
 
1 

 

 

Master´s in Nanoscience 

_______________________________________________________________ 

 

 

Course: Low Dimensional Systems and Nanostructures 

 

 

Lectures by: Angel Rubio and Nerea Zabala 

 

_______________________________________________________________ 

 

Topic: “Superlattices and Vicinal Surfaces” 

 
By 

 

Zakaria. M. Abd El-Fattah 

 

 

2008-2009 

 



 
2 

Contents 

 

Cover and Title 1 
Contents 2 
1. Superlattices 3 
1.1. The Birth of The Man-Made Superlattice: 4 
1.2. The Physics of Superlattices: 4 
1.3. Fabrication of Superlattices: 5 
1.4. Some Applications of Superlattices: 7 
2. Surfaces: 9 
2.1. Vicinal Surface: 10 
2.2. Reconstructed Surfaces: 12 
2.3. Vicinal Reconstructed Surface and Possible Applications: 14 
3. Conclusion: 15 
4. References: 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
3 

1. Superlattices: 
 

If we start to briefly summarize what types of material are involved in the modern day 
electronic revolution: metals for contacts, semiconductors for active components of a 
device and high band-gap materials for insulation. When Raphael Tsu first started his 
career at Bell telephone laboratories (BTL), he told that we should all look for new 
materials rather than inventing new schemes for devices. Group IV covalent materials like 
Si and Ge are good for basic transistors; group III–V semiconductors, GaAs for example, 
are used for detectors and photonic devices; Perovskite structures such as barium titanate 
provide high dielectric constants; lithium niobates are good for nonlinear optical devices; 
and rare earth doped materials such as Nd-doped YAG garnets are used for high power 
lasers and so on. Specifically, injection lasers were limited to GaAs, the best LED was GaP 
utilizing nitrogen doped bond-excitons, high frequency transducers used quartz, and the 
best photo-conductor used CdS, a highly defective group II–VI compound semiconductor.  
Some crystals, such as hexagonal SiC, have a number of different structural forms known 
as polytype, forming a natural superlattice structure with a period ranging from 1.5 to 5.3 
nm; however, these polytype structures cannot be controlled and the resulting energy gaps 
are too small to provide any useful electronic novelty.  
 

1.1. The First Man-Made Superlattice: 

These considerations were the leading reasons that drove Esaki and Tsu to contemplate 
man-made solids. In attempting to create a man-made solid, at the onset they recognized 
that mimicking the translational symmetry can best be physically realized using a planar 
structure that has a modulation of potential energy only in one direction, the direction 
normal to the planar layers. This modulation can be achieved either by a periodic pn-
junctions or layers of A/B, two different materials arranged in a periodic way. To form an 
artificial energy band structure, the distances involved must be smaller or at least no greater 
than the junction width of a tunnel diode; more precisely, the mean free path of the electron 
must at least be greater than the period of modulation in order to preserve phase coherence 
[1]. 
 

1.2. The Physics of Superlattices: 

When alternating layers of two semiconductors with different band gaps are deposited and 
thickness of these layers lies between 1 - 10 nm (which corresponds approximately to 10 – 
100 atomic layers), what we obtain is semiconductor superlattice. The mostly known 
example of such a structure is GaAs/AlAs system [2,3] depicted schematically in Fig.1 
together with its corresponding potential profile. Differences in band gaps of materials lead 
to discontinuities in valence and conduction band and a set of square potential wells (low 
band gap semiconductor) separated by potential barriers (high band gap semiconductor) 
forms. Let us consider one of these wells from the quantum mechanical point of view. If we 
assume that an electron mean free path within a well is substantially longer than well width 
and the barrier width is infinite, what we obtain is a classical problem of a particle confined 
in a square well of finite depth. Without going to the details, it is sufficient to state that the 
discrete electron energy levels appear in the well and an increase, ∆, of the electron energy 
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from the ground state to its first bound state can be calculated as the lowest order solution 
of: 
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and: V - well depth; L- well width; m* - electron effective mass; h - Planck constant [4]. 
 

 
Fig.1: Schematic illustration of a GaAs/AlAs alternating structure, including the corresponding 

potential profile. 
 

In the real-life systems we cannot obtain perfect separation of adjacent wells and these 
results in coupling of their wave functions. Thus, instead of discrete levels, this yields us 
subbands. Fig.2 shows an example of theoretical analysis of the GaAs/AlAs system shown 
in Fig.1, where an equal width, a, of well and barrier layer is assumed. Two main features 
common for other superlattice structures are easily seen when a is decreased. First, an 
energy distance between ground state and subsequent bound states increases, which 
happens because the well width is getting smaller. Second, the discrete levels split into the 
subbands as a result of thinner barrier layers and poorer separation of neighboring wells. 
These quantum size effects have major influence on optical and electrical properties of the 
superlattices. 

 
Fig.2:  Allowed energy bands E1, E2, E3 and E4 (the shaded area) calculated as a function of well or 

barrier width a, including the potential profile of superlattice. 
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1.3.  Fabrication of superlattices: 
 
Historically, the crystalline semiconductor superlattices where the first to produce, starting 
from pioneering work of Esaki and Tsu (1970) [2]. What is crucial in fabrication of such 
structures is nearly perfect match in their lattice constants, Fig.3. Otherwise the density of 
defects becomes so large that it results in strong electron scattering and obscures quantum 
phenomena. This is why a molecular beam epitaxy technique is utilized in their deposition 
and the number of materials, which can be combined to create superlattices, is restricted. 
 

 
Lattice constant in Angstrom 

 
Fig. 3:  Energy band gap versus the lattice constant for a number of systems. Courtesy from EPI-

MBE [1]. 
 

Molecular beam epitaxy is a technique for epitaxial growth via the interaction of one or 
several molecular or atomic beams that occurs on a surface of a heated crystalline substrate. 
In Fig. 4 a scheme of a typical MBE system is shown. The solid sources materials are 
placed in evaporation cells to provide an angular distribution of atoms or molecules in a 
beam. The substrate is heated to the necessary temperature and, when needed, continuously 
rotated to improve the growth homogeneity [5]. 
Superlattices can be produced in a number of ways like sputtering, chemical vapor 
deposition, etc, but the most common are Molecular-beam epitaxy. Molecular beam epitaxy 
takes place in high vacuum or ultra high vacuum (10−8 Pa). The most important aspect of 
MBE is the slow deposition rate (typically less than 1000 nm per hour), which allows the 
films to grow epitaxially. The slow deposition rates require proportionally better vacuum to 
achieve the same impurity levels as other deposition techniques. In solid-source MBE, 
ultra-pure elements such as gallium and arsenic are heated in separate quasi-knudsen 
effusion cells until they begin to slowly sublimate. The gaseous elements then condense on 
the wafer, where they may react with each other. In the example of gallium and arsenic, 
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single-crystal gallium arsenide is formed. The term "beam" means that evaporated atoms do 
not interact with each other or vacuum chamber gases until they reach the wafer, due to the 
long mean free paths of the atoms. During operation, RHEED (Reflection High Energy 
Electron Diffraction) is often used for monitoring the growth of the crystal layers. A 
computer controls shutters in front of each furnace, allowing precise control of the 
thickness of each layer, down to a single layer of atoms. Intricate structures of layers of 
different materials may be fabricated this way. Such control has allowed the development 
of structures where the electrons can be confined in space, giving quantum wells  or even 
quantum dots [6].  

 

 
 
 

Fig. 4: A typical MBE system. 
 
This is usually the case of fabricating crystalline superlattices. However, if interface defects 
cause such difficulties, why not to approach the problem from the opposite side - let us 
build the superlattice from the materials, where lattice constants no longer exist, i.e. 
amorphous semiconductors. This idea, apparently irrational, proved absolutely sensible in 
1983, when Abeles and Tiedje [7] reported in their paper fabrication of a-Si1-xNx:H/a-Si:H 
and a-Ge:H/a-Si:H systems. They stated that the strict requirements concerning lattice 
matching in crystalline superlattices can be relaxed due to amorphous structure by its very 
nature and hydrogen content which plays an important role by passivating coordination 
defects.  An impressive, comparing to the crystalline case, number of types of amorphous 
superlattices results from the fact that in this case we have much more freedom in choosing 
components of our systems as we are not limited by the lattice matching condition. It is also 
important to emphasise that the techniques utilised to produce amorphous films - plasma 
deposition, thermal evaporation, sputtering - are relatively cheaper than molecular beam 
epitaxy and easier to implement in industrial applications. On the other hand, in case of 
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amorphous multilayers it is more difficult to obtain abrupt interfaces between subsequent 
layers.  
 

1.4.  Some applications of superlattices: 
 

Quantum wells as well as superlattices have found to show different and interesting new 
properties which lead to further technological applications. It can be used for quantum well 
lasers, modulators, switching devices, tunneling devices, photodetectors, etc [8]. Here I am 
going to discuss the use of superlattices for solar cell and magnetoresistance applications. 
In the design of a solar cells it is required a semiconductor material with high photons 
absorption cross section to allow a big number of carriers and very long recombination rate 
of these carries is desired as well. The direct band gap semiconductors satisfy the first need 
and the indirect ones satisfy the second condition. To benefit from the advantages of both 
semiconductor types, the superlattice can be used to overcome this intrinsic limitation [9]. 
Consider the solar cell shown in Fig (5a) in which the active region consists of a lateral 
superlattice ABABAB…for which the band offset is type-II and is shown in Fig (5b). Sun 
light is efficiently converted into photogenerated carriers in regions A and B since each has 
a direct band gap. If the periodicity of the superlattice is of the order of few hundred 
Angstroms, then the photogenerated electrons quickly diffuse to the lowest conduction 
band regions whereas the holes quickly diffuse to the highest valence band regions of the 
superlattice. The spatial overlap between the wavefunctions for electrons and holes is very 
small and so even though the superlattice is direct in k-space it is indirect in real space.  
The only way for the electrons and holes to recombine radiatively is by lateral tunneling 
through their barriers. However, in the absence of electric field, the probability of such 
tunneling is very small and so the recombination rate is drastically reduced. Such structure, 
Fig 6, thus overcome the intrinsic semiconductor material limitations and makes it possible 
to achieve high transition probability for photogeneration and very long recombination life 
time simultaneously. 
 
 

 
 

Fig. 5: a) Schematic of the solar cell and b) its spatial band alignment. 
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Fig. 6:  Spatial separation between electrons and holes in type-II lateral superlattices. 

 
The superlattices have also shows interesting application in the field of magnetism. That is 
the discovery of giant magnetoresistance in 1988[10,11]. The phenomenon called 
magnetoresistance (MR) is the change of resistance of a conductor when it is placed in an 
external magnetic field. It was a great surprise when in 1988 two research groups 
independently discovered materials showing a very large magnetoresistance, now known as 
giant magnetoresistance (GMR). These materials are so called magnetic multilayers, 
where layers of ferromagnetic and non-magnetic metals are stacked on each other (Fig 7). 
The widths of the individual layers are of nanometre size – i.e. only a few atomic layers 
thick. In the original experiments leading to the discovery of GMR one group, led by Peter 
Grünberg [11], used a trilayer system Fe/Cr/Fe, while the other group, led by Albert Fert [10], 
used multilayers of the form (Fe/Cr)n where n could be as high as 60. In Fig. 8 the 
measurements of Grünberg´s group are displayed (left) together with those of Fert´s group 
(right). The y-axis and x-axis represent the resistance change and external magnetic field, 
respectively. The experiments show a most significant negative magnetoresistance for the 
trilayer as well as the multilayers. The systems to the right, involving large stacks of layers, 
show a decrease of resistance by almost 50% when subjected to a magnetic field. The effect 
is much smaller for the system to the left, not only because the system is merely a trilayer 
but also because the experiments led by Grünberg were made at room temperature, while 
the experiments reported by Fert and co-workers were per-formed at very low temperature 
(4.2K). The discovery of giant magnetoresistance immediately opened the door to a wealth 
of new scientific and technological possibilities, including a tremendous influence on the 
technique of data storage and magnetic sensors and this in turn was a high impact factor of 
the fabrication of superlattices.  
 

 
 
 
 
 
 
 
Fig 7: Schematic figure of magnetic multilayers. Nanometre thick layers of iron (green) are 
separated by nanometre thick spacer layers of a second metal (for example chromium or copper). 
The right figure illustrates the trilayer Fe/Cr/Fe used by Grünberg´s group [11], and the bottom the 
multilayer (Fe/Cr)n , with n as high as 60, used by Fert´s group [10]. 
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Fig 8: Left: Magnetoresistance measurements [11] (room temperature) for the trilayer system 
Fe/Cr/Fe. Right: Magnetoresistance measurements [10] (4.2K) for the multilayer system (Fe/Cr)n .  
 

2. Surfaces: 
 
Speaking about a surface of a solid one usually thinks about the topmost layer of atoms 
only. However, in general the term surface means a few of last atomic layers of the solid, 
whose geometrical or electron structure has been disturbed by breaking of the translational 
symmetry of the crystal in the direction normal to the surface. Surfaces can be divided into 
the idealized perfect ones, which do not exhibit any lattice defects (vacancies, impurities or 
intrusions, stacking faults, steps, etc.) and the real, imperfect ones such as those in common 
technological uses, where all the defect types are present, Fig 9. Usually a perfect surface is 
thought of as a lattice plane revealed by the ideal cleavage of single crystal into two parts, 
parallel to the crystallographic plane, without changing atomic configuration in either 
resulting parts. In practice, the use of single crystals enables to eliminate point defects but 
total elimination of dislocations is not possible [12]. 
 

 
Fig 9: Schematic representation of some surface imperfections [13]. 
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The steps as one of surface defects could be useful for some basic research and 
technological applications if it could be produced over the surface in a periodic way, that is 
the case of the stepped or vicinal surfaces as will be discussed below. 

 
2.1. Vicinal Surface: 

 
Stable periodic stepped surfaces can be produced by cutting a single crystal at small angles, 
called miscut angle, from low-index planes, followed by proper cleaning and annealing 
treatments [14]. The ideal surfaces can then be considered to consist of terraces which have 
an atomic arrangement identical with the corresponding low index surface, separated by 
monatomic steps (steps which are a single atom high). If the azimuthal orientation of the 
miscut corresponds to a close-packing of the atoms, they usually consist on flat terraces of 
the high symmetry plane which is vicinal to, separated by straight steps. This structure can 
be explained in terms of the surface energy difference between the vicinal surface and the 
low index surface, which is favorable for the latter. The steps can either bunch to form 
faceted structures, or they can also form a regular array. The reason why vicinal surfaces 
can present a regular step array is the repulsive step-step interaction between neighboring 
steps. The regularity of the step array depends on the strength of this interaction. The 
regular step array of a vicinal surface is schematically displayed in Fig. 10. Here the most 
relevant parameters are indicated, such as the superlattice periodicity d, the terrace width L, 
the step height h, or the miscut angle θ. The optical surface is defined as the macroscopic 
average surface, i.e. the plane defining and angle θ with the low index plane, and it is 
represented by dashed lines in the figure. The two coordinate systems used in this work for 
the xz plane are also displayed: xz refers to the optical surface, whereas x´z´ refers to the 
terrace plane. Both different set of coordinates will be relevant when analyzing the 
electronic structure. The flat (111) surface presents a hexagonal close-packed crystal 
structure [15,16]. 
 

 
 

Fig 10: Schematic front view of a vicinal surface (left). Side view of the same surface, indicating 
the relevant parameters (right). 

 
Depending on the miscut angle, the step-step separation can be tuned and so the terrace 
width as well. So it is possible to tune the step-step separation to a certain value 
corresponding the Fermi wavelength of the electrons and so the electron will feel a periodic 
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potential induced by the steps only in the direction perpendicular to the steps. Below an 
example of the Au (13 15 15) vicinal gold, Fig 11 (Kroning-Penney model) and Fig 12 
(experimental results). 

 
Figure 11: Kronig –Penney bands for increasing potential barrier. (a)U0b = 0, free-electron 

parabola. (b) Finite potential barrier. The band splits into superlattice subbands which are zone 
folded by the reciprocal superlattice vector gn = 2π/d. (c) Infinite potential barrier. The subbands 
become flat levels. The levels are centered at k = π/d · N where N stands for the Nth energy level. 

The free-electron parabola is plotted in (b) and (c) in red. 
 

  

  
Fig. 12: Series of EDC curves in the direction perpendicular to the steps for (a) Au(223), (b) 

Au(131515) and (c) Au(23 23 21).  
 
From a first sight to the EDC curves of Fig. 12, a remarkable difference is already observed 
between Au(223), i.e. the surface with 12 ºA wide terraces, and Au(13 15 15) and Au(23 23 
21), with 39 ºA and 56 ºA wide terraces respectively. While a broad, 2D dispersing feature 
is observed in Au(223), the surface state splits into sharp non-dispersing peaks in Au(23 23 
21) (indicated by dashed lines). Furthermore, the parabolic dispersion observed in Au(223) 
is duplicated in angle, and none of them is at the zero point BZ of the surface, as observed 
for flat Au(111). The dispersion of the surface state on Au(223) can be fitted with two 
parabolas. The distance between the two parabolas is ∆kx = 0:51 ºA. This value is very 
similar to the reciprocal vector of the step superlattice g = 2pi/d = 0.49 ºA, suggesting band-
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folding by the step superlattice. In case of Au (13 15 15) surface, the terraces are wider 
leading to smaller reciprocal lattice vector and so an overlap between the duplicated 
probala and band gaps are opened are the points of intersections [15,16]. These experimental 
results are best fitted with the well know Kronig- Penney model as shown in Fig. 11. Thus, 
depending on the miscut angle, the step-step separation can be tuned and so band structure 
engineering and the formation of lateral superlattices on the surface are possible. 

 
2.2. Reconstructed Surfaces: 

 
Because atoms on the surface have different coordination number from that of the bulk 
atoms, they tend to minimize their energies. The simplest atomic rearrangement over a 
surface to minimize the surface energy is the relaxation. In this process the surface atoms 
are compressed or expanded laterally or vertical relative to the underlying bulk atoms, 
Fig13 a.  This relaxation process usually occurs in metal surface. However, in 
semiconductor surface, a reconstruction of the surface atoms is highly favored. This will 
lead to a new surface unit cell which is usually bigger than the bulk one, Fig13 b. Other 
process like adsorption and segregation are also possible [12,13]. 
 

 
Fig 13: Schematic representation of relaxation and reconstruction processes. 

 
Below are two examples of the well known herringbone reconstruction of gold (111) 
surface as a metal surface and the first experimentally observed 7x7 reconstruction of 
silicon (111) as a semiconductor. 
 
In contrast to all other (111) faces of noble metals the Au(111) surface exhibits a peculiar 
reconstruction which is based on a uniaxial compression of the topmost atomic layer along 
one of the three (1 -1 0)directions. Briefly speaking, the result is a (22x√3) super-cell where 
23 atoms of the top layer are placed on 22 atoms of the second layer. Along the direction of 
the compression one has a sequence of stacking changes from FCC (ABCABC..) to bridge 
to HCP(ABAB..) and again to bridge, with a periodicity of L = 63 Å, Fig 13. The extent of 
the FCC region is approximately 50%larger than the HCP region. The characteristic 
herringbone pattern is a consequence of the formation of mesoscopic stress domains with 
elastic long-range interactions, which lead to a sequence of two (out of three possible) 
different domain orientations, rotated by 120◦ relatively to each other [17,18]. 
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Fig 14: Herringbone, 22x√3 reconstruction of Au(111) surface. 

 
Si(111)-7x7 surface as one of the most complicated and fascinating object of study is being 
extensively used in various research fields ranging from surface science and material 
science to nanotechnology. As a classic example, this reconstructed surface provides a 
platform for the testing of the unprecedented resolution of STM as a novel powerful 
apparatus in the earliest of 1980th [19]. The first real space atomic image of this surface was 
obtained by Binnig et al. in their landmark STM experiment [20], in which twelve bright 
spots corresponding to the topmost adatoms are revealed, Fig 15. 
 

   
Fig 15: Si (111) 7x7 reconstruction STM image obtained at positive bias (left and middle) and 

negative bias (right). 
 

The Si(111)-(7x7) surface was then characterized in 1895 by Takayanagi, Tanishiro, 
Takahashi and, Takahashi as a dimer adatom stacking-faulted (DAS) structure [21]. In STM 
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experiment, only adatoms with 2x2 configuration were observed with the same intensity 
(+ve bias) and contract intensity between the two halves of the 7x7 unit cell, namely faulted 
and unfaulted halves in case of –ve bias, Fig 15 (middle and right).  
 
Without going into detailed description of both herringbone and 7x7 reconstructions, 
different surface unit cells bigger compared to the bulk ones were observed and this in turn 
will change the periodicity over the surface and so it could be regard as a 2D lateral 
superlattice. 
 
 

2.3. Vicinal Reconstructed Surface and Possible Applications: 
 
Depending on the terrace width in vicinal surfaces, reconstruction may occur which in turn 
may lead to stability of vicinal or lead to faceting of the surface. In some case in which the 
terrace width is quite small than the periodicity of the proposed reconstruction of the 
surface, only the periodicity of the step should be present and no reconstructions will be 
observed. Below are two examples of just gold vicinal showing reconstructions at the same 
time, Fig 16. Such system when checked via low energy electron diffraction will show 
splitting of the bulk spots as a result of the introduction of two more periodicities. 
 

 
 

Fig 16: STM image of Au(23 23 23) vicinal surface [22] (left) and Au(3 2 2) surface [23]. 
 

 
For Au (23 23 21) surface, herringbone reconstruction is clearly observed but the ridges are 
not parallel and are nearly perpendicular to the steps, in contrast to Au (111) reconstruction. 
However, for Au (3 2 2) surface with terrace width, 12.8 A°, smaller than the periodicity of 
the herringbone no reconstruction were observed. The same way for tuning the terrace 
width to release or remove the reconstruction of semiconductors is also studied on many 
different surfaces. 
 
Such systems not just interesting from the basic science point of view but also from the 
technological view point. They can be used as templates for bottom-up growth of 
nanostructures of different sizes and shapes as well. Examples of growing cobalt dots in flat 
Au (111) surface, 2D rectangular superstructure of fullerene in Au (887), silver nanostrips 
on Cu (111) and Pt-nanowires on Ge(001), are shown  in Fig 17 a-d, respectively. As it can 
be seen the dislocation in the herringbone reconstruction as well as the steps and both 
together acts like adsorption sites for the incoming vaporized atoms and/or molecules 
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leading to the formation of the desired nanostructure. Also the faceting of the surface could 
be used for the same purpose. 
 

 

 
 

Fig 17: Examples of growing (a) cobalt dots in flat Au (111) surface[24],(b) 2D rectangular 
superstructure of fullerene in Au (887) [25], (c) silver nanostrips on Cu (111) [15,16]and Pt-

nanowires on Ge(001) [26]. 
 

3. Conclusion: 
 
The band structure of a solid play an important rule in understanding the physics of 
materials. Nearly all the electrical, optical, magnetic, etc properties of solid materials can 
be mapped with the help of understanding its corresponding band structure. Being able to 
engineer the band structure of a solid, extraordinary different properties could be obtained 
which in turn can be used for technological application purposes. The superlattices as well 
as vicinal surfaces, which are the main focus of this report, were found to be interesting 
candidates to engineer the band structure and so unlimited number of applications could be 
expected. At the same time, vicinal surfaces which can be regard as surface superlattices 
could be used to fabricate nanostructures and even new superlattices as well. So, these two 
interesting topics are the main focus of the course “low dimensional systems and 
nanostructures” and it could be said that it is related to all lectures taught during this 
semester. 
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