high corrugation of the overlayer
structure is noted with a peak-to-peak amplitude of 1.5 Å across the moiré cell. The lowest
lying adsorption site is determined as BN occupying BN(hcp,top), and is attracted close to
the substrate due to nitrogen atoms forming a bond with iridium atoms [26], most likely sp3

hybridizing directly atop. This chemisorbed site is surrounded by two physisorbed sites at
increasing heights from the substrate, namely, BN(top,fcc) and BN(fcc,hcp), respectively.

4.2.1 Moiré Analysis

For more precise characterization of the hBN/Ir(111) moiré structure than just a direct
measurement on the STM image, one can average and observe the periodicities of the
recorded STM image in the reciprocal space by using FFT. Advantageously, the same set
of equations for the characterization of the moiré structure in LEED images can be used
as well, as was noted in the theory section. Figures 7(a) and (b) show FFT of the partial
atomic resolution STM image, Fig. 6(b), and a LEED image of the hBN/Ir(111) structure,
respectively. The moiré structure with large real space unit cell results in satellite spots
around the labeled Ir(1,0) and hBN(1,0) spots. Due to the very nature of the satellite
spots, they can be described as a linear combination of the Ir(111), a⇤

i , and hBN, b⇤
i ,

reciprocal lattice vectors as,

Gmoire = na⇤
1 +ma⇤

2 + hb⇤1 + kb⇤2 (14)
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An example is given for the moiré spot m(2,0,-1,0) in Fig. 7(b). Furthermore, it is
observed from the LEED, that the hBN/Ir(111) structure indeed shows a 3-fold rotational
symmetry. This can be seen by following the outer hBN hexagon, and noting that every
second hBN spot is of the same intensity, implying that the hexagon can be rotated
repeatedly by 120 degrees without affecting it, i.e., 3-fold symmetry. Same argument
applies to the Ir(111) spots. It is also clear from the LEED, that the hBN and Ir(111)
lattice vectors are aligned quite well.

Figure 7: Reciprocal space characterization of hBN/Ir(111) (a) FFT of Fig. 6(b), with the

hBN principal spots highlighted by the arrows and rest of the spots originating from the moiré

structure. (b) LEED image of hBN/Ir(111). Reciprocal lattice vectors denoted by the principal

spots, 63.8 eV electron kinetic energy. (c) Line profile of (b) along [1̄01̄0] direction.

For the more precise moiré analysis [27], the equation below can be used for both, FFT
and LEED.

kmoire = khBN � kIr =
1

r
khBN (15)

where ki are the diffracted wavevectors, i.e., the reciprocal lattice vectors and r is the
moiré periodicity, fulfilling the previously described real space moiré condition r ·ahBN =

(r�1) ·aIr. Equation (15) further simplifies to a scalar equation as the lattice vectors are
aligned. For the FFT in Fig. 7(a), a line profile is measured in the hBN [1̄0]-direction and
an intensity profile similar to the one in Fig. 7(c), corresponding to LEED [1̄01̄0] direction,
is obtained. Fitting Gaussians to the peaks of the hBN principal and the surrounding
six-fold satellite spots representing the moiré periodicity, the lengths of the reciprocal
lattice vectors, in arbitrary units, are determined. Using Eq. (15), periodicity of the
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hBN unit cells within the moiré cell is calculated as r = 12.15± 0.28, again justifying the
best commensurate structure of 12-on-11. With value aIr = 2.715 Å, the moiré and hBN
lattice constants are determined as, am = 30.28± 0.7 Å and ahBN = 2.491± 0.081 Å.

Similarly, the LEED analysis gives periodicity of r = 13.10 ± 0.076 and, therefore,
am = 32.87±0.19 Å and ahBN = 2.508±0.090 Å. While the two different moiré periodici-
ties determined by FFT and LEED for the same structure might seem controversial, they
are, however, in full agreement with the hBN/Ir(111) superstructures within the litera-
ture. That is, Farwick zum Hagen et al. [26] determined a 11.7-on-10.7 superstructure by
STM moiré analysis, while a commensurate superstructure of 13-on-12 was determined
by LEED study of Orlando et al. [28]. This difference can be accounted for LEED being
a macroscopic technique, as the electron beam diameter is usually in the order of mm,
while the STM scans are typically in the order of nm2. Therefore, slightly different moiré
domains can be expected to be probed with LEED. The variations of these aligned do-
mains can be explained by the differences in thermal expansions between Ir and hBN at
the high CVD dosing temperature, resulting in a compressive stress by a terrace locking
effect for terraces of different sizes as the system cools down, which is discussed more in
the next section. However, one can note that LEED as a technique assumes flat surfaces,
provided by the curved fluorescent screen, therefore, scattering from corrugated hBN over-
layer respect to flat Ir(111) can cause minor discrepancies in the determined periodicities
with this technique. Nevertheless, to the authors best knowledge, the hBN/Ir(111) moiré
structure is generally treated as a 12-on-11 superstructure, based on the recent moiré
analysis of zum Hagen et al. [26].

Another disagreement in the structure is, of course, the corrugation. Only on the basis
of DFT, Schulz et al. [18] determined a corrugation of 0.35 Å for a 13-on-12 commensurate
superstructure, which is in the order of corrugation of Gr on Ir(111) [29]. Interestingly
enough, it was determined by Seitsonen et al. [30], that the corrugation of the DFT relaxed
structure is not as a result of the best commensurate superstructure chosen, but rather the
chosen exchange-correlation functional, treating the many-body interaction in the partly
chemisorbed and physisorbed hBN layer on the Ir(111) substrate. However, on the basis of
experimental studies of both zum Hagen et al. [26] and Seitsonen et al. [30], the corrugation
has been determined as 1.55 Å and 1.65 Å, respectively. This high corrugation of hBN on
Ir(111) will definitely affect its properties for growing the Gr/hBN/Ir(111) heterostructure
as opposed to the opposite system, hBN/Gr/Ir(111).

4.2.2 Comparison to Gr/Ir(111)

For a better context to the above discussed hBN/Ir(111), it is worthwhile to review the
structure and growth of Gr/Ir(111). The experimental data presented here are previous
results in the group obtained by V. Boix for her master’s thesis [1], unless otherwise stated.

As in the case of hBN/Ir(111), it is an advantage to use the catalytic activity of the Ir
surface, therefore, with a precursor molecule, such as ethylene, C2H4, Gr can be grown.
However, the growth temperature required to achieve a high quality monolayer of Gr, i.e.,
a single aligned R0 domain, is too high to be efficiently reached with CVD only. This is
because ethylene is a small molecule, as opposed to borazine, and, therefore, with a small

15



sticking coefficient most of it would just immediately desorb from the Ir(111) surface at
the required growth temperature. The Gr growth has to be initiated by temperature
programmed growth (TPG). In this technique the precursor is dosed at RT followed by
step-wise annealing up to 1370 K. To efficiently reach the full monolayer coverage, the
growth is complemented by CVD. More in depth discussion of the Gr growth can be found
in [1, 31].

Figure 8(a) shows a 100⇥100 nm2 STM topograph of an aligned monolayer of Gr on
Ir(111) extending over several underlying Ir(111) step edges. The six bright spots in the
FFT indicate a high quality single domain of the STM observed six-fold symmetric moiré.
In Fig. 8(b) is shown an atomic resolution close up of this moiré structure.

Figure 8: STM characterization of Gr/Ir(111). (a) 100⇥100 nm
2

overview of the moiré struc-

ture. Inset showing the corresponding FFT. (b) 5⇥5 nm
2

atomically resolved STM with the

moiré cell indicated by the black rhombus and the Gr unit cell by the white rhombus. Measured

by V. Boix.

Characteristic to a lattice mismatched system, Gr on Ir(111) forms also a moiré struc-
ture, looking almost identical to the moiré of hBN/Ir(111). Theoretical moiré periodicity,
neglecting any interactions with the substrate, can be directly determined from the mis-
match of the Ir(111) lattice constant and the surface lattice constant of bulk graphite,
aGr = 2.459 Å [32]. Using the moire condition for an aligned system, as described in pre-
vious section; r · aGr = (r � 1) · aIr, and rearranging gives a periodicity of 10.61-on-9.61
Gr unit cells on Ir(111) unit cells. However, based on the moiré analysis of N’Diaye et
al. [27], it is generally established that the moiré periodicity of Gr/Ir(111) is 10.32-on-9.32.
This deviation from the theoretical value can be used to calculate a compressive stress of
approximately 3% within the moiré cell.

In Fig. 9 is shown DFT simulated ball model of 10-on-9 commensurate moiré super-
structure of Gr atop Ir(111), with the high symmetry adsorption sites of the C atoms
indicated. The optimized Gr overlayer structure is determined to give a peak-to-peak
corrugation amplitude of 0.41 Å between the top and the hcp sites, in agreement with the
authors experimental values [29].
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Figure 9: DFT ball model of 10-on-9 commensurate Gr/Ir(111) superstructure
[29]

.

The fcc high symmetry site is determined just slightly higher than the hcp. It is important
to note, that the fundamental difference between hBN/Ir(111) and Gr/Ir(111) is not only
the larger corrugation of hBN, but also its pronounced pore-wire structure as opposed to
the Gr’s low lying hcp and fcc ”valley-site” within the moiré cell on Ir(111).

Similar observation between the theoretical and experimental moiré periodicity can
also be made for hBN on Ir(111). A comparison of the values determined in the previous
section to the values of hBN in the vdW bonded bulk, ahBN = 2.504 Å [25], reveals a com-
pressive stress of approximately 6% within the moiré cell. For the the two isostructural
hexagonal sp2 hybridized systems, these two percentages could be ultimately related to
bond length changes, in the simple picture of an interatomic potential, therefore, indicat-
ing a stronger interaction of hBN with the Ir(111) substrate than for Gr on Ir(111).

Negligible amount of the determined compressive stress can be accounted to the larger
corrugation of hBN/Ir(111), whereas a large portion can be accounted to the high tem-
peratures used in the growth techniques. hBN has just slightly higher thermal expan-
sion coefficient than Gr, but they are both still very close to zero at 1350 K [33] and,
therefore, they can both be neglected respect to iridium’s thermal expansion coefficient,
↵ = 9.78 · 10�6 K�1 [24]. Because of this, at high temperature an Ir terrace will be filled
with more hBN or Gr than would be possible at RT. As the system cools down, Ir will
exert a force to the hBN or Gr provided by the Ir step edge and the strong binding to
the edge atoms as a consequence of their increased amount of dangling bonds, i.e., the
previously mentioned terrace locking effect. However, in comparison between hBN and
Gr on Ir(111), this effect cancels out or even favors hBN due its slightly higher thermal
expansion. Based on this analysis, it can be suggested that the hBN is more strongly
bound to Ir(111) and, therefore, the energetically favored stacking order should be Gr
atop hBN/Ir(111).

Finally, it is to be concluded, that due to the three distinct high symmetry adsorption
sites of Gr/Ir(111) reducing the STM observed 6-fold symmetry to 3-fold symmetry, a
LEED image almost identical to hBN/Ir(111) is to be expected. With the only difference
being the relative mismatch of the lattice constants of 1.8 % between hBN and Gr, or
more precisely, the small difference in the periodicities of the moiré structures, 13-on-12
and 10-on-9. Therefore, combined with an almost identical looking moiré structure in
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the STM images, the distinction between possibly different domains of hBN and Gr on
Ir(111) based only on their structures has to precise.

4.3 Structure and Growth of Gr/hBN/Ir(111)

Due to the inertness of the monolayer hBN on Ir(111), nothing is going to happen by
directly dosing ethylene on top of it. To circumvent the limitation caused by the catalyt-
ically active Ir(111) substrate being fully covered, i.e., to dissociate the ethylene for the
Gr growth, the electron assisted growth technique (EAG) will come in to use. In this
technique, an electron shower from a filament is used to dissociate the ethylene molecule
already at RT. The dosing at RT is then followed by step-wise annealing, similar to tem-
perature programmed growth (TPG), and possibly Gr can form; leading to the electron
assisted growth of the heterostructure of Gr atop hBN/Ir(111).

Below is shown an overview of STM and LEED images recorded after RT dosing of
ethylene in the electron shower, followed by subsequent annealing to different tempera-
tures. Two ethylene dosages and different annealing steps are presented, namely: Dose
300 L at RT and anneal in steps of; 773 K, 1073 K and 1273 K – start over with clean
hBN/Ir(111) and dose 6000 L at RT, followed by annealing in steps of; 773 K, 973 K,
1173 K, 1373 K.

Figure 10(a) shows a clean, high quality hBN overlayer extending over several Ir(111)
step edges before dosing the ethylene. In Fig 10(b) is shown the system after dosing 6000
L of ethylene on top of hBN at RT, (no good quality image for the 300 L dose were possible
due to the STM tip picking up too many weakly bound radicals). From the figure it is
immediately evident that the sticking coefficient of ethylene on top of hBN/Ir(111) is very
small, as a dose of 6000 L of ethylene yields only partial coverages, in comparison to the
full hBN monolayer growth directly on Ir(111) with only 100 L borazine. Figure 10(c) is
recorded after annealing the 300 L dose at 1073 K, where it is visible how less, but bigger
clusters are formed, occupying mainly the edge sites of the hBN/Ir(111). This is because
at low annealing temperatures the molecules gain kinetic energy and diffuse around the
surface, decaying when the cluster size is big enough. Furthermore, the clusters tend to
favor the edge sites due to the strong binding to edge atoms, again as a consequence of
their increased amount of dangling bonds.

Figure 10: (a) Clean hBN/Ir(111) (b) 6000 L dose at RT (c) 300 L dose after annealing at 1073

K (d) Zoom-in on a cluster of 300 L dose after annealing at 1073 K.
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In Fig. 10(d) is shown a high resolution close up of a carbon cluster for the 300 L dose
after annealing at 1073 K. The cluster is determined to have some signs of periodicity,
however, different from the common moiré structure. Additionally, the hBN low lying
pore and the surrounding wire structure is clearly visible.

For a comparison, a similar set of STM and LEED images for the 6000 L dose of
ethylene and subsequent annealing is shown below. Figures 11(a) and (b) show STM
topographs after the annealing steps of 773 K and 1173 K, respectively. The STM images
clearly show the same cluster formation as for the 300 L dose, but naturally at increased
amounts. In Fig. 11(c) is shown a LEED image of (b), where the satellite spots due to
the moiré structure of hBN are visible and no diffraction spots can be observed due to
the clusters. This LEED image can also be qualitatively referenced for all the previous
figures, i.e., no diffraction spots were observed due to the clusters at any of the previous
annealing steps. However, this LEED cannot be referenced for Fig. 11(a), which will be
discussed in Sec. 4.3.1.

Figure 11: (a) 6000 L dose after annealing at 773 K (b) 6000 L dose after annealing at 1173 K

(c) LEED of (b), 63.8 eV.

By following the moiré structure vertically from the top of the Fig. 11(a), it is also
visible that it is rather wavy. This could be interpreted as the clusters being intercalated
below the hBN layer and, therefore, bending the hBN layer. Furthermore, after the
annealing step of 773 K, the moiré structure itself looks very different compared to all
the previously acquired STM images, with very strong tunneling coming from the hBN
pore sites. Moreover, the ”pores” are clearly varying in sizes, orientations and have rather
cluster like shapes with sharp edges. A more familiar moiré structure is again observed
after annealing at 1173 K, as shown in Fig. 11(b).

Finally, it is to compare the high temperature annealing steps of the both doses; (300
L)-(1273 K) and (6000 L)-(1373 K), shown in Figs. 12(a) and (b-c), respectively. In
the top right corner of Fig. 12(a), a bare patch of Ir(111) is visible with white dots
being pre-existing impurities. This area has probably never been covered by hBN and
no carbon clusters can either be determined after annealing at this high temperature.
Furthermore, the moiré structure of hBN has clearly started breaking, most likely due to
the high thermal expansion of the Ir(111) substrate. The hBN layer is seen to form flakes
of characteristic triangular shape, as a consequence of highly energetically favored boron
termination of the hBN edge [26].
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Figure 12: (a) After annealing the 300 L dose at 1273 K (b) 81.4 eV LEED of (c) with contrast

inverted for visibility. (c) 6000 L dose after annealing at 1373 K, corresponding FFT as an inset,

where black circles highlight newly observed spots. Below, a line scan of the apparent height

along the black solid arrow.

Now the interesting part, namely, what are the completely new periodicities observed
in the LEED pattern, Fig. 12(b), recorded after annealing the 6000 L dose at 1373
K. From the corresponding STM image, Fig. 12(c), a moiré structure is clearly visible.
This can be immediately accounted for the satellite spots around the very bright Ir(111)
substrate spots. However, with clear differences to the moiré structure and non-triangular
domain shapes, as observed in Fig. 12(a), combined with the high 6000 L dose, this moiré
cannot be directly accounted to hBN. Inside the black dashed box in Fig. 12(c), a phase
showing periodicity is clearly observed. This area can definitely be accounted for some
of the new diffraction spots. In particular, from the FFT a periodicity of approximately
half of the moiré structure in real space can be determined, denoted by the faint spots
inside the black circles. Zoom-in and a better resolution FFT of the dashed box area will
be discussed in Sec. 4.3.2.

At the very beginning of the line scan along the line indicated by the black arrow in
Fig. 12(c), there is a clear height difference between the two, lower and upper moirés.
In the STM image, the transition between these two moirés looks rather continuous, as
opposed to an abrupt which would be the case if there was an underlying Ir(111) step edge.
Therefore, they could be the same layer, but with something intercalated giving a lift to
part of the moiré. Furthermore, if there is something intercalated and the two moirés
are on the same substrate terrace, the periodic phase at the end of the line scan cannot
be Ir(111) because it is higher than the lowest moiré at the beginning of the line scan.
On the basis of intercalation at this large scale, resulting in an uniform lift of the moiré
structure, it would most likely be crystalline. However, it has already been suggested by
the structural comparison between Gr and hBN on Ir(111) in Sec. 4.2.2, that the most
energetically favored stacking order should be Gr atop hBN on Ir(111). This is further
confirmed by DFT simulations of zum Hagen et al. [26], which gave binding energies per
atom for Gr; Eb = �69.0 meV and for hBN; Eb = �86.8 meV. This new structure will be
fully characterized in Sec. 4.3.2.
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4.3.1 Nanotemplate - Charging of the Substrate

For the growth of vertical vdW heterostructure, a flat substrate is naturally preferred.
Even for the slightly corrugated hill-valley structure of Gr on Ir(111), so-called nanotem-
plating effects are well known and studied [34]. Nanotemplating, enabling to periodically
trap atoms, ions, molecules or clusters to the moiré structure due to the periodic varia-
tions in its structure and properties. This effect is even more important for the highly
corrugated and pronounced pore-wire structure of hBN/Ir(111), as discussed in Sec. 4.2.2.
In particular, it has been studied by Schulz et al. [18], that in addition to the high geo-
metric corrugation, the hBN/Ir(111) structure also has a work function modulation of
0.5 eV between the pore and wire sites. This work function modulation imposes strong
lateral electric fields, so-called dipole rings, across the surface, which can then result in
trapping to the pore sites of hBN/Ir(111) [35]. Therefore, as attempting to grow Gr atop
hBN/Ir(111), it is important to consider the possibility of site-selective adsorption.

As mentioned in the overview Fig. 11(a), the highly varied STM imaging conditions
and the cluster like shapes, could be consequence of carbon clusters adsorbing to the low
lying pore sites. Below are shown, a STM image and the corresponding highly attenuated
LEED, acquired after annealing the 6000 L ethlyne dose at 773 K.

Figure 13: (a) STM image after annealing the 6000 L dose at 773 K. (b) The corresponding

LEED, 63.8 eV.

At first sight it is hard to make an argument based on the STM image, as it seems that
there is exactly one cluster within every moiré site, i.e., a cluster density of one, and no
empty pore sites are visible. From literature it is noted, that most of the previous studies
have all had densities well below one, such as templating napthalocyanine molecules on
the even more corrugated hBN/Rh(111) [36]. However, in a very recent study by Will
et al. [37], the authors succeeded to template a carbon cluster within every moiré cell of
hBN/Ir(111). The authors, however, dosed elemental C directly at 400 K and not ethylene
at RT followed by annealing at 773 K, as done here. On the account of this, it can be
seen in the Fig. 10(b), that dosing 6000 L of ethylene at RT resulted in rather large
carbon clusters forming island like metal on metal. Therefore, it seems unlikely that
these clusters decomposed and templated perfectly to the pore sites after annealing at
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773 K. Furthermore, this templating effect was not observed for the 300 L dose at any of
the annealing steps.

Nevertheless, the attenuation of the corresponding LEED in Fig. 13(b), has to be
argumented. Clusters being adsorbed to the pore sites, could explain the attenuation of
the satellite spots corresponding to the moiré structure. However, due to the inelastic
free mean path of low kinetic energy electrons being in the order of few atomic layers, the
Ir(111) spots should still be observed. Therefore, and together with the above discussion,
it is more reasonable to consider effects of charging the system by the EAG technique. In
the 300 L dose, where this effect was not observed, the system was exposed to electrons for
300 s, while the electron exposure was 600 s for the 6000 L dose. As the electron diffraction
techniques rely on scattering from Coulomb forces of both the nuclei and the surrounding
electron cloud, an uneven charging of the hBN/Ir(111) would cause an attenuation of the
diffraction pattern, especially in the case of low kinetic energy electrons. Furthermore,
the uneven charging would also explain the STM tunneling conditions and the cluster like
shapes of the pore sites, as just local trapped charge tunneling.

The attenuated LEED and the corresponding STM is only observed after annealing
at 773 K and the possible charging effect is released at higher annealing steps, as already
mentioned in Figs. 11(b) and (c). Furthermore, this charging effect should be observed
on hBN/Ir(111) without dosing ethylene.

4.3.2 High Temperature Annealing of Gr/hBN/Ir(111)

It is now left to resolve the new structure after annealing the 6000 L dose at 1373 K, as
introduced in the Figs. 12(b-c). At this high annealing temperature and dose, it is not
completely clear by just inspection, whether the observed moiré structure corresponds to
hBN or Gr. Especially, since it is further known that hBN on Ir(111) starts to heavily
decompose around 1300 K, while Gr/Ir(111) is unaffected up to 1500 K, as determined
by Usachov et al. [38]. Moreover, this study also shows that when annealing hBN/Ir(111)
higher than 1300 K, the intensity of N 1s photoemission peak decreases at a higher rate
compared to B 1s from X-ray photoelectron spectra (XPS). Based on this, it could be
assumed, that there is a boron superstructure responsible for, at least, some of the new
diffraction spots.

Below in Fig. 14(a) is shown a 73.9 eV LEED after the 1373 K annealing of the 6000
L dose. Measuring along the dashed line, corresponding line scan shown in Fig. 14(c),
for a perfectly aligned moiré, the moiré structure is determined to have a periodicity of r
= 13.09 ± 0.067 i.e., 13.09-on-12.09. This periodicity is almost identical and within the
errors of the moiré periodicity determined from the LEED of the pristine hBN/Ir(111) in
Sec. 4.2.1; 13.10-on-12.10. The hBN moiré can now be used as a reference to determine
the periodicities of the unknown domains in the STM Figures 14(b) and (d).
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Figure 14: (a) LEED after annealing the 6000 L dose at 1373K, 73.9 eV. (b) STM image of an

unknown periodic domain parallel to the moiré (c) Line scan of (a) along the dashed line. (d)

STM image of an undetermined periodic domain blending in to the moiré structure, (zoom-in of

the black dashed box in the Fig. 12(c)).

Determining the ratio of reciprocal distances of the moiré, dm, respect to the undetermined
domain, dd, i.e., the ratio of lengths of the moiré spots and the new faint spots in the
FFT, (the spot positions were also highlighted by the black circles in the overview, Fig.
12(c), if not visible). Furthermore, multiplying this ratio by the Ir(111) moiré periodicity
determined by the STM moiré analysis in the pristine hBN/Ir(111) section, i.e., [(dm/dd)⇥
11.15] Ir lattice constants. This calculation yielding a superstructure of approximately
every six Ir(111) real space lattice constants, aligned with the moiré structure at least in
one direction. Therefore, it is aligned with some of the dense packed directions of Ir(111)
as well. No other periodic phases can be determined with STM.

The small reciprocal space periodicities, other than the hBN satellite spots, in the
LEED image are also determined to give this same periodicity of six. Furthermore, due
to the well defined peak profiles of the hBN and moiré peaks in the line scan Fig. 14(c),
no R0 aligned domain of Gr can exist, at least in high coverages. Knowing that the moiré
corresponds to hBN and observing how the determined domain blends into it in Fig.
14(d) together with the above discussed XPS study of Usachov et al. [38], this six periodic
superstructure is now claimed to consist of boron.

Returning back to the 81.4 eV LEED, shown again in Fig. 15(a), and noting that the
newly observed high intensity diffraction spots correspond to a rather textbook example
of an oxygen phase on fcc(111), i.e., a (2 ⇥ 1)-O superstructure. The structure which,
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however, cannot be distinguished from a (2 ⇥ 2) superstructure as already described
within the theory section of LEED, Figs. 3(a-b). Combining this with the determined six
periodicity in some dense packed directions of Ir(111), it can now be argumented that:
All the new diffraction spots can be explained by (6⇥2)-B superstructure with three
coexisting rotational domains, rotated by 120� respect to each other.

Figure 15(b) shows schematic LEED pattern of a (6⇥2) superstructure on fcc(111),
where the three colors indicate the three different rotational domains. The observation of
the bright (2⇥1) spots in the experimental LEED can be further justified by the coinciding
of all three rotational domains, shown by the smaller white spots in Fig. 15(b).

Figure 15: (a) LEED of hBN/Ir(111) and three coexisting rotational domains (6 ⇥ 2)-B su-

perstructures, 81.4 eV. (b) Schematic LEED pattern of three rotational domains of (6 ⇥ 2)

superstructures on fcc(111), from
[16]

.

It can now be concluded, that the rather challenging looking LEED can be explained by
hBN moiré on Ir(111) and three coexisting rotational domains (6⇥ 2)-B superstructures,
as a consequence of hBN decomposing and nitrogen desorbing leaving boron behind.
However, the (6⇥2)-B structure has a density of almost 8 times less compared to the boron
atoms in hBN, therefore, vast amount of boron has also either desorbed or segregated in
to the Ir(111) crystal. Furthermore, this (6⇥2)-B superstructure, also known as the boron
nanoribbons, is often observed in high temperature annealing of hBN/Ir(111) [38–40], and
even in the high temperature annealing of the opposite system, i.e., after dosing borazine
on Gr/Ir(111) [1]. However, often atomic resolution STM images of the boron nanoribbons
are obtained, see e.g. [1]. The poor quality of the boron nanoribbons observed here could
be explained by possible carbon sub-structures inside the loose unit cell of the boron
nanoribbons. This would further explain why some of the diffraction spots are never
observed in any of the recorded LEED images as a consequence of multiple scattering.
Lastly, on the account of the intercalated domain mentioned in the overview Fig. 12(c) and
possible superposition of diffraction spots, it is noted, that the observed LEED pattern
cannot represent any Gr rotational domains on Ir(111) [41].

24

(a) (b)



5 Conclusion

In summary, the moiré structure of CVD grown single-domain hBN/Ir(111) has been
characterized by both STM moiré and LEED analysis. This analysis revealed two different
moiré structures of 12.15-on-11.15 and 13.10-on-12.10, respectively, in full agreement with
the literature. Even though the moiré structures of both hBN and Gr were observed to
be very similar on Ir(111), the variations of the lateral atomic registries within the moiré
cell combined with the distinguishable two atom basis of hBN was determined to give
hBN a rather unique, highly corrugated pore-wire structure. Furthermore, by comparing
the changes between the bulk lattice constants of hBN and Gr to the values of both on
Ir(111) in combination with their relative thermal expansions. It was suggested, that hBN
is more strongly bound to the Ir(111) substrate and, therefore, the favored heterostructure
stacking order should be Gr atop hBN/Ir(111).

After characterizing and comparing the growth and structure of hBN and Gr atop
Ir(111), the temperature evolution of EAG of Gr atop hBN/Ir(111) was discussed for two
different ethylene dosages, 300 L and 6000 L. Very small sticking coefficient of ethylene
atop hBN/Ir(111) could be immediately noted. Nevertheless, carbon clusters were still
achieved on the otherwise inert hBN/Ir(111) with the EAG technique. No Gr formation
was observed after any of the annealing steps for the 300 L dose. The 6000 L dose
showed a highly attenuated LEED after being annealed at 773 K, with strong cluster
shaped tunneling conditions from the hBN pore sites in the STM image. Possibility of
nanotemplating carbon clusters to the pore sites were discussed. However, the cluster
shaped tunneling conditions and the attenuated LEED could be more plausibly explained
by an uneven charging of the substrate by the electron beam used in the EAG technique.

After annealing the 6000 L dose at 1373 K, new periodicities were observed in the
LEED pattern. The hBN moiré was directly determined from the LEED. Studying the
periodic domains in STM images by FFT, it was determined that the new LEED pattern
is entirely described by three coexisting rotational domains of (6 ⇥ 2) boron nanoribbon
superstructures. This superstructure is a consequence of hBN decomposing and nitrogen
desorbing leaving boron behind. No Gr formation was observed for the 6000 L dose either.

In conclusion for the heterostructure growth, the electron assisted growth technique
has now been characterized for both growth orders of Gr/hBN/Ir(111) and
hBN/Gr/Ir(111) [1]. The latter order is concluded to yield better results. This can mainly
be accounted to: Higher thermal stability of the less corrugated Gr/Ir(111), higher sticking
coeffiecient of borazine atop Gr/Ir(111) and the easier growth of the stronger binding hBN
on Ir(111). However, the high corrugation and the chemisorbed pore sites of hBN/Ir(111)
gives potential for future applications with and without the EAG technique.

6 Outlook

The present study focused on the structural characterization of the phases formed upon
dosing ethylene atop hBN/Ir(111) in an electron shower. An obvious extension of this work
would be chemical analysis. Ultraviolet photoelectron spectroscopy could be, for example,
used to probe the �-band splitting for hBN/Ir(111) as a result of the chemisorbed pores
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and the surrounding physisorbed wires. In such studies, it would be easy to probe possible
site-selective adsorption to the pore sites by an attenuation of the corresponding peak.
Another technique that could be interesting to use on the Gr/hBN/Ir(111) system is XPS.
In contrast to LEED and STM characterization, such studies could answer whether or
not the carbon fully desorbs upon annealing to 1373 K.

Even though the favored stacking order should be Gr atop hBN/Ir(111), one prob-
lem that my studies revealed is the decomposition of hBN below the high quality Gr
growth temperature at approximately 1400 K. Further limitations can be caused by the
corrugation. An interesting future direction of my research project could, therefore, be
to try to grow the heterostructure of Gr atop hBN on a substrate that is not strongly
interacting, given in the increasing order of the corrugation: Ni(111)-Cu(111)-Pt(111)-
Ir(111)-Rh(111)-Ru(0001) [5, 42].

As already mentioned, the corrugation and, therefore, the possible templating effects
are, however, what makes the hBN such an intriguing 2DM. And, if it was correct that the
electron beam in the EAG technique can charge the hBN/Ir(111) surface around the pore
sites, hence, making the hBN/Ir(111) a suitable charged template for ions, applications are
endless, most notably in the field of quantum computing. Therefore, another interesting
research direction would be to do proper characterization of the charging effect. For
example, by just exposing the hBN/Ir(111) to electrons without dosing ethylene and
recording LEED and STM images for a more precise characterization of the temperature
evolution.
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