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Deutsche Zusammenfassung

Die Schattenmasken-gestützte Molekularstrahlepitaxie wurde auf GaAs (100)

in V olmer −Weber-Form angewandt, um die ortsselektive III-V Halbleiter-

nanostrukturen herzustellen. Bei der ortsselektive Epitaxie-Prozedur wurde

Gallium lokal durch die Öffnungen in der Schattenmaske abgeschieden. In-

dem die Größe der Öffnung mit der mittleren Entfernungscharakteristik für

eine selbstorganisierte Nanotröpfchenformation vergleichbar gemacht wurde,

war es möglich, ein einzelnes Nanotröpfchen mit hoher Genauigkeit zu posi-

tionieren.

Im ersten Teil der Arbeit wurde ein Schattenmaskendesign entwickelt. Die

Schattenmaske wurde prozesstechnisch auf Silizium-Basis realisiert. Die Kom-

patibilität mit dem Molekularstrahlepitaxie-Verfahren wurde nachgewiesen.

Zusätzlich wurde eine unschädliche in-situ Reinigung der Maskenbehandlung

festgestellt.

Im zweiten Teil der Arbeit wurde die Tröpfchenepitaxie-Methode

für Schattenmasken-gestützte Epitaxie angepasst. Jeder Tröpfchenepitaxie-

Schritt wurde optimiert und mit Rasterelektronenmikroskopie und Rasterkraft-

mikroskopie analysiert. Die Hauptarbeit bezieht sich auf die Optimierung

der Gallium-Abscheidungsparameter. Die Substrattemperatur, die Gallium-

Abscheidungsrate sowie die Gallium-Menge wurden ausgewählt, um ein

einzelnes Nanotröpfchen pro Öffnung zu erhalten.
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Abstract

Selective area epitaxy employing a movable shadow mask was applied to

form site-controlled III-V semiconductor nanostructures on GaAs (100) in

V olmer −Weber fashion by molecular beam epitaxy. In selective area epi-

taxy procedure, gallium is deposited locally through apertures in the shadow

mask. By making the size of the aperture comparable to the mean distance

characteristic for a self-assembled nanodroplet formation, it is possible to

position of a single nanodroplet with high accuracy.

This requires two major steps, a shadow mask fabrication and an optimiza-

tion of the droplet epitaxy method for a shadow masked selective area epi-

taxy. For that, the shadow mask design is developed. This is realized on

silicon/silicon nitride-basis in terms of silicon process technology. Its com-

patibility with molecular beam epitaxy procedure is proven. In addition, a

gentle in-situ cleaning of the mask treatment is found. Consequently, the

droplet epitaxy method is adapted for a shadow masked selective area epi-

taxy. Due to the droplet epitaxy itself is a multi-step growth procedure, every

single step is improved and analyzed separately using both scanning electron

and atomic force microscopy. The optimization of the gallium deposition pa-

rameters is performed. A substrate temperature, a gallium deposition rate,

as well as a gallium amount, were selected to obtain a single nanodroplet per

aperture occupancy.
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Chapter 1

Introduction

1.1 Motivation

Nanometer-sized III-V semiconductors in general and quantum dots (QDs)

in particular have been a subject of intense study for the past decades due

to their electrical and optical properties[1]. These properties can be tuned

by controlling nanostructure morphology[2]. III-V semiconductor nanostruc-

tures have found a variety of applications in electronic and optoelectronic

devices, including transistors, lasers, photodetectors and solar cells[3], [4],

as well as in the field of quantum information science, where single photon

sources are key resources[5], [6].

Therefore, the development of techniques allowing a defect-free nanostruc-

ture fabrication is a key interest for many research groups. Currently, several

fabrication techniques already exist. They can be classified as ‘top-down’ and

‘bottom-up’ methods. In contrast to the ‘bottom-up’ approach typically be-

ing favored due to the combination of several lithography and etching steps,

the ‘top-down’ one degrades the material quality leading to deteriorated phys-

ical properties of nanostructures. At the moment, the most promising fabri-
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cation technique is molecular beam epitaxy (MBE), which provides precise

control of the composition and dimensionality of semiconductor nanostruc-

tures with high growth procedure purity.

Selective area epitaxy (SAE) approach was developed to enhance the capac-

ity of the conventional MBE procedure[7]. The SAE can be performed as a

growth either on pre-patterned substrates[8] or through a shadow mask[9].

The patterned SAE is a well-established technique for in-situ fabrication

of QDs on predefined places[10]. In patterned SAE, lithography and etch-

ing procedures are used for pattering either a mask overlayer, e. g., SiO2,

or a substrate itself. The growth of nanostructures then only takes place

in the areas not covered with the shadow mask. Self-organization concepts,

orientation-dependent growth rates, as well as a migration enhancement from

areas with the mask towards non-covered ones, force the nanostructure for-

mation on predefined places. During patterned SAE, the substrate is directly

involved in the time-consuming procedures of pattering, etching and cleaning.

This leads to an increase in undesired substrate contamination probability.

In its turn, shadow masked SAE is an approach with higher flexibility, but

due to its complicity, only several groups have demonstrated the potential

of this method[11], [12] and it has not been yet implemented into the site-

controlled growth of QDs. The idea to use once fabricated shadow mask

during all growth campaigns as well as to have an opportunity to clean it

in-situ looks very promising.

Thereby, the objective of this thesis is a fabrication of site-controlled nanos-

tructures via shadow masked SAE approach. For that, robust shadow masks

on silicon/ silicon nitride (Si/Si3N4)-basis were successfully fabricated by

several lithography and etching steps. The mask was designed to have sev-

eral apertures, where the smallest ones should force a single nanostructure

formation on predefined by aperture area places. The fabricated masks were

thoroughly cleaned, and their compatibility with an epitaxial growth proce-
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dure was examined.

This thesis not only includes the mask fabrication but, additionally, the

site-controlled growth of III-V semiconductor nanostructures has to be ac-

complished in terms of shadow masked SAE. The presence of the mask

underneath the substrate during deposition stages imposes certain techno-

logical requirements to the growth procedure itself. First of all, the con-

trol of the substrate temperature, material fluxes, as well as surface re-

constructions, becomes complex and, at some point, impossible to imple-

ment. Well-established growth of QDs on lattice-mismatched substrates in

Stranski −Krastanov fashion, e. g., InAs QDs on GaAs (100), is not the

first choice here as it demands a good control the substrate temperature as

well as group III and group V fluxes[13]. In contrast to that, a droplet epi-

taxy (DE) is a unique growth technique that can be successfully applied to

fabricate a rich variety of nanostructures[14]. Unlike conventional epitaxy,

which uses simultaneous delivery of elements both groups (III and V) to the

substrate surface, the unique DE growth protocol allows the separation of

groups III and V elements. In other words, the metal group III nanodroplets

are formed during the first stage, and at the second one they are crystal-

lized using group V flux. As a result, DE has several advantages over the

growth via Stranski − Krastanov mode, such as its wide growth temper-

ature range and capability of fabrication different types of nanostructures

from both lattice-matched and lattice-mismatched systems[15].

DE growth technique was successfully implemented into the shadow masked

SAE procedure. As a result, group III metal nanodroplets were formed dur-

ing the droplet formation stage in predefined by shadow mask places. The

main growth parameters, such as a substrate temperature, a deposition rate

and an amount of group III were optimized in order to reach a single nan-

odroplet occupancy for the case, where the deposition was performed through

the smallest mask apertures. For that, all optimization experiments were
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performed on GaAs (100) with GaAs/AlxGa1−xAs material system, i. e.,

gallium (Ga) was deposited through the apertures in the shadow mask ei-

ther on GaAs or AlxGa1−xAs (100) surfaces depending on the purpose of the

growth campaign.

1.2 Thesis overview

In the present chapter, the motivation for starting this work was given. Chap-

ter 2 outlines the relevant background for the rest of the thesis. Specifically,

basic concepts related to III-V semiconductor nanostructure and its fabrica-

tion are discussed. The third chapter gives a brief description of the growth

and characterization techniques used in this thesis.

Chapter 4 discusses the mask design and its fabrication procedure. In ad-

dition, the mask compatibility with the ultra-high vacuum (UHV) system

is proven as well. Chapter 5 is reserved for details concerning the selective

area droplet epitaxy (SADE) itself and for an optimization of growth pa-

rameters obligatory for a site-controlled formation of III-V semiconductor

nanostructures employing such an approach.

Finally, the results are summarized in the last chapter. As an integral part of

this thesis, supplementary information is provided in several appendices. In

Appendix A, wafer datasheets are supplied. In Appendix B, the mathemati-

cal representation of Si (100) etching process in potassium hydroxide (KOH)

is described, which is, in particular, relevant for redesigning the shadow mask.

In the last Appendix C, the growth protocols are given, which contain impor-

tant information regarding the MBE growth: substrate temperatures, back-

ground pressures, deposition rates and Ga amounts at different deposition

stages.
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Chapter 2

Fundamentals

This introductory chapter prepares the ground for the rest of the thesis. The

description of the basic concepts related to semiconductor nanostructures is

presented in the following pages.

Section 2.1 gives a brief survey of semiconductors and their properties, in

particular, of arsenide-based semiconductors. Section 2.2 is reserved for a

description of the general principles of the epitaxy process, which are mainly

used for the fabrication of III-V compound semiconductors. Section 2.3 intro-

duces the concept of a nanostructure in general and a quantum dot in partic-

ular with a subsequent literature review of recent developments in quantum

dot fabrication, especially in the droplet epitaxy, as in major objective of

this thesis.

2.1 Semiconductors

The historic development of semiconductor physics and technology began in

the second half of the 19th century, starting from the discovery of semicon-

ductor properties of PbS by T.J. Seebeck[16], [17]. In 1947, the realization
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of the first transistor by William Shockley, John Bardeen and Walter

Brattain at the Bell Labs was the impetus to a fast development that cre-

ated the electronics and photonics industries[16], [18]. However, in between

these two events much work of several scientists lie.

The term ‘Halbleiter’ (a semiconductor in English) was introduced for the

first time by J. Königsberger and J. Weiss[16], [19]. Since that time semi-

conductors have been, and are, used in various forms: as mechanically cut

slices from a single crystal ingot i, as thin crystal films ii deposited on suitable

substrates by chemical or physical deposition processes, as glass-like elements

iii, as polycrystalline or glassy thin films iv [20]. In the great majority of

these applications, an essential part of the process is concerned with growing

a high-quality bulk single-crystal either to serve directly as an active material

or to act as a substrate for epitaxial film growth[20]. This, therefore, requires

a subsequent development of the crystal growth industry.

Digressing from the general consideration of electronic structure, semicon-

ductors are observed in the periodic table between metals of the column 13,

appearing to the left side, and non-metals of the column 15, appearing to

the right side (see Figure 2.1). As a result, they have intermediate proper-

ties between metals and non-metals. Under a close look, column 14 in the

periodic chart is a location of the elemental semiconductors of group IV, i.

e., Si and germanium (Ge) (see Figure 2.1). Although Si is still the most

dominant in the electronics, the compound semiconductors III-V and II-IV

also exist and are successfully implemented into a device fabrication. One of

the most widely used compound semiconductors is gallium arsenide (GaAs),

which, itself and its alloys, are the research objectives of this thesis.

2.1.1 Group III-arsenides

III-V compound semiconductors are widely used as materials for optoelec-
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Figure 2.1: The periodic chart of the chemical elements, after [24]. Gallium,

aluminum and arsenic are colored in blue, green and red boxes, respectively.

tronic devices, such as light-emitting diodes, laser diodes and photodetectors,

as well as for electronic transport devices, such as field-effect transistors, high

electron mobility transistors and heterojunction bipolar transistors [21]-[23].

GaAs, aluminum arsenide (AlAs), indium arsenide (InAs) and various alloys

on their basis provide examples of III-V compound semiconductors. Gener-

ally speaking, in III-V compound semiconductors, one element comes from

group III of the periodic table and the other one from the group V. Further-

more, the bonding in III-V compounds is similar to the elemental semicon-

ductors so that the electron deficiency of the group III element is compen-

sated by extra electrons of the elements of the group V. As a result, such

semiconductors have essentially the same electronic structures as elemental

ones. Crystal structure, the type of bonding in a solid and, ultimately, the
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electron wave functions are the key parameters defining electronic properties

of the III-V compound semiconductors[25].

Figure 2.2: Crystal structure of GaAs.

The bonds are depicted in light gray

color.

The arsenide-based III-V semicon-

ductors have a zincblende (spha-

lerite, ZnS) structure. In the

zincblende structure, the base of

the primitive unit cell consists of

two atoms, which generally have dif-

ferent polarity and are located at

(0,0,0) and (1,1,1)×a
4
, where a is the

lattice constant[26]. In other words,

the structure is composed of a face-

centered cubic (fcc) lattice of cations

and a fcc lattice of anions, which are

represented by blue and red spheres

in Figure 2.2, respectively, and are

displaced by a quarter of the cube

diagonal, i. e., by
√
3
4
× a[26]. This results in a tetrahedral bond configura-

tion, so that each ion is tetrahedrally surrounded by four ions of the opposite

polarity, as depicted in Figure 2.2.

In the III-V compound semiconductors the mixture of elements on fcc sub-

lattices in zincblende crystal can be varied. This, in general, affects the

material properties. As an example, in the ternary compound AlxGa(1−x)As,

the composition of the alloy can be varied by choosing the molar fraction of

Al or Ga atoms (the group III element). Thus, according to the empirical

V egard′s rule[27], the lattice constant of AlxGa(1−x)As, a0,AlxGa(1−x)As, can

be derived from the lattice constants of both materials AlAs, a0,AlAs, and

GaAs, a0,GaAs, which have the same crystal structure, and is given by the

following relation:
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a0,AlxGa(1−x)As = xa0,AlAs + (1− x)a0,GaAs (1)

In its turn, the band gap of the ternary compound semiconductorEg,AlxGa(1−x)As

is given by

Eg,AlxGa(1−x)As = xEg,AlAs + (1− x)Eg,GaAs − bx(1− x) (2)

where Eg,AlAs and Eg,GaAs are the band gaps of GaAs and AlAs, respec-

tively, and b is a bowing parameter. The bowing parameter value at the

Γ-point for AlxGa(1−x)As is given by relation b = 0.127 + 1.310x[28].

Figure 2.3: The low-temperature energy band gap diagram of different semi-

conductors with diamond and zinc-blende structures vs their lattice con-

stants, adopted from[29]. Solid lines, as well as dashed lines, denote direct

and indirect band gap semiconductors, respectively. The major objective of

this thesis, arsenides, are highlighted in black.
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Table 2.1: Basic properties of GaAs, AlAs and InAs at 0 K.

property GaAs AlAs InAs

direct energy gap Eg [eV] 1.519 3.099 0.417

zincblende lattice constant a0 [Å] 5.643 5.661 6.050

Figure 2.3 represents values of low-temperature energy band gaps Eg and

lattice constants a0 for various diamond and zincblende semiconductors, as

well as their alloys. The gray zones highlight several families of semiconduc-

tors, which have similar lattice constants. Thus, upon a closer examination

of material properties of GaAs and AlAs (see Table 2.1), nanostructures on

their base, especially AlxGa(1−x)As, can be described as a strain-free, be-

cause lattice constants of these two materials are almost identical, e. g., the

misfit is 0.33 % at 0 K. In contrast, the misfit in InAs/GaAs system is 6.74

%.

Due to an increase of the Al molar fraction in ternary AlxGa(1−x)As alloy

tends to change the type of semiconductor from a direct band gap semi-

conductor to an indirect one with subsequent changes of its electrical and

optical properties, only alloys with molar fractions below 0.33 are studied in

this thesis.

All samples in this thesis are grown on GaAs (100) wafers by molecular

beam epitaxy (MBE). The explanation of the epitaxy process as well as

the MBE technique itself and the MBE system used for the sample growth

in this thesis, are presented in the following Sections 2.2, 3.1 and 3.1.1,

respectively. Important material parameters, such as lattice constants and

band gap energies of GaAs, AlAs and InAs are listed in Table 2.1.
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2.2 Epitaxy

Louis Royer introduced the term epitaxy from the Greek επι (epi, upon,

attached to) — ταξισ (taxis, arrangement, order) and concluded its general

rules[26]. Inherently, epitaxy refers to a growth of a new crystalline layer

on a crystalline substrate, where such a layer is oriented with respect to

the substrate[30]. It may either be performed close to the thermodynamic

equilibrium using, e. g., liquid phase epitaxy, or far away from the equilib-

rium using, e. g., MBE. Consequently, the growth of a crystalline solid itself

represents a transition between two phases (vapor or liquid) to a crystalline

phase and proceeds by an attachment of particles (atoms or molecules) to

the substrate surface[26]. This process, undoubtedly, requires a force to drive

particles from one phase of the system across the interface zone towards a

solid phase. Such a driving force is a difference in the chemical potential

between the phases[26].

Figure 2.4: Processes considered for the kinetic description of the epitaxial

growth, after[31].

The growth process can be described as a number of consecutive steps, as

depicted in Figure 2.4. In the atomistic model, impinging atoms arrive from
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the material source at an externally controlled flux F1 and are adsorbed on

the surface[26]. Atoms may then diffuse over the surface until they meet

other atoms to nucleate/ to be attached to existing islands or to defects, e.

g., steps on the surface, or they re-evaporate/ dissolve in case of a liquid

ambient[26]. Each single thermally activated kinetic process of epitaxy, i. e.,

a diffusion, a re-evaporation or a dissolution, is governed by characteristic

parameters entering an Arrhenius dependence with an activation energy E

and may be expressed using its rate equation[26]

τ−1(T ) = ν0e
− E

kBT (3)

where E is the barrier, which has to be surmounted in the process, the

prefactor ν0 is the attempt-rate constant for each given process, kB is the

Boltzmann constant and T is the temperature. As a particular example, the

process of atom diffusion can be expressed concerning the diffusion coefficient,

which is described as D = νe
− Ed

kBT , where Ed and ν are the surface diffusion

activation energy and the vibrational frequency, respectively. The vibrational

frequency is given by ν = 2kBT
h

, where h is the Planck constant[26].

The described above system is simplified. Therefore, contributions from sur-

face reconstructions, interdiffusion processes, as well as chemical reactions

between the substrate and deposited material, are neglected.

2.2.1 Growth modes

As mentioned before, the crystalline layer growth is performed by the attach-

ment of atoms to the substrate surface. In the initial stage of the epitaxial

growth, a formation of small clusters on the substrate is required. Such clus-

ters of atoms form nuclei of the solid on the substrate surface. When the

stable nuclei are formed, the crystal starts to grow according to the conditions

1can be described as the number of atoms per unit area and per unit time
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controlled by properties of the applied phase transition and adjusted growth

parameters[26], [32]. The nucleation and growth processes, themselves, are

characterized by a growth mode, which depends on various parameters, such

as the driving force i and the misfit between substrate and the layer ii.

Figure 2.5: Three classical epitaxial growth modes with respect to different

coverages in monolayers (ML). Depicted in gray and red are the substrate

and deposited layers, respectively.

The depicted in Figure 2.5 growth modes arise from a thermodynamic consid-

eration of the interface energies[26], [34]. The balance of interface tensions2

at the line of contact between the three phases of metastable ambient (index

a), nucleus (n) and substrate (s) is given by three quantities, which represent

the energies needed to create an unit area of each of the three interfaces[26].

Young’s relation for the absolute values of tensions in balance is

γas = γns + γancosθ (4)

2surface tension γ is defined as a work required to build a surface of unit area



14

if a nucleus with the shape of a spherical cap on the substrate is assumed[26].

In general, the epitaxy aims a layer deposition with a smooth growth surface,

i. e., this means that a wetting angle in Young’s relation (4) is 0 or γas =

γns + γan[26].

If this condition applies or γas exceeds the sum of the two other interface

energies, so that Young’s relation reads as γas ≥ γns + γan, the complete

wetting of the grown layer onto the substrate surface is obtained[26]. For

atoms in the layer, this means that they are more strongly attracted to

the substrate than to themselves. Thus, the growth may then proceed in

an atomically flat two-dimensional (2D) layer-by-layer growth referred to as

Frank − V an der Merve growth mode[35]. Such a growth mode is the

most preferable in epitaxy, as it provides growth of smooth planar films.

However, crystals are not perfect and contain defects, which can be spread

over macroscopic distances due to a continuity of the growth in Frank −
V an der Merve fashion[33]. The optimum homogeneity of grown layers

can be initiated by a precise controlled small angle misorientation of the

substrate[36].

In contrast to that, different surface morphology of the grown layer is ob-

served if layer atoms are more strongly attracted to each other than to the

substrate[26]. This situation is expressed in Young’s relation (4) by a wet-

ting angle of π, or γns = γas + γan, so that the grown layer does not wet the

substrate surface. As a result, 3D island growth is obtained on the substrate,

which is reffered to as V olmer−Weber[37]. The growth proceeds as follows:

in the first stage of the growth a large number of surface nuclei are formed,

and in the second one, they spread. Such a growth mode is mainly used

to fabricate self-assembled 3D quantum nanostructures (QNs)3 by DE tech-

nique. This is used as the main growth technique in this thesis and further

3QDs, quantum dot molecules, nanorings, nanodots and so on
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described in detail in Sections 2.3.2 and 5.1.

Often the intermediate Stranski − Krastanov growth mode is found, also

termed as a layer-plus-island growth[38]. Here, the condition for Frank −
V an der Merve growth applies solely for the first deposited MLs and af-

ter exceeding a certain value of the coverage (critical thickness) the growth

changes to the V olmer −Weber case[26]. The critical thickness lies below

the value, which is required for the formation of misfit dislocations, so that

Stranski−Krastanov growth is widely used in recent years as an approach

for a fabrication of defect-free QDs, especially in InAs/GaAs(100) material

system[39].

2.3 Semiconductor nanostructures

The unique properties of low-dimensional structures essentially originate

from the modification of the electronic density-of-states (DOS) produced by

the confinement of charge carriers[26].

A solid (3D), when confined in all three spatial dimensions (0D) to length

scales comparable to or smaller than the electron de Broglie wavelength

λdeBroglie
4, gives a rise to discrete electron energy levels[39]. As a result, such

structures acquire new and unique electronic and optical properties, which

are not found in solid structures confined in only one direction (1D), i. e., a

quantum well, or two directions (2D), i. e., a quantum wire. These structures

are usually called QDs and they represent a particular class of semiconduc-

tor nanostructures[40]. The confinement can be realized by embedding a

semiconductor material into another one having a larger band gap.

4λdeBroglie = h
3m∗kBT , where h, m∗, kB and T are the Planck constant, the effective

mass, the Boltzmann constant and the temperature, respectively[43]
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Figure 2.6: Schematic diagram of 3D,

2D, 1D and 0D heterostructures (a)

and corresponding DOS of these struc-

tures (b).

Due to the reduction of the semi-

conductor size, the energy levels and

DOS follow the quantum size ef-

fect and behave accordingly[41]. In

a bulk semiconductor material, the

charge carriers behave like free car-

riers in all three directions because

length scales of semiconductor in all

three dimensions are much larger

than the wavelength of the charge

carriers, i. e., de Broglie wave-

length. For 2D, 1D and 0D con-

finement cases, as well as for bulk

material, the DOS are schematically

shown in Figure 2.6 (b), where Ec

is the lower edge of the conduction

band.

QDs are often called as superatoms

or artificial atoms due to their sharp DOS,[42]. Obviously, they are much

bigger than real atoms. The lateral dimensions for the QDs are usually in a

range of several tens nanometers, while the Bohr radius is just aB≈ 0.5Å.

2.3.1 Semiconductor Quantum Dots

Over the last decades semiconductor QDs have gained much interest due

to their electronic properties[43], [44]. Among QD fabrication techniques

developed since its discovery, the most promising approach is a fabrication

of defect-free QDs in a self-assembled manner via Stranski − Krastanov

growth fashion. Such QDs are highly attractive due to possibility to use
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them in optoelectronics: many devices use arrays of randomly distributed

self-assembled QDs because the spatial order of QDs is not required, e. g.,

QD lasers[45]. In contrast to that, for novel advanced single QD devices,

such as single photon[46] or single-electron[121] turnstile devices, the precise

control over the QD position in an array plays a critical role, since it defines

a further high integration of the whole device unit[44]. Hence, techniques for

a single QD positioning or a perfect QD arrangement into an array have to

be developed.

Several approaches to order self-assembled QDs were proposed and realized.

Usually, all of them are based on a regular nucleation of QDs on the artifi-

cially modulated surfaces. Regular QD arrays were realized by controlling the

nucleation sites on nanohole arrays prepared by electron-beam lithography

(EBL)[48], [49]. Site-controlled QDs, in turn, were successfully fabricated us-

ing in-situ scanning tunneling microscope- (STM-Probe-Assisted)[50],[51] or

atomic force microscope-assisted (AFM-Probe-Assisted)[92] methods. The

artificial modulation of the surface creates difficulties in the formation of

high-quality structures because a contamination of the substrate during prepa-

ration steps leads to a corresponding deterioration of the QD quality.

The use of a shadow mask to define patterns on a substrate is very attractive

compared to all aforementioned approaches. Once fabricated the shadow

mask can be used many times for an in-situ translation of the mask pattern

onto the substrate. The main added value of this technique is that it does

not rely on photoresist processes, so no multi-step preparations are applied

to the substrate, as a result, no defects are induced in the crystal growth.

Obviously, the effectiveness of such mask will depend on the mask-surface

contact, a mask thickness, edge effects, the mask alignment on the surface

and the mask cleanliness itself.

The approach to use shadow masks for the deposition on isolated areas is not
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new. In 1984 G. Kaminsky from AT & T Bell Laboratories has described

the fabrication of mechanical shadow masks for an in-situ stripe definition

of thin films in MBE[53]. In subsequent years, the lead chalcogenide buried

heterostructure lasers were successfully fabricated using the growth through

a Si shadow mask and showed similar properties to those of photolithograph-

ically obtained. The mask-substrate contact does not appear to affect the

laser properties[54]. In addition, Shunsuke Ohkouchi and others designed

a mask for selective growth of InAs QDs in narrow regions[55]. These results

show that the proposed approach employing a shadow mask allows a in-situ

selective growth of semiconductor structures by MBE technique. The em-

phasis in the aforementioned studies is made on that the openings in shadow

masks are greater than 4 µm. Thus for the formation of site-controlled QDs,

the mask design, as well as deposition parameters, have to be optimized in

order to reach the aperture sizes comparable to the mean distance charac-

teristic for a self-assembled QD formation, i. e., 100 - 200 nm.

2.3.2 Site-controlled Quantum Dots formed by shadow

mask approach. Stranski-Krastanow vs Volmer-

Weber growth fashion

The use of a shadow mask for a site-controlled QD fabrication by MBE

imposes certain requirements not only on the mask but on the deposition

process itself. On the one hand, the mask must be non-contaminative and

compatible with MBE processes (deposition, heating and cooling steps under

ultra high vacuum (UHV) conditions). On the other hand, the geometry of

the deposition system plays not the latest role: it defines the quality of the

pattern transfer from the mask to the substrate. Important parameters here

are: a source width i, a source-mask distance ii, a mask-substrate gap iii

and the angle of the incoming material flux iv[56]. The best pattern transfer
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can be achieved for an incoming flux of the material along the normal of the

mask with no gap present between the mask and the substrate[56]. Although

a good pattern transfer has been demonstrated despite the presence of a

separation between the mask and the substrate, it can limit the quality of

the pattern transfer, depending on the angle of an incoming material with the

mask and the material diffusivity on the substrate [57], [58]. In case of a single

dot per aperture occupancy it may have a huge effect. A characterization

study of the influence of the mask-substrate gap on dimensions of grown

structures is planned and further described in Section 5.2. Depending on

the deposited material and its amount, apertures in the shadow mask can be

slowly decreased in size due to clogging. This limits a quality of the pattern

transfer as well as the re-usability of the mask itself. Efforts have to be made

to develop in-situ cleaning procedures.

Taking into account aforementioned information, an implementation of the

shadow mask approach into a fabrication of site-controlled QDs in Stranski−
Krastanov fasion looks problematic. This is mainly due a physical nature

of processes involved in the QD formation via Stranski−Krastanov mode.

QDs formed by Stranski − Krastanov are very sensitive to the substrate

temperature as well as In and As flux changes. Typical temperature during

the QD formation stage lie in the range from 490 ◦C to 520 ◦C[43],[59]. At

the same moment, In and As fluxes have also certain constant values[43].

Due to the presence of the shadow mask with tiny holes underneath the

substrate during the QD formation stage, the control of the real substrate

temperature as well as In and As fluxes will be intricate. As a result, either

a way to control the main growth parameters or an another method of the

QD fabrication has to be found and implemented.

The fabrication of QDs employing DE is an interesting alternative to a

well-established technology of a strain-driven QD formation in Stranski −
Krastanov fashion, due to a splitting of groups III and V material supply
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Figure 2.7: Schematics of the DE growth procedure of GaAs QNs, after[60]

during a QD formation[60]. The concept of the DE was proposed for the first

time by Koguchi and co-workers in 1990[61] and named ‘droplet epitaxy’ by

Koguchi and Ishige[62].

They presented a completely new growth protocol, which is based on a two-

step procedure, as depicted in Figure 2.7:

1. In the first stage, nanometer-sized droplets are formed on the substrate

surface by supplying a sufficient molecular beam of a group III element,

e. g., Ga, in a group V-free environment, e. g., in As-free atmosphere.

2. In the second one, the substrate is exposed to the group V element,

so that the metallic nanodroplets are crystallized to III-V QNs, e. g.,

GaAs QNs.

In this thesis only GaAs/Al0.3Ga0.7As (100) material system is described and

investigated. In such a case, two fundamental steps are a liquid Ga droplet

deposition on Al0.3Ga0.7As surface i and a subsequent crystallization of Ga
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droplets to GaAs QNs ii. Consequently, these steps have to be described in

detail.

The Ga droplet nucleation requires the deposition of an initial Ga coverage,

which will be incorporated at the surface[64]. This process can be understood

in terms of surface reconstructions. Due to the similarity of the surface sym-

metry of AlxGa1−xAs and GaAs, the surface reconstructions of AlxGa1−xAs

have the same real space structure as GaAs so that the following discussion

focuses on surface reconstructions of GaAs[65]. Different surface reconstruc-

tions of GaAs are presented with respect to growth conditions5 in Figure

2.8.

Generally, the initial surface reconstruction under the typical DE conditions

and right before the opening of Ga source is As-rich c(4 × 4) (see Figure

2.9 (b1), (b2)). This is usually produced by cooling down a (2 × 4) (see

Figure 2.9 (c1) - (c4)) reconstructed surface in As presence, but can also

be observed under rather extreme growth conditions of a high As/Ga flux

and low substrate temperatures[70]. The initial arrangement then evolves

into the (2 × 4) reconstruction after the deposition of 1 ML and finally is

converted into (4 × 6) (see Figure 2.9 (d)), after the supply at least Ga

coverage of 1.75 ML[66].

These findings have to be compared with the reported As coverage of the

different surface reconstructions: c(4 × 4), in its α- and β-phases, has an

As coverage of 1.28 - 1.61 ML[71], while the (2 × 4) in its β- and β2-phases

of 0.75 ML[72] and the (4 × 6) of 1/12 ML[60]. This information confirms

the need for the establishment of (4 × 6) reconstruction on AlxGa1−xAs

before the formation of Ga droplets. Thus, as long as a Ga-rich surface

reconstruction is not established on the AlxGa1−xAs surface, Ga atoms will

5substrate temperature and beam equivalent pressure (BEP) ratios of the As and Ga

fluxes
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Figure 2.8: Existence range of surface reconstructions forming during the

MBE of GaAs depending on growth parameters. Surface reconstructions

(2 × 4), c(4 × 4) and (4 × 6) are highlighted, reproduced after[69]

try to saturate the bonds to As. Only after this, on the top of the Ga-rich

surface reconstruction (4 × 6), the droplet formation is possible. This has a

great importance, since it permits to understand what is the minimum Ga

amount that should be deposited to nucleate Ga droplets.

Once the Ga-rich surface is established, the Ga droplet formation takes place

in the V olmer −Weber fashion if the excess of Ga exists. There are several

parameters which control the Ga droplet density and size distributions: the

substrate temperature and Ga flux[67]. The temperature dependence can be

easily understood in terms of the temperature-dependent surface diffusion co-
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Figure 2.9: Diagram of the GaAs zinc-blende structure in the (001) direction

(a) and side views of the proposed structural models of the GaAs (001) c(4

× 4), (2 × 4) and (4 × 6) surface reconstructions (b1) - (d). Filled and

empty circles represent As and Ga, respectively, adopted from[73]-[76].

efficient of atoms[15]. The general trend is a dramatic decrease of the droplet

density with increase of the substrate temperature: the density of droplets

follows a classical nucleation scaling law at low temperatures; however, a

coarsening by Ostwald ripening has to be taken into consideration at high

temperatures[68]. This means that Ga droplet deposition parameters6 have

to be found and optimized for the special case of a site-controlled droplet

formation employing a shadow mask with different apertures. Details on the

optimization process are presented in Section 5.3.

As a final step, an As irradiation of Ga droplets can be applied to convert

them into GaAs QNs. During this procedure, metallic Ga contained in each

droplet is crystallized in the form of a QN with a large variety of shapes

depending on crystallization parameters[15], [60]. Thus, a QN morphology is

6Ga amount and its deposition rate as well as a substrate temperature



24

determined by the exact crystallization conditions: a substrate temperature i

and an As flux ii. The crystallization step is omitted in this thesis so further

information can be found in relevant studies.

As a summary, the DE technique has emerged as an alternative to the most

frequently used Stranski−Krastanov approach and has several advantages

compared to that[63]:

1. viable on different substrates, e. g., Si, Ge, GaAs and etc.,

2. both lattice-matched and latticed-mismatched materials are allowed for

a barrier and QNs, e. g., GaAs/AlxGa1−xAs or InAs/GaAs,

3. an independent control over QN density and size distributions,

4. a QN shape engineering, allowing also complex structures,

5. a low thermal budget QN fabrication,

6. QNs can be grown without wetting layer, which is present in a layer-

plus-island growth.
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Chapter 3

Growth and characterization

methods of III-V

semiconductor nanostructures

This chapter is dedicated to a brief description of the growth and character-

ization techniques used in this thesis.

The first part of the chapter starts with an explanation of the main molec-

ular beam epitaxy principles. As follows, details on technical aspects of the

MBE system used in this thesis for a sample fabrication are given. The sec-

ond part offers a concise description of the ex-situ characterization methods.

For structural analysis of the grown structures atomic force microscopy and

scanning electron microscopy were mainly used.

3.1 Principles of Molecular Beam Epitaxy

Although the name MBE was used for the first time in 1970[31], the history

of MBE was started a few years before it[77]. The early stages of the MBE
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development were initially reviewed by J. R. Arthur and A. Y. Cho for the

growth of GaAs and GaAs/AlxGa1−xAs material systems[78], [79]. During

the following decades, it has been implemented to grow successfully a wide

variety of materials[77].

MBE itself is an advanced crystal growth technique playing a remarkable

role in the fabrication of novel semiconductor devices[60]. This technique

is based on the mass transport in molecular or atomic beams in an UHV

environment1. At this conditions, nearly no collisions can occur between the

particle beam and the residual gas is the chamber. The BEP during the

depositions is normally kept low enough to prevent the particle collisions in

the beam itself. The molecular beams are generated by the thermal heating

of materials, having an ultra-high purity, in material sources, called effusion

cells. The atoms evaporated from effusion cells react with each other and the

substrate surface. This results in a formation of epitaxial layers according to

the mechanisms explained in Section 2.2.

Usually, the MBE system is constructed as an assembly of chambers and

pumps, where chambers and pumps are interconnected by valves to permit

an isolation between different parts of the system. The growth and transfer

chambers are always in the UHV regime. The pumping efficiency therein is

achieved by a combination of several types of pumps: a cryopump i and/or

ion gettering and titanium sublimation pumps (IGP/TSP) ii. The load lock

chamber is typically constructed so that it can be vented separately without

the breaking of the vacuum in the rest part of the MBE system. The pumping

in the load lock is maintained by the teamwork of membrane and turbo

pumps.

In addition to the key components, several viewports located in different

parts of the system are used for process and sample transfer observation.

1background chamber pressure lies below 10−9 mbar
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They are generally equipped with a mechanical shutter to prevent ‘fogging’

by evaporated materials.

As mentioned above, during the epitaxial growth a single or multiple beams

transport atoms from the material sources to the heated and rotated or non-

rotated substrate. A radiative heater with a thermocouple (TC) is used

to heat the substrate and measure its temperature during preparation and

growth procedures. In addition, the substrate temperature control is also per-

formed by pyrometer (PYRO). Frequently used PYROs allow a quite precise

temperature measurement in a wide temperature range[80]. In its turn, the

substrate rotation is applied to obtain a largely homogeneous deposition.

Molecular fluxes are measured by a movable beam flux monitor (BFM) gauge,

which measures BEPs of the in-coming fluxes with high accuracy. The effu-

sion cell construction allows the control of the molecular flux by the setting of

the cell temperature, i. e., the higher the source temperature the higher the

flux of out-coming atoms and, as follows, the higher the deposition rate. The

mechanical shutters, located above the material sources, block the molecular

beams if necessary. In addition, the substrate shutter located below the plate

holder may also be included in the chamber construction.

UHV regime allows for in-situ control of the epitaxial growth via an elec-

tron beam-based diagnostic tools: reflection high-energy electron diffraction

(RHEED), low-energy electron diffraction or Auger electron spectroscopy.

RHEED is the most demonstrative tool to characterize the sample surface

during the epitaxial growth as well as to regulate growth parameters. The

recording of the RHEED oscillations during the deposition allows the direct

measurement of the deposition rates[81].

As a summary, the MBE has advantages compared to other growth

techniques[60]:

1. Due to slow growth rates (1 µm/hour), it provides a precise control of
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the layer thickness, a composition and a dopant concentration.

2. UHV environment, maintained inside the growth system allows an in-

situ use of the electron beam-based diagnostic tools to study growth

processes.

3. MBE growth is typically performed with extremely pure elementary

materials, which are enclosed inside the growth chamber. Thus, MBE

is a comparably safe semiconductor fabrication method.

Figure 3.1: 3D-schematic of the III-V MBE system in Paderborn, after [84].

3.1.1 Molecular Beam Epitaxy System

3D-schematic of the solid-source III-V system, which was used in this thesis,

is presented in Figure 3.1. This system is an assembly of four vacuum cham-

bers: growth chamber i, preparation chamber ii, transfer − line iii and

load lock iv. All three chambers, except the load lock, have a base pressure
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Figure 3.2: Schematic of the growth and preparation chambers, after [85],

[86], [87]
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below 10−10 mbar and stay at the UHV condition for the most duration of

the growth campaign. Gate valves between chambers separate different parts

of the system.

The load lock chamber is pumped with a combination of turbo and membrane

pumps and achieves the pressure of 5 × 10−8 mbar. Implementation of

the membrane pump prevents any penetration of the pump oil inside the

chamber. All pumps, which are used in the MBE system, are oil-free to

prevent any possibility of the chamber contamination with organic materials.

The load lock is used to transfer samples in and out of the MBE system

without venting the other MBE chambers. This is equipped with a 6-way

magazine allowing loading up to 6 wafers, substrates or masks, at once.

Every time the wafers are loaded, the load lock is pumped and degassed for

8 hours at 120 ◦C. Such a procedure minimizes the contamination of the

whole system.

The degassed samples are transferred to the preparation chamber using

transfer − line trolley. The transfer − line train has 4 places so that

4 wafers can be stored simultaneously within the chamber. The vacuum in

transfer − line is maintained with IGP/TSP.

The preparation chamber, as shown in Figure 3.2 (a), is equipped with an

atomic hydrogen cleaning unit and a heating station (HS) used for substrate

or mask cleaning. The HS heater allows a heating of the substrate up to

1000 ◦C[82]. In this thesis, it was mainly used to degas substrates or masks

before loading them into the growth chamber. The maximum degassing

temperature for such purpose is not exceeding 550 ◦C for the mask and

200 ◦C for the substrate, respectively. The preparation chamber itself has

an 8-way magazine for the storage of 8 samples simultaneously. In addition,

this is equipped with a substrate-mask sandwich creation station (see Figure

3.2 (d)), where the mask can be attached or removed to the substrate under
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Figure 3.3: Technical drawing of mask and substrate plates, after [88].

UHV conditions. For such purpose, the substrate and mask plates were

customized and their technical drawings are presented in Figure 3.3. The

particular procedure of a substrate-mask sandwich creation is discussed step

by step in Section 5.1.

The vacuum in the growth chamber is achieved and maintained by an as-

sembly of pumps: a closed-cycle helium cryopump, liquid nitrogen-cooled

IGP/TSP as well as liquid nitrogen-filled cryo-shrouds surrounding the cham-

ber and effusion cells on the vacuum side. The substrate, mask or substrate-

mask sandwich is loaded to the manipulator by a linear transfer rot with a

special manipulation fork. The photo of the 3 inch manipulator is shown in

Figure 3.2 (c). Besides the standard equipment: the heater, plate holder

brackets and substrate shutter, manipulator has a coarse mask shutter that

allows a manual loading and positioning of a coarse shadow mask. Such a

coarse mask can be designed to shadow desired parts of the substrate during

deposition or doping procedures. The tantalum wire heater is used to heat

the substrate. It allows heating of the substrate up to 1250 ◦C[83]. The

maximal temperature, which can be reached with the mask, is significantly

lower and does not exceed 750 ◦C. For the temperature control during the

epitaxial growth, the type C TC, which is located behind the manipulator

heater, is used. The growth chamber is also equipped with a PYRO. The



32

PYRO is mounted on one of the growth chamber ports in the lower part of

the chamber and points directly towards the substrate holder. PYRO can

be used to measure a precise temperature of the substrate surface above 400
◦C[89]. Combining PYRO and TC reading one can achieve well-controlled

and highly reproducible growth conditions. The substrate temperatures be-

low 400 ◦C can not be measured with the PYRO of the type used in our

experiments. For all growth procedures where the deposition is performed

under 400 ◦C, the real substrate temperature measurement becomes compli-

cated. Thus, the real substrate temperature in such case is reads out from

the TC reading.

The substrate manipulator allows a linear motion as well as a rotational

motion of the wafer during epitaxial growth. The standard sample position

is 0 mm. The rotation can be applied during the epitaxial growth procedure

to achieve the deposition homogeneity. Due to the customized construction

of the substrate and mask plates, the sample rotation was not used as well as

the sample position was changed to 5 mm in all growth procedures employing

shadow mask approach, respectively.

A total of 13 material sources2 allow the generation of molecular beams: Al,

Ga and In effusion cells with different capacities and positions in the growth

chamber, sublimation sources of Si and C and two cracker sources for As

and Sb. By adjusting the cracker heater temperature the beam of As2 or

As4 as well as Sbn or Sb2 can be generated on demand. The effusion cells

used in this thesis are shown in Figure 3.2 (b) as marked in blue boxes.

Every effusion source has an individual fast-acting mechanical shutter [<0.2

s], which blocks molecular beams on demand. Besides, all shutters, as well

as material source temperatures and valves, are remotely controlled by a

computer. This allows for an automatic operation of material sources and

215 cell slots are available in the system so that two are still free
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the substrate shutter. Thus, the growth recipies can be written before the

growth procedure[90]. The specially constructed Ga effusion cluster cell is

used for nearly perpendicular deposition of Ga through the shadow mask[91].

The control of the molecular fluxes, as well as the deposition rates and a film

growth process, is realized using BFM and RHEED, respectively.

After the growth procedure samples are inspected and analyzed using both:

atomic force microscopy (AFM) and scanning electron microscopy (SEM)

techniques depending on the aim of the research. In the following sections,

the main working principles of AFM and SEM devices are discussed.

3.2 Atomic Force Microscopy

Figure 3.4: Working principle of AFM

(a). AFM image of an array Ga

droplets (b) deposited through the

mask M15-2 with 0,23 µm openings.

AFM is a type of the scanning

probe microscopy that is used to

map the topography and to study

the properties of the material on a

nanoscale[92]. The schematic dia-

gram shown in Figure 3.4 (a) rep-

resents an AFM working principle.

At the core of the AFM device is

a sharp probe mounted near to the

end of the flexible micro-cantilever

arm. When the probe comes very

close to the sample surface, attrac-

tive and repulsive forces, due to the

interactions between the tip and the surface, cause a negative or positive

bending of the cantilever. The bending is detected by a laser beam, which

is well-focused on the backside of the cantilever. The laser beam can be
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then reflected back to a 4-quadrant position-sensitive photodiode detector so

that the bending of the cantilever can be measured with high accuracy. In

other words, the cantilever deflects according to the atomic force variations

between the tip and the surface of the sample and, thereby, the detector

measures this deflection[93]. The created image reproduces a topographical

illustration of the sample surface, e. g., see in Figure 3.4 (b).

The AFM device operates in two general modes: the static mode i, called

a contact mode, and the dynamic mode ii: the non-contact mode and the

tapping mode. In each of these cases, there are dominant interaction forces.

The repulsive forces are seen in the contact mode. As an opposite, in the

non-contact mode, the attractive forces are observed. In case of the tapping

mode at high frequencies, both the repulsive and the attractive forces are

seen[94].

The contact mode itself is the simplest AFM mode and was originally used

to scan surfaces in early AFM instruments[93]. There are two variations

of this mode: a constant force or a variable force[94]. Due to the material

properties of the grown samples and a simplicity of the operation, the contact

mode with a constant force was only used.

A Nanosurf Mobile S AFM was used in this thesis and its technical details

are following:

1. AFM probes PPP − CONTR from NANOSENSORS with highly

doped, pyramidal silicon tips [tip radius is 7 nm ], 30 nm thick alu-

minum reflection coating on the detector side and a low spring constant

of 0.2 N m−1 were employed[95].

2. The measurements were performed at a constant force of 18 nN and

without a tip voltage.

3. The standard image resolutions were 256 × 256 or 512 × 512 pixel.
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Figure 3.5: An example of the surface map of sample A0384. The scratches

L1, L2 and L3 pass through alignment markers along the whole sample (a).

Distances d1, d2 and d3 are measured by SEM (see SEM image of a single

active window (b)). As a result, grown structures can be easily found and

characterized by AFM knowing the distances between the active areas em-

bedded in the mask design as well as recently measured distances d1, d2 and

d3, respectively.

4. The scan areas were varied from 3 µm × 3 µm up to 9.8 µm × 9.8 µm.

5. The measurement time per every scanned line was set to 1 s, so every

scan took at least 4.5 min if the resolution was 256 × 256.

The map of the sample surface has to be created before the start of each

measurement, where the sample was grown employing the shadow mask ap-

proach. Using the grown on the sample surface alignment markers as refer-

ence points, long straight lines along the sample surface were drawn using

the Micro Diamond Scriber MR200 from OEG GmbH. Distances between

lines and centers of the active windows were measured using SEM to ensure

accuracy of the following AFM search. As summary, an example of the map

is presented in Figure 3.5.

Due to the presence of some disadvantages, such as a possibility of image

artifacts and limitations of the scan parameters: a scan area can not be larger
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then 10 µm × 10 µm and limited values of the scanning speed, the SEM was

used more frequently for fast sample analysis. This, in turn, results in using

AFM only for the structural analysis, e. g., for measurements of droplet sizes

and heights.

3.3 Scanning Electron Microscopy

Figure 3.6: Schematic of SEM. High-

energy electrons are emitted at the

gun and focused by two-stage lenses

on the sample, after Encyclopaedia

Britannica, Inc. 2012

SEM is one of the most frequently

used instruments for an examination

and an analysis of the microstruc-

ture morphology[96]. The modern

SEM devices provide image resolu-

tions typically lying in the range be-

tween 1 nm and 10 nm[97]. Since

the most structures in this thesis are

nanometer-sized grown on a large

area [>10 µm × 10 µm], the SEM

is best suited for the sample analy-

sis.

The RAITH150 − TWO system is

used in this work[98]. This combines

both a professional EBL and an an-

alytical SEM into a single complete

system. This is used in this thesis

for both purposes: a patterning of

the shadow mask during its fabrication and an imaging of the grown through

the shadow mask samples. The typical parameters for the pattering proce-

dure are described in detail in Section 4.2.
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Figure 3.6 shows a column structure of a conventional SEM. In a standard

SEM system, a focused electron beam (EB) is deflected by electric fields to

scan over the sample surface point-by-point3. The EB is shaped by a sys-

tem of electromagnetic lenses: condenser and objective lenses. The EB is

converged and collimated into a relatively parallel stream with help of the

condenser lens. Thereafter, objective lenses are used to focus the EB on the

sample surface and to supply further demagnification. An appropriate choice

of a lens demagnification and an aperture size results in a reduction of the

EB diameter, called a spot size, and enhances the image resolution4[99]. The

observed image is a result of the interaction between the incident EB and

the sample surface. The secondary electrons (SE), backscattered electrons

(BSE) and X-ray photons are produced during hitting the sample surface

with the EB. Generally, the BSEs penetrate deeper inside the sample and

carry information about the material itself, whereas the SEs provide topo-

graphical information due to emerging from the first few nanometers of the

surface[100].

Since one of objectives of this thesis is a visualization of grown structures,

mostly SE images were collected. For that, an Inlens detector was used. An

acceleration voltage (EHT) and a working distance (WD) were 5 kV and 10

mm, respectively. Parameters for the pattering procedure are discussed in

the following Section 4.2.

3integrated laser interferometer controlled stage provides placement accuracies in the

nm regime
4a fine EB is strongly required for the both pattering and imaging processes
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Chapter 4

Fabrication of Si/Si3N4-mask

This chapter gives a detailed information on the fabrication procedure of

robust shadow masks on a Si/Si3N4-basis. Technical aspects of a mask

construction are discussed in the beginning. In the coming Section 4.2, the

intricacies, as well as the mask manufacturing process tricks, are described.

The compatibility of shadow masks and the MBE system during a multi-step

growth procedure is proven. The results of compatibility tests are presented

in Section 4.3. The way to control the substrate temperature during the

deposition through the shadow mask is found. Besides, a new approach of

in-situ aperture size reduction is developed and described in Section 4.3.2.

4.1 Main description. Technical aspects

The mask design is dictated by the construction of the mask plate, often

called a mask holder, in particular and the MBE system in general. The

major technical aspects of a mask fabrication are discussed in this chapter.

First of all, the mask should not contaminate the wafer during epitaxial

growth. The contamination deteriorates the quality of the grown structures
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tremendously [23], [101]. Thus, GaAs- or Si -based materials have to be

used for the mask fabrication. On one hand, GaAs seems to be a more

evident choice for the growth of GaAs-based structures. On the other hand,

Si is a low-cost material with maturer microfabrication technology [102].

In addition, Si has a low vapor pressure at the temperatures, which are

characteristic for GaAs deposition, so it will not affect the growth results

[103]. Hereby, temperatures are in a range of 0 and up to 1000 ◦C.

Figure 4.1: Technical drawings of the mask inside the plate (a) and mask

itself (b), after [104]. The array of squares in the middle of the shadow

mask (b) illustrates an active mask region, black squares at the edge are

alignment markers. The technical drawings of the mask plate itself can be

found in Sections 3.1.1 and 4.3.

Secondly, the technical construction of the mask holder defines some require-

ments of the mask design (see Figure 4.1). In its turn, this imposes primarily

restrictions on the mask size and thickness: the mask has to be rather thick
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(1 mm) with the overall mask size is not exceeding 25 mm × 25 mm. Besides,

the mask itself should have two main regions: an active region in the mid-

dle i and a setback at the edge ii, which are created with certain purposes.

The active region1 contains the pattern defining the shape of the deposited

structures. The size of the full mask including an active region (without a

setback) is 19 mm × 19 mm and the setback thickness is 0.7 mm, thereby,

it can be mounted into the mask holder, as shown in Figure 4.1 (a). The

setback serves two main purposes. On one hand, it is used to mechanically

mount the mask. On the other hand, it ensures close contact between the

mask and the substrate. Additionally, alignment markers are created on the

mask border (see Figure 4.1 (b)). Proper alignment markers allow a further

processing of the grown structures (search, analysis and characterization).

A selective deposition will be performed in the sample center through the

apertures in the active region, so the overall size of the active region should

be rather small (5 mm × 5 mm). The thickness of the membrane, which

forms the active region, must be rather thin, less then 1 µm to obtain a good

resolution for the apertures. The size of a free-standing membrane has to be

limited due to stability reasons. That is why several small active windows

were created. Figure 4.2 illustrates the main sketch of the mask.

Taking the aforementioned information into account, Si is a very suitable

material for the mask fabrication. Si-wafer may easily be structured by op-

tical and e-beam lithographies. Even though it is possible to fabricate the

mask with desirable dimensions using bare Si-wafer, it is almost impossible

in practice. The main problem is the aspect ratio of the structure. With the

depth of the etching of a 1 mm it is nearly impossible to create an aperture of

a few tens or hundreds nm in a well-controlled manner [105]. As an alterna-

tive, Si-wafers with thin SiNx or SiO2 surface layers may be applied. Such

1will be used as a stencil for SAE
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Figure 4.2: The main sketch of the mask, after [108]. The rectangular hole

is etched in Si -wafer through the whole wafer (gray color) and a holey mem-

brane is made on the backside of the wafer (royal blue color). Size of each

circular opening is 100 nm.

structures are commercially available and may easily be implemented in the

lithographic process. SiO2 is a very attractive candidate for the membrane

material due to its chemical properties2 [106]. The initial studies, unfortu-

nately, have demonstrated, that a thin SiO2 membrane is not chemically

stable enough to withstand 1 mm deep etch of Si-wafer [107]. This excludes

SiO2 as a membrane material and proves, that SiNx-based processes would

have to be implemented.

On top of its chemical stability, SiNx is mechanically robust and can with-

stand temperatures above 1000 ◦C [109]. The composition affects properties

2it may be easily structured in wet-chemical or dry etching processes
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and a quality of SiNx layers. Low-stress Si3N4 is the most thermodynam-

ically stable of the silicon nitrides[110]. It has a high melting point (1900
◦C) and a high stability [111]. Due to a low-stress level inside the film, the

holey membranes, made on its basis, should withstand an epitaxial growth,

e. g., of GaAs, and post-growth cleaning procedures. As mentioned before,

apertures in the membrane should be in the same order of a magnitude as

a film thickness to avoid clogging of holes and force a single droplet forma-

tion within an aperture area. The desired aperture size in the holey array is

around 100-200 nm. Such a thin membrane is mechanically very unstable,

but it may be processed and applied when deposited on Si-wafer.

4.2 Mask fabrication procedure

The fabrication of the shadow mask is based on a standard Si -technology.

Si is usually etched by isotropic or anisotropic etching procedures [107]. In

isotropic etching, the material is removed uniformly from all directions, i. e.,

orientation-independent process[112]. The sides of the etch balloon create

a concave shape underneath a masking material [113]. This means it has

drawbacks in the fabrication of precise structures because of the underetching

[114]. In comparison to the isotropic etch, the anisotropic etching removes

the material uniformly in a vertical direction [115]. As a result, it is a better-

controlled within vertical walls etching procedure and, as a consequence,

fewer masks undercut.

Anisotropic etching of Si is usually achieved with potassium hydroxide (KOH).

It is a widely available, reliable method with a good control of the etching

conditions[116]. Since this technology is a wet etching process, the equipment

is simple, low cost and easy to implement (a hot plate and a stir) [117].

The etching rate of KOH in a single-crystalline Si depends on the crystalline
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orientation[116]. The {111} plane of the Si crystal has two orders of mag-

nitude slower etch rate than the {100} plane, so single-crystalline structures

etched in KOH are defined by the {111} plane[118]. Thus, etching of Si

(100) through a rectangular hole in a masking material creates a pit with

flat sloping {111}-oriented sidewalls and a flat {100}-oriented bottom (see

Figure 4.2). The {111}-oriented sidewalls have an angle to the surface of the

wafer of 54.74◦ [116], [117]. Such inclination to the surface excludes clogging

of the hole in Si -wafer during deposition through the mask procedures, even

after many growth runs it should not affect significantly.

Masks are manufactured from double-side polished 1 mm thick Si (100)-

wafers covered with 100 nm of Si3N4 on both sides. 3 inch Si -wafers are

produced by CrysTec GmbH (see details in Appendix A). Wafers are diced

into pieces, so that the size of each piece is 24 mm × 24 mm. Besides, each

piece is covered by a thick photoresist layer to protect the materials from the

dirt and damages.

Si3N4 layer on the front side3 of Si-wafer serves as a hard mask for a wet

chemical etching of Si. Since Si3N4 has a negligibly low etching rate in KOH,

it is also a good etch stop[119]. In addition, it works as a thin, stable, uniform

patterned membrane for the SAE procedure on the backside4 of the Si -wafer.

The fabrication procedure consists of many different steps. The process flow

is described below in detail and depicted in Figure 4.3:

1. Preparation of the wafer: First of all, a thick photoresist layer was

removed by a subsequent rinse in acetone and isopropyl alcohol (iso-

propanol) for 1 min each chemical. Acetone dissolves photoresist and

isopropanol removes acetone residues making the surface clean and

3a directed to the effusion cells side
4a touching substrate side
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Figure 4.3: The mask fabrication process. The procedure is discussed step

by step (from 1 to 9).
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ready for the next step. As follows, the wafer was dried by nitrogen

(N2-gas).

2. The first step of Optical Lithography (OL) on its front side (see

Figure 4.3 (a)) opens the mask fabrication process. For this, the Si-

wafer was spin-coated [1200 rpm, 30 s] with a 1 µm thick positive tone

optical photoresist layer. Diluted in proportion (1:1) AR-P 3510 was

used as a photoresist5[120]. This was followed by baking on a hot plate

for 1 min at 100 ◦C. The direct transfer of the pattern to Si-wafer was

realized by a contact photolithography employing an UV-light. The

standard expose procedure took 70 s. After the expose, the resist was

developed using the matching developer6. The development itself took

15 s. A subsequent rinse [30 s] with DI-water was applied to stop the

development process. After this patterned wafers were dried by N2-

gas. As a result, 16 and 8 square openings in the center (active region)

and at the edge of the sample (alignment markers) were defined on the

front side of the wafer, respectively.

3. The Si3N4 layer 100 nm thick was removed by reactive ion etching

(RIE) in defined in previous step square openings employing CHF3

[16 sccm] and O2 [1 sccm] gases for approximately 25 min. The pres-

sure in the chamber was kept 10 mTorr, radio frequency (RF) power

and inductive coupled plasma (ICP) parameters were 13 W and 0, re-

spectively. As next, the photoresist was removed after the RIE etching

procedure (Figure 4.3 (b)). The mask was designed as follows: square-

shaped openings in the Si3N4 layer have sizes of 1550 × 1550 µm2

for the windows in the active region and 1450 × 1450 µm2 for the

alignment markers. This will, taking a total thickness of the Si-wafer

5AR 300-12 is a diluent for AR-P 3510
6a mixture of AR 300-26 and de-ionized water (DI-water) (1:3) was used as a developer
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Figure 4.4: Photos of Si/Si3N4-mask after applying following steps: (a) OL

and RIE on front side of Si -wafer, (b) OL, RIE and KOH on the front side,

(c) OL and RIE on the backside. The shiny gray areas are areas of bare Si

surface, the royal blue color corresponds to Si3N4 layer.

and the angle of the side facets into account, result in nominally 200

× 200 µm2 (active region) and 100 × 100 µm2 (alignment markers)

free-standing Si3N4 membranes, if the etch depth exactly matches the

Si -wafer thickness[108]. Figure 4.4 (a) illustrates the current mask

status.

4. The first step of Si etching: Wet chemical anisotropic etching of

Si was applied in the following step (Figure 4.3 (c)). The patterned

Si3N4 layer served here as a hard mask, so that Si was only removed

in opened by previous steps areas. The Si-wafer was etched 300 µm

deep employing a 30 % aqueous KOH-solution7 at 100 ◦C. If a set of

3 or 4 patterned wafers should be simultaneously etched, an amount

of the solution must be then doubled. Under these conditions, the

KOH-etching of the 300 µm typically took 150 min, resulting in an

etch rate of 2 µm/min. After the etching, the processed Si -wafer was

rinsed with DI-water and carefully dried by the N2-gas. The result of

734.5 gramms of KOH pellets were dissolved in 100 ml of DI-wafer to achieve 30 %

aqueous KOH solution. The nominal KOH concentration in pellets is 85 %
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Figure 4.5: Laser microscope image of four free-standing Si3N4 membranes

within the active region. The royal blue and gold colors correspond to Si3N4

layer and free-standing Si3N4 membranes, respectively

this step is shown in Figure 4.4 (b). The mathematical representation

of the etching a rectangular hole in Si (100) employing aqueous KOH

solution is described in Appendix B.

5. Setback creation: First of all, the Si-wafer was turned upside down,

so now the following steps were performed on its backside. The Si3N4

layer was removed by the same combination of OL (Figure 4.3 (d))

and RIE (Figure 4.3 (e)) on a circumferential stripe at the edge. The

circumferential stripe is approx. 3 mm wide. This was followed by a

photoresist strip step. The result of these manipulations is shown in

Figure 4.4 (c).

6. Membranes fabrication was followed by a second KOH etching step.

Here, the etch depth was 700 µm, the etching was performed simul-

taneously from both sides. The etching procedure took approx. 350

min. This resulted in free-standing Si3N4 membranes in the windows
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within the active region and for the alignment markers. At the edge

of the mask, it generated a 700 µm setback8 (see Figure 4.3 (f)). Due

to the selectivity of the etch solution, an over-etching will not harm

the membrane but only enlarge the free-standing area[109], [118]. By

stirring and controlling the temperature of the etchant carefully, re-

producible membranes with sizes from 200 × 200 to 250 × 250 µm2

were obtained[108]. The part of Si3N4 membrane array can be seen in

Figure 4.5.

7. Pattering of the membranes: As the last step, EBL and RIE were

used to define patterns on the membranes within the active region

(Figures 4.3 (g) and (h)). Hereby, this was realized on backside of

the wafer. PMMA 950 k was employed as an e-resist and its thickness

was approx. 150 nm at the following spin coating parameters: 1200

rpm, 30 s[121]. The fresh PMMA layer was then baked out at 150
◦C on a hot plate for 80 s. The spin coating became tricky because

of free-standing Si3N4 membranes in the middle part of the sample,

so a vacuum mounting point had to be slightly shifted to the side,

where no free-standing membranes are. This would vary the thickness

of the PMMA layer over the sample but not tremendously. The expose

parameters were as follows: EHT - 20 keV, WD - 10.19 mm, an aperture

- 15 µm, a current (I) - 66.56 pA and the expose time - 1 h 10 min.

These can be slightly varied from one pattering procedure to another.

As mentioned in Section 3.3, the proper adjustment and focusing of

EBL system play a critical role in defining the size and shape of the

EB spot. The smaller the spot size the finer the structure size is after

8the setback thickness S (see Figure 4.8) determines the position of the mask in the

mask holder. At the same time, it defines the gap between the mask and the substrate,

so that the larger the setback S the wider the mask sticks out of the mask holder and the

smaller is the gap, respectively[108].
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Figure 4.6: A single active window is divided into areas with different hole

sizes highlighted in different colors: orange for a 5 µm hole opening with a

pitch 10 µm (5 µm/10 µm), pink for 2 µm/5 µm, yellow for 1 µm/3 µm,

purple for 0.5 µm/ 1.5 µm, gray for 0.3 µm/ 0.9 µm, blue for 0.2 µm/ 0.8

µm and light green for 0.1 µm/ 0.6 µm, respectively.
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Figure 4.7: Laser microscope image of the single Si3N4 membrane before (a)

and after (b) the cleaning procedure.

the expose process. The development was performed by AR 600-70

for 30 s plus 30 s rinse with isopropanol9. The very gentle drying by

N2-gas was applied afterward. The RIE parameters were the same

as for the two previous RIE steps. Apertures in Si3N4 membranes

have different diameters: from 5 µm down to 100 nm with pitches

between 10 µm down to 600 nm. The actual single-window design is

depicted in Figure 4.6. After this step processed Si-wafers were named

as Si/Si3N4-masks.

8. Cleaning procedure: In a final step, masks were cleaned thoroughly to

prepare them for an introduction into the MBE system. Concentrated

sulfuric acid (96%) was applied for approx. 5 min to remove process

residues from the mask surface. Then, masks were rinsed with DI-

water and gently dried. Finally, they were heated for 24 h at 200 ◦C to

remove volatile adsorbents and dry them thoroughly. The difference in

the surface cleanliness before and after the cleaning procedure is shown

9it is used here as a stopper
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in Figure 4.7.

The whole mask 3D-view can be seen below in Figure 4.8.

4.3 Compatibility with UHV system

A freshly cleaned Si/Si3N4-mask was mounted into the mask holder (see

Figure 4.9) and introduced to the MBE system.

After a loading of the mask to the load lock, this chamber was pumped down

to 5 × 10−8 mbar and baked for 8 h at 120 ◦C. This is a standard loading

procedure for all substrates. The Si/Si3N4-mask showed outgassing behavior

similar to GaAs or Si substrates. Thus, it can be further transferred to the

next chamber of the MBE system.

Hereafter, the mask was transferred to the HS in the preparation chamber10,

where it was annealed at 550 ◦C for 1 h. The temperature ramping rate was

set to 10 K/min and the pressure inside the preparation chamber did not

exceed 4 × 10−8 mbar during the outgassing procedure. The temperature

control was performed by TC. The whole outgassing procedure took around

2 h. Higher ramping rates could induce an additional stress during heating

and cooling steps into thin holey free-standing Si3N4 membranes, causing its

breaking, so higher ramping rates were not applied.

After the degassing, the mask was taken out of the MBE system and in-

spected by SEM. SEM images showed that all membranes within the active

region have remained intact as well as aperture sizes remained unchanged

after this thermal treatment.

As a next step, the same sequence of the above-described steps was repeated.

It showed very similar behavior to those of bare semiconductor substrates, e.

10its base pressure is 5 × 10−10 mbar
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Figure 4.8: The complete mask view. 3D mask sketch is depicted in the

middle. The SEM picture 2, above the 3D mask sketch, shows the front

side of the shadow mask with pyramidal holes. Free-standing holey Si3N4

membranes are depicted below the sketch in SEM images 3. SEM picture 4

shows an alignment marker.
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Figure 4.9: Photos of an empty mask holder (a),a holder with mask front

side view (b) and backside view (c). Molybdenum (Mo)-frame and Si -stripes

were used to fix the mask inside the holder and push the setback out to allow

a close contact between the mask and GaAs substrate during the deposition

through the shadow mask procedure.
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g., GaAs- or Si - wafers. Thus, the conclusion is masks are UHV compatible

and there are no reasons against transferring them to the growth chamber.

Consequently, the mask was introduced to the growth chamber, where it

was placed 5 mm far away from the tantalum wire heater. The essential

requirement of such a distance was already discussed in Section 3.1.1. To test

the compatibility of the mask use during the epitaxy procedure, the mask

was annealed at 550 ◦C for 1 h in As atmosphere: the As cracker cell was fully

opened11. The ramping rate was set to 10 K/min as in previous experiments.

The temperature was controlled using both: TC and PYRO. The detailed

information regarding the temperature measurement in case of deposition

through the mask is given below. The outgassing procedure was controlled

via quadrupole mass analyzer, so in case of any non-typical behavior the

annealing process could be rapidly stopped. The mass spectrum was recorded

during the whole outgassing procedure and can be seen in Figure 4.10. The

fast check of flux ratios showed no visible differences compared to annealing

spectrum of GaAs substrates read out during the deoxidation process. No

traces of KOH or sulfuric acid were detected, this means that fabrication and

the cleaning of the mask procedures were carried out properly and such a

mask will not contaminate the growth chamber during its use.

As a summary, fabricated Si/Si3N4-masks are robust, clean and fully com-

patible with MBE procedure. They can be implemented into the shadow

masked SAE.

11the mechanical As-shutter is opened and the As-valve is 50 % opened
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Figure 4.10: The mass spectrum read out during the Si/Si3N4-mask out-

gassing procedure. The rise in Arsenic, Oxygen and Nitrogen pressures over

the time indicates that the outgassing procedure is operating properly: Ar-

senic is present in the chamber due to the opened As cracker cell as well as

some amounts of Nitrogen and Oxygen are usually present in normal MBE

usage[122]. 1 × 10−12 mbar is used as an indicator of the noise floor.
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4.3.1 Temperature measurement during shadow masked

Selective Area Epitaxy

The common challenge is a definition of the real substrate temperature during

MBE procedure. The shadow masked SAE is no an exception to the rule. In

epitaxial growth, the most important effect is the change of surface mobility

of the adsorbed atoms with the temperature[123]. This influences a crystal

quality and a defect density of the grown layers tremenduosly[124]. As a

result, nearly all properties of the grown structures12 are strongly influenced

by the substrate temperature[125]-[127]. Due to TC and PYRO were used

as the main approaches for the temperature control in all described in this

thesis growth campaigns, further, these will be discussed in detail.

TC is a simple, widely used component that offers a robust temperature

measurement over a wide temperature range. Unfortunately, it is often not

the first choice because of trade-offs between time and accuracy. In contrast,

PYRO is a fast, informative method having better accuracy in the high-

temperature range because of its main working principle13. It should be

noticed here that the substrate must have a sufficient temperature, at least

of 400 ◦C, to obtain a suitable black-body spectrum. Besides, heat radiation

reflections from effusion cells located nearby can also put strong influences

on the registered spectrum and, as a result, the calculated temperature.

In fact that both approaches have advantages and disadvantages, a proper

way of the temperature measurement must be found for each special depo-

sition case. Back to the aim of this thesis, the substrate temperature has to

be discussed in terms of the characteristic for shadow masked selective area

droplet epitaxy (SADE), i. e., a deposition on substrate i or mask ii, as well

12physical, optical and electrical, such as a surface roughness, spectral-luminescence

characteristics or a carrier mobility
13it detects a black-body radiation emitted from the sample itself
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as on substrate through the mask iii.

In general, the mask ii or the substrate iii during deposition through the

mask temperature measurements by PYRO become more sophisticated than

the bare substrate i temperature control. During the epitaxial growth on

the mask, the PYRO will not only measure an average mask temperature

but a heat radiation from the heater, which is measured through apertures

in the mask. The same situation is valid when the substrate temperature

has to be controlled during a deposition through the mask procedure, i. e.,

PYRO measures both: substrate and mask temperatures together. Hence,

the PYRO spot has to be well-defined and focused, i. e., it should have the

minimal size14.

A set of following experiments was performed to estimate a real substrate

temperature during an epitaxial growth through the shadow mask:15

1. The temperature of GaAs substrate was measured as the most reliable

one. During the standart bake-out procedure, desorption of the native

oxide layer on top of GaAs substrate takes place[129], [130]. Applying

RHEED, the deoxidation temperature can be found with high accu-

racy16[131], [132]. This transition happened at the substrate tempera-

ture of TPY RO=595±5◦C. Results of the GaAs substrate temperature

(Tsub) measurement compared to the TC reading are presented in Table

4.1 (column 2).

2. Thereafter, substrate temperature measurements in cases of deposition

through masks with different sizes of openings were carried out to see

141.5 mm
15a mask, a substrate or mask-substrate sandwiches were created, as described in the

following Section 5.1, and heated in As atmosphere
16a transition from an amorphous to an ordered surface can be well-recognized as an

abrupt change of the RHEED pattern
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an influence of the mask presence on the substrate temperature mea-

surement. For that, different mask-substrate sandwiches were created

and the substrate temperature was measured through the mask at the

middle part of the sandwich during its heating. Thus, the substrate

temperature was measured with respect to an empty mask holder, a

mask with 12 × 12 mm2 and with 4.2 × 4.2 mm2 openings, respectively

(see columns 3− 5 in Table 4.1).

3. Finally, the mask temperature during its heating was controlled (see

column 6 in Table 4.1).

Results presented in Table 4.1 clearly show the influence of the mask presence

on the substrate temperature measurement. Besides, due to the impossibil-

ity of use a PYRO below 400 ◦C, the TC was used as a feedback loop. This

approach gave a good reproducibility from run-to-run. In other words, the

results were always the same if the same TTC value was set each time. Un-

doubtedly, the TC reading gives not a real substrate temperature value, so

that PYRO was still used for measuring temperatures above 400 ◦C. Re-

sults of depositions obtained in high-temperature range were cross-checked

with temperature-dependent changes in surface reconstructions. Finally, the

main assumption was based on an extrapolation of the differences between

TC and PYRO readings in the high-temperature range. It states that below

400 ◦C the actual substrate temperature is somewhat higher (30-60 K) then

TTC [133]. Due to such large error, in all further growth campaigns, the TTC

was stated only. The given temperatures were just roughly estimated for

special cases of a low-temperature deposition (v 100◦C) and a deposition

through the mask.

These results prove once more limitations of the implementation of the shadow

masked SAE into QD formation via Stranski−Krastanov growth mode due



59

Table 4.1: Temperature values for different substrate-mask sandwiches.

TTC , ◦C TPY RO, ◦C

Tsub Tsub/maskholder Tsub/mask4.2mm Tsub/mask12mm Tmask

350 - 468 432 433 493

360 439 474 438 445 498

370 - 481 442 455 503

380 442 485 448 467 508

390 450 491 451 478 513

400 460 503 456 485 515

410 475 510 463 494 520

420 484 517 471 502 523

430 494 525 477 510 530

440 501 533 481 519 536

450 510 540 485 530 543

460 521 547 491 539 551

470 530 554 498 549 558

480 537 562 506 553 565

490 541 571 510 564 573

500 553 578 517 570 581

510 560 585 524 578 588

520 568 591 531 586 596

530 573 602 537 593 605

540 586 607 544 - 612

550 591 615 550 - 619

560 601 622 557 - 626

570 606 630 561 - 633

580 617 635 569 - 640

590 621 - 574 - 646

600 - - 582 - 651

610 - - 590 - 656
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to its temperature sensibility and prove consistency of the idea to use DE in

its low-temperature regime.

4.3.2 In-situ aperture size reduction

Before the shadow mask can be used for SADE, the mask has to be covered

with a fresh GaAs layer on its backside. This thin layer will prepare a clean

surface for the following mask-substrate sandwich creation procedure, i. e.,

for the growth steps carried out in close contact with the substrate. Such

layer serves a few purposes: it buries post-processing residues on the mask

surface if they still exist i, it helps Si3N4 membranes to be intact during

mask-substrate sandwich creation or separation procedures ii and it is a

developed technique to reduce in-situ aperture sizes iii.

The Si/Si3N4-mask was introduced to the growth chamber after in-situ

outgassing procedures listed in Section 4.3. The mask was heated to TTC=510
◦C17 in As atmosphere (pAs ∼ 2 × 10−5 mbar)18. The temperature ramping

rate was kept 10 K/min. 100 nm of GaAs were deposited on the backside of

the mask employing a growth rate of 0.2 nm/s.

After the deposition, the mask was cooled down, taken out of the MBE

system and inspected by laser and scanning electron microscopes. As can be

seen in Figure 4.11, the holey membrane has remained intact after the GaAs

deposition.

The differences in aperture diameters before and after the deposition were

measured by SEM for each aperture size. The results are presented in Table

4.2. Column 1 shows a nominal size of the aperture, which is preassigned

17TPyro=588◦C in Table 4.1
18this corresponds to the maximum As pressure, which As cracker source allows for in

Paderborn
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Figure 4.11: Laser microscope images of free-standing holey Si3N4 mem-

branes before (a) and after the deposition of GaAs 100 nm (b). The aperture

size here is 5 µm.

in the pattering file19. Columns 2 and 3 correspond to measured values of

aperture diameters before and after GaAs depostion, respectively. Columns

4 and 5 represent the differences in aperture diameters before and after the

deposition, which are expressed in quantitative and percentage forms.

As can be seen from Table 4.2, for 5,0 µm aperture, the diameter was only

slightly reduced to 4.9 µm, which is an opposite to 0,1 µm aperture, where

the whole aperture was completely clogged (see Figure 4.12 (b)). This subse-

quently means different clogging rates for different aperture sizes: the larger

the aperture the lower the clogging rate i and larger apertures need more

material to be clogged ii.

After the SEM inspection, the shadow mask was loaded back to the MBE

system and the standard degassing procedures were performed. As men-

tioned above, due to physical and chemical properties of a low-stress Si3N4,

it should not be problematic to heat the mask containing Si3N4 layers fur-

19PIONEER software-file including a pattern for EBL
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Table 4.2: The aperture diameters before and after the deposition of 100 nm

GaAs, as well as after the re-evaporation procedure.

∅nominal,µm ∅before,µm ∅after,µm ∆, nm % ∅re−evap,µm

5,0 5,001 4,921 80 1,60 5,000

2,0 2,939 2,880 59 2,01 2,942

1,0 0,973 0,885 88 9,04 0,980

0,5 0,502 0,399 103 20,52 0,509

0,4 0,425 0,300 125 29,41 0,428

0,2 0,237 0,138 99 41,77 0,229

0,1 0,102 clogged 0 100,00 0,105

Figure 4.12: SEM images of holey mask with the smallest apertures before

(a), after deposition of 100 nm GaAs (b) as well as after re-evaporation

procedures (c), after [108].

ther in As absence. This should not harm the thin Si3N4 layer, in general,

and holey membranes, in particular. At the same moment, such temperature

treatment will re-evaporate the deposited GaAs layer from the mask surface,

thereby, in−situ clean the mask. The standard GaAs re-evaporation process

starts already from 620 ◦C [134].

Therefore, the mask was annealed at TTC=750 ◦C 20 for 25 min in As-free en-

20TPY RO=820◦C see in Table 4.1
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vironment in the growth chamber. This is the maximum temperature, which

was tested, corresponding to the maximum temperature substrate heater al-

lows for. The ramping rate was the same as in previous experiments. After-

ward, the mask was taken out and again inspected by SEM. After such heat

treatment, all membranes have remained intact and the GaAs layer was re-

moved completely without deteriorating the holey pattern, as seen in Figure

4.12 (c). Column 6 in Table 4.2 presents the measured aperture diameters

after the re-evaporation process. The aperture diameters were not changed.

The same sequences of steps: in − situ mask degassing procedures, a de-

position of GaAs on the backside of the shadow mask and its subsequent

re-evaporation, were performed with different masks to confirm the reported

above results. All fabricated masks showed the same behavior. Finally, the

mask ability to withstand a multi-step growth procedure was proven. The

mask was covered with 50 nm of GaAs and cleaned by a subsequent GaAs

re-evaporation step. This cycle was repeated 10 times. After the SEM inspec-

tion, neither cracking of the membrane or a deterioration of its holey pattern

was found on the shadow mask surface. This clearly shows that the shadow

Si/Si3N4-mask can withstand a large number of deposition/re-evaporation

cycles.

As a summary, fabricated Si/Si3N4-masks are fully compatible with the III-V

MBE process and can withstand the deposition of GaAs layers as well as in-

situ cleaning procedures. The aperture sizes can be reduced by a deposition

of an additional GaAs layer with a certain thickness as well as this layer

can be re-evaporated trace-less. This means, the shadow mask can be used

repeatedly without any ex-situ cleaning steps.
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Chapter 5

Sample growth and

characterization

In the following chapter, after a brief survey of the selective area droplet

epitaxy (Section 5.1), the key aspects of the deposition through the shadow

mask are discussed (Section 5.2). Section 5.3 gives a complete picture of the

droplet formation process.

As a consequence, the main growth parameters are optimized in terms of

a site-controlled droplet formation employing shadow masked selective area

epitaxy. The need for a deposition of a pre-coverage layer and its effect on

a Ga out-diffusion from local deposits are discussed below in Section 5.3.1.

The coverage layer and influence of its thickness on droplet sizes, heights

and densities concerning aperture sizes are studied in Section 5.3.2. Finally,

results of the deposition in a two-step procedure as well as directly at elevated

temperatures are described, respectively.
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5.1 Selective Area Droplet Epitaxy procedure

SADE is a modified positioning technique allowing a local formation of single

QNs via DE employing shadow masks. The basic principle of the SADE

process is schematically shown in Figure 5.1. This approach consists of the

following steps:

Figure 5.1: Schematics of the shadow masked SAE, after [108]. The distance

between the mask and the substrate is d.

1. Growth of the first part of the semiconductor heterostructure: Al0.3Ga0.7As

layer with a subsequent formation of a Ga-terminated surface by de-

position of a certain Ga amount. This is followed by a transfer of the

sample out of the growth chamber to the preparation chamber.

2. Growth of a fresh GaAs mask cover layer, as described in detail in

Section 4.3.2, to prepare a clean mask surface before a mask-substrate

sandwich formation. A transfer of the mask to the preparation chamber.

3. Formation of the mask-substrate sandwich under UHV conditions in

the preparation chamber with its transfer to the growth chamber.
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The whole process of the sandwich formation is illustrated in Figure

5.2.

Figure 5.2: Illustration of the mask-substrate sandwich formation process.

This is described step by step from (a) to (f).

4. A facultative deposition of alignment markers through opened in shadow

mask areas. A deposition occurs only through the outer shadow mask

part.1 Usually, 50–100 nm of GaAs are deposited as alignment markers.

5. In the case of the SADE, the group-III metal, Ga is deposited locally

1an active shadow mask region is blocked by a special shutter with a placed in coarse

Mo-mask (Figure 5.3 (a)), so that no deposition through its center is performed (Figure

5.3 (b))
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Figure 5.3: The coarse Mo-mask (a). The front side view of the shadow

Si/Si3N4-mask after the deposition of alignment markers (b).

within the active Si/Si3N4-mask region resulting in a site-controlled

droplet formation. The crystallization step, which transforms metal

droplets into semiconductor QNs, can either be performed with the

Si/Si3N4-mask in place or after a separation of the mask-substrate

sandwich (see step 6). It should be noted here that the As flux, coming

to the surface through the tiny holes in the shadow mask, can not be

accurately estimated. Thus, for a formation of optically active QNs a

crystallization step has to be performed after the sandwich separation

to provide a efficient As flux. The deposition procedure is followed

by a transfer of the mask-substrate sandwich back to the preparation

chamber.

6. A separation of the mask-substrate sandwich under UHV in the preparation

chamber with a subsequent transfer of the sample back to the growth

chamber for the next growth step.

7. A growth of the second part of the heterostructure: an overgrowth of

GaAs QNs with an Al0.3Ga0.7As layer.

The above-described steps of the SADE procedure were implemented into a

growth process in solid-source III-V MBE system located in Paderborn using
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EpiCAD software[90]. Due to the complication of the deposition procedure

employing shadow masked SAE compared to the standard growth proce-

dures, the formation of GaAs QNs in Al0.3Ga0.7As matrix was performed

using a few separated growth recipes. The growth procedure then looks as

follows:

1. In the first recipe, a Al0.3Ga0.7As layer growth and a subsequent Ga-

termination of its surface are realized.

2. In the second one, alignment markers, as well as Ga droplets, are de-

posited locally at defined by shadow Si/Si3N4-mask places. Here the

Ga droplet deposition can be performed either directly at elevated tem-

peratures or as a two-step procedure, where Ga is deposited in a low-

temperature regime, in the first step, and subsequently annealed, in

the second one. In case of a two-step procedure, the annealing step is

performed after the separation of the substrate-mask sandwich. Please

also note that, the omitted in this thesis, a crystallization step can be

performed directly after the local Ga deposition.

3. In the third recipe, the capping of GaAs QNs with a Al0.3Ga0.7As layer

can be realized.

Examples of growth recipes for the test sample A0176 are presented in Figure

5.4. Here, instead of standard Al0.3Ga0.7As layer deposition, GaAs layer was

deposited to test a Ga through the shadow mask deposition procedure. The

growth protocol can be found in Appendix C.
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Figure 5.4: Examples of growth recipes of sample A0176. In the first recipe,

100 nm of GaAs were deposited with a subsequent Ga-termination of the

surface (a). In the second recipe, 250 nm thick GaAs alignment markers were

deposited through the outer part of the shadow mask. This was followed by

a Ga deposition of 4.5 ML within the active mask region (b).

5.2 Key aspects of the deposition through a

shadow mask

As mentioned in previous sections, a local Ga deposition is the first stage of a

site-controlled QN formation by DE technique. A substrate temperature i, a

Ga flux ii and a total Ga amount iii, further coverage, are the key parameters

to control Ga droplet densities and sizes[67]. Thus for a special case of a single
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droplet formation employing shadow Si/Si3N4-mask2, deposition parameters

have to be chosen to reach a low droplet density regime. This can be achieved

using low substrate temperatures, e. g., below TTC=400 ◦C, as well as low

Ga deposition rates, e. g., 0.03 ML
s

, respectively[67], [135]. Also, the Ga

coverage itself has to be discussed concerning opened in the shadow mask

areas (sq. µm) through which Ga is deposited.

According to the standard DE procedure, the first Ga ML is consumed only

for the surface termination and the following coverage, typically 2.75 ML,

contributes to the Ga droplet formation[136]. This works practically for

surface QDs, where Ga deposition performed on the whole substrate surface.

Presumably, for the SADE is valid that the larger Ga amounts should be

deposited to get Ga droplets having the same heights and diameters as for

surface ones. The results of a coverage estimation with respect to aperture

sizes are presented below in Table 5.1. The estimation is performed using

the following relation:

Stotal = πr2︸︷︷︸
Scircle

·N (1)

where r and N are a radius of a single aperture and number of apertures

for every single active window, respectively. Thus, taking the size of the single

active window into account, each active window area is Smembrane=40000

µm2. The main assumption here is the total Ga amount will pass completely

through Smembrane.

Opened areas (Sarea) (Column 3 in Table 5.1) are calculated considering

aperture sizes. The total number of apertures N is counted on the assump-

tion of the maximum number of apertures having the same size in an array

2this means a single droplet occupancy within the area limited by the smallest aperture

diameter, i. e., 100-200 nm
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Table 5.1: An estimated Ga coverage vs an aperture size with respect to

Smembrane

r, µm N Sarea, µm2 %

2,5 200 3925,3 9,81

1,0 784 2462,0 6,16

0,5 2500 1962,5 4,91

0,25 10000 1962,5 4,91

0,15 27556 1947,0 4,87

0,1 40000 1256,0 3,14

0,05 81225 637,6 1,59

occupying a single active window. The PIONEER-file is used for such a

calculation.

Results of a coverage estimation (Columns 4 and 5 in Table 5.1) clearly show

that the smaller the aperture size the larger the amount of material should

be deposited, e. g., if the same coverage thickness is deposited through 5 µm

and 100 nm apertures, droplets will be only formed in a 5 µm aperture area.

Thus, an appropriate Ga amount has to be found in further studies to allow

a single droplet occupancy per the smallest aperture area.

Besides, as any other substrate patterning technique, the deposition employ-

ing shadow masks has limitations: the minimal structure dimensions and loss

of the resolution. The major limiting effect here is the presence of the mask-

substrate gap during the Ga deposition stage. This induces a broadening

of the deposited Ga over larger then the aperture size area. Theoretically,

the process of Ga deposition through the shadow mask can be discussed

concerning geometrical parameters of the MBE system itself.

If Ga atom diffusion can be neglected3, the extension of the deposit in case of

3in case of epitaxy this means, the Ga deposition is performed at low substrate tem-
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a perpendicular deposition is given by geometrical parameters: the diameter

of the aperture X, a size of the source L, a source-substrate distance D and

a gap between the shadow mask and the substrate d[56]. Thus, the diameter

of the deposit h is then given by the following relation [56]:

h = X + L
d

D
(2)

The second summand in Equation (2) describes the penumbra region. The

size of this region strongly depends on d (see Figures 5.1 and 5.5). The

schematic representation of the deposition that occurred through the opening

in the shadow mask is presented in Figure 5.5.

Figure 5.5: The influence of the system geometry on the lateral resolution,

after [56]. The best pattern transfer can be achieved only for an incoming

Ga flux along the mask normal and with no gap present between the mask

and the substrate.

To see practically how the mask-substrate gap influences the lateral reso-

lution of the SADE procedure, the following sequence of experiments was

peratures, so that Ga atom diffusion is suppressed
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carried out using Gacluster source for nearly perpendicular deposition[91]. As

mentioned in Sections 4.1 and 4.2, the gap d can be controlled by a set of

a setback thickness S (see Figure 4.8). As a result, for Ga test depositions,

three shadow Si/Si3N4-masks were fabricated. These have different setback

thicknesses S: the mask M2−1 has a gap of d=40 µm and masks M4−2 and

M15 − 2 are constructed to be in a close contact with the substrate during

the deposition through the shadow mask stage, i. e., d=0 µm. Other mask

parameters kept identical. Masks M2− 1 and M4− 2 have active windows

with arrays of holes having two aperture sizes: 5 µm and 100 nm, respec-

tively. The mask M15− 2 has a special design, where different apertures: 5

µm, 2 µm, 1 µm, 0.6 µm, 0.34 µm, 0.23 µm and 0.14 µm, were created, as

depicted in Figure 4.6.

For each deposition campaign, the growth procedure had the following steps:

1. The mask was introduced into the growth chamber and 100 nm of

GaAs were deposited on its backside, as described in Section 4.3.2.

2. Then, the mask was transferred to the preparation chamber, where it

was placed to the sandwich creation station.

3. At the same time, a GaAs (100) wafer4 was introduced to the growth

chamber. After the deoxidation process, 100 nm of GaAs were de-

posited as a buffer layer at standard GaAs growth conditions. Then,

the substrate temperature was reduced to 250 ◦C and 1 ML of Ga was

deposited in As absence to create a Ga-terminated surface.

4. After this, the substrate was transferred back to the preparation chamber,

where the mask-substrate sandwich was formed, as described above in

Section 5.1 (see Figure 5.2).

4a quarter of semi-insulating 3 inch GaAs (100) wafer (see details in Appendix A)
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5. The sandwich was introduced to the growth chamber and 4.5 ML of Ga

were deposited through the mask at Tsub
5 in As absence. Ga deposition

rate was always kept 0.03 ML
s

. After 1 min of an interruption, the mask-

substrate sandwich was transferred back to the preparation chamber

and separated under UHV.

6. The substrate was finally taken out from the MBE system and in-

spected with SEM.

As mentioned above, diffusion of Ga atoms on the substrate surface has to

be suppressed during the Ga droplet formation stage. This will be discussed

below with respect to the substrate temperature Tsub. The general trend,

which should be considered here, is an anisotropy of a Ga diffusion across

the GaAs (100) surface[137]. The anisotropic surface diffusion is responsible

for the shape and an orientation of oval defects, as well as for the rippled

surface structure, observed on AlxGa1−xAs[138], [139]. Due to the surface

anisotropy, Ga atoms diffuse more likely along the [1-10] direction than along

the [110] direction[139]. This will definitely influence on results of the depo-

sition through the shadow mask. Thus, it is obligatory to find an appropriate

Tsub at which Ga atom diffusion is suppressed and Ga is deposited forming

droplets.

For that, 4.5 ML of Ga were deposited throught the mask M2−1 at different

Tsub: 250, 175 and 100 ◦C. Results of depositions are presented in Figure

5.6. SEM images clearly show the change of the deposited pattern from

rows (A0261) to separated disks (A0267) with a decrease of Tsub. In other

words, the higher the substrate temperature the higher the Ga diffusion

rate[139]. It seems that at Tsub=100 ◦C the Ga diffusion is fully suppressed.

As a result, this substrate temperature was used in a two-step deposition

5different substrate temperatures were applied further to optimize deposition parame-

ters allowing a single droplet formation
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procedures, except those, where the deposition was performed directly at

elevated temperatures. It should be noted that the local deposit and aperture

sizes are found to be different, so that a broadening of the deposit took place,

as can be predicted by relation 2 (see Figure 5.6 A0267).

Figure 5.6: Results of 4.5 ML Ga deposition at different Tsub through the 5

µm apertures employing mask M2 − 1. Growth protocols can be found in

Appendix C.

Next, Ga deposition was performed through the mask M4−2. Results of the

deposition can be seen in Figure 5.7 (b). Besides, SEM images show that

deposits differ strongly for depositions through shadow masks M2 − 1 and

M4 − 2. For M2 − 1 with 40 µm gap, local deposits exhibit a diameter of

7.5 µm. This means the diameter was greatly enhanced compared to the 5

µm aperture. Taking relation (2) and inserting values corresponding to the

geometry of the MBE system6, the calculated diameter of the local deposit

matches the experimental observation. For the 100 nm hole, this means the

enlargement of the deposited area from 100 nm to 2.5 µm, i. e., Ga sprays

over the larger area and, as a result, no single droplet formation occurs.

In the case of the deposition through the mask M4 − 2 with close contact

6L=22 mm, D=364 mm[91],[141],
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Figure 5.7: Comparison between results of 4.5 ML Ga deposition through

the 5 µm apertures with 40 µm mask-substrate gap (a) and in close contact

(b), after [108].

to the substrate, Ga local deposits reproduce the exact size of the aperture,

as it was expected. Thus, close contact is a necessary condition, which pro-

vides the best lateral resolution for structures deposited through the shadow

Si/Si3N4-mask.

Undoubtedly, close contact might harm the substrate, the mask or even both

of them together. Results of Ga test depositions show that shadow masks

are robust enough not to be damaged by close contact during mask-substrate

sandwich creation or separation, as well as deposition, procedures[108]. Thus,

the risk of the mask damage during the deposition, performed in close con-

tact, is for Si3N4/GaAs material system not very high. The substrate sur-

face itself does not suffer severe damage although rarely some scratches were

observed at its outer areas, caused by a contact the GaAs wafer with the

substrate holder[108].

Employing mask M15 − 2, a deposition of sub-µm structures was realized.

The growth procedure was identical to the aforementioned ones, except just

the detail that 50 nm of GaAs were deposited as a mask cover layer on its
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Figure 5.8: Results of 4.5 ML Ga deposition through different aperture sizes

from 5 µm down to 100 nm and pitches from 10 µm to 600 nm.

backside to avoid clogging of the smallest apertures7. Figure 5.8 represents

SEM (a) and AFM images (1) - (3) of arrays, where Ga local deposits have

7see details regarding to clogging in Section 4.3.2
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different sizes. As can be seen in AFM picture (3), a region of 0,14 µm, Ga

deposits are present not at every place in the array and the height of a single

deposit is just 1-2 nm. These results confirm an aforementioned statement

that through the smaller apertures much more Ga should be deposited to

obtain the same droplet sizes and heights as for larger ones.

In a final test, 10 ML of Ga were deposited through the mask M4 − 2 to

obtain a single structure formation within the smallest aperture area, i. e.,

100 nm. All other growth parameters were identical to those described in

the previous experiment. The result of this deposition is presented in Figure

5.9.

Figure 5.9: SEM image of an array of Ga deposits (a), after [108]. AFM

picture of a single local deposit (b).

An average diameter of the Ga local deposits corresponds to an average

diameter of the apertures. Local deposits are quite uniform and every single

deposit, a cluster, consists of a few tiny Ga droplets (see Figure 5.9 (b)).

Size variations of Ga deposits are ± 5 %, which can be attributed to the

fluctuations in aperture diameters across the mask[108].
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As a summary, SADE approach showed a possibility of a structure fabrica-

tion with approximately 100 nm lateral resolution. To obtain a site-controlled

GaAs QNs, especially QDs, from the local Ga deposits, the deposition param-

eters have to be further optimized in order to form proper droplets as well as

a subsequent crystallization procedure has to be applied. The optimization

of deposition parameters is a purpose of the following Section 5.3.

5.3 Optimization of a site-controlled droplet

formation through the shadow mask

Optimization of deposition parameters for a site-controlled droplet formation

employing the smallest mask apertures is a very challenging task. It starts

with an understanding of a physical nature of the droplet formation itself

and continues with an experimental selection of deposition parameters. As

previously described in Section 2.3.2, droplets start to form only if a Ga-rich

surface is established. Therefore, the minimum amount of Ga (a pre-coverage

layer thickness) that should be deposited to form a Ga-rich surface has to be

found accurately. This has a great importance since it permits to understand

what is a required Ga amount (a coverage) that should be supplied to form

site-controlled Ga nanodroplets within the active area having the smallest

aperture sizes.

For the following optimization procedures, the shadow mask M15 − 2 and

quarters of semi-insulating 3 inch GaAs (100) wafers were used. Mask pa-

rameters were already discussed in the previous Section 5.2.

All optimization samples were grown as follows:

1. 100 nm thick Al0.3Ga0.7As layer at Tsub=590 ◦C and under constant As

pressure of pAs=1.95 × 10−5 mbar was deposited.
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2. Then, the As flux was stopped by closing both: the As-valve and

the mechanical shutter of As cracker cell. Tsub was reduced down to

350 ◦ C, where at this temperature a pre-coverage layer was deposited

at F=0.7 ML
s

to create a Ga-terminated surface. In order to investi-

gate how a pre-coverage layer thickness influences on a Ga out-diffusion

from local Ga deposits, different pre-coverage layer thicknesses (1.0-1.3

ML) were deposited.

3. After the formation of the Ga-terminated surface, the substrate was

cooled down to 100 ◦C and then transferred to the preparation chamber.

4. This was followed by mask-substrate sandwich creation in the preparation

chamber8.

5. After a transfer of the mask-substrate sandwich back to the growth

chamber, different Ga coverages were deposited at 100 ◦C through the

mask in As absence9. The Ga deposition rate was kept constant 0.35
ML
s

. In addition, a cryopump was switched-off for a very short time

(<5 min), so it stayed cold and the pressure inside the growth chamber

was not compromised[133]. Vibrations, caused by the cryopump, in-

fluence deposition results: a smearing of the deposited Ga takes place.

As follows, no single droplets can be formed within the smallest aper-

ture areas. The comparison between results of 4.5 ML Ga deposition

through the 5 µm and 2 µm openings with a switched-on (a) and a

switched-off cryopump (b) are presented in Figure 5.10.

6. After a droplet formation, a 60 s break was applied to achieve an

equilibrium, followed by a mask-substrate sandwich transfer to the

preparation chamber, where it was separated under UHV.

850 nm of GaAs were deposited on the backside of the mask M15 − 2 before the

sandwich creation
9pmbe=3.0 × 10−9 mbar
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Figure 5.10: Results of 4.5 ML Ga deposition through 5 µm and 2 µm open-

ings. The deposition was performed with a switched-on (a) and a switched-

off cryopump (b).

7. Afterward, the substrate was transferred back to the growth chamber,

where an annealing step at Tanneal in As absence was applied for 5 min

to improve a rearrangement of Ga atoms on the surface. This leads to

a coarsening by Ostwald ripening [142]. Besides, in some experiments,

Ga was deposited directly at elevated substrate temperatures omitting

a subsequent annealing step.

8. Finally, the mask-substrate sandwich was cooled down to 300 ◦C and

taken out of the MBE system for structural analysis via SEM and AFM

in a contact mode.

All growth protocols can be found in Appendix C.
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5.3.1 Pre-coverage layer thickness and its effect on droplet

formation

In set of experiments below, 40 ML of Ga were deposited locally employing

shadow mask M15−2 after the deposition of a pre-coverage layer with varied

from 0 ML to 1.3 thickness, respectively. This was performed to study how

the pre-coverage layer affects the droplet formation as well as to find the

minimum Ga amount needed for the surface saturation. After the droplet

formation, an annealing step was applied at Tanneal=400 ◦C.

In Figure 5.11 (a), as well as in Figure 5.11 (b), bright circular structures

of different diameters ordered in regular patterns can be seen. These are the

results of the local Ga deposition through the shadow mask M15 − 2. The

complete pattern of local Ga deposits on the substrate reproduces the holey

pattern in the Si/Si3N4-mask.

Figure 5.11: SEM images of local Ga deposits reproducing the mask pattern

for every single window in the active membrane region, after [133]. Without

deposition of a pre-coverage layer, a strong out-diffusion can be seen (a).
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Under a close look, slightly bright regions around and also between the cir-

cular bright regions are visible in Figure 5.11 (a). These are regions of

out-diffused Ga within the aperture areas10. Such regions are absent if 1.2

ML of Ga were deposited as pre-coverage before the deposition of the total

Ga amount11 (see Figure 5.11 (b)). Hence, for 1.2 ML pre-coverage layer

thickness, the out-diffusion seems to be strongly suppressed. Finally, this

points to the reaction of Ga with the As on the surface as a driving force

for the strong out-diffusion whereas on a Ga-rich surface this driving force is

missing[133]. The obtained value is correlated to those listed in Section 2.3.2

so that 1.2 ML of Ga should be initially deposited to establish a Ga-rich sur-

face. How the pre-coverage layer thickness influences the droplet formation

within the different aperture areas is discussed below.

First of all, droplet heights and diameters were measured by AFM in a contact

mode. Results of AFM measurements with respect to different aperture sizes

and pre-coverage layer thicknesses are presented in Table 5.2. These were

used further to estimate the droplet volume and to calculate Ga fraction in

droplets.

As an example, Figure 5.12 represents results of the deposition through 0.34

µm apertures. AFM measurements show an increase of the droplet height

and diameter with an increase of the pre-coverage layer thickness. Besides,

droplets formed after the surface saturation have a more homogeneous distri-

bution of diameters and heights compared to ones formed on non-saturated

surfaces. As a general tendency regarding droplet diameters and heights,

a decrease in both characteristics in a range of approximately 40 % with a

decreasing of an aperture size can be stated[133].

For calculation of Ga fraction12, the droplet volume Vdroplet was estimated

10 Ga out-diffuses from the local Ga deposits
1140 ML
12a fraction of Ga, which is deposited through the aperture, actually present in droplets
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Table 5.2: Diameters and heights of Ga droplets with respect to aperture

sizes and pre-coverage layer thicknesses.

Droplets

Pre− coverage 0 ML 1.0 ML 1.1 ML 1.2 ML 1.3 ML

Diameter 5,0 µm 60-120 60-120 130 140 160

of droplets, nm 2,0 µm 80-130 60-110 125 135 160

1,0 µm 90-140 85-110 120 130 150

0,6 µm 90-150 75-90 115 125 140

0,34 µm 120 80-105 110 120 130

0,23 µm 0 90 100 120 120

0,14 µm 0 0 0 100 110

Height of Ga 5,0 µm 30 25 28 29 30

droplets, nm 2,0 µm 28 20 26 28 29

1,0 µm 26 17 23 26 28

0,6 µm 23 15 22 25 26

0,34 µm 20 14 21 23 24

0,23 µm 0 12 17 19 21

0,14 µm 0 0 0 15 18
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Figure 5.12: AFM images of Ga deposits obtained through 0.34 µm opening.

The scan area was 3 × 3 µm2. The pre-coverage layer thickness was varied

from sample A0519 to sample A0522.

from average droplet diameters ddroplet and heights hdroplet (see Table 5.2)

assuming a semi-spherical cap shape of the droplet by the following relation:

Vdroplet =
π

6
hdroplet(

3

4
d2droplet + h2droplet) (3)

In Table 5.3, the number of Ga droplets per aperture (Row 1), as well as

the fraction of deposited Ga found in the droplets (Row 2), are summarized

with respect to different pre-coverage layer thicknesses and aperture sizes,

respectively. The larger the aperture size the larger the Ga amount passes

through the aperture and, as a result, the bigger the number of Ga droplets

formed per the aperture area, so that 5 µm and 2 µm apertures are out of

this calculation. Ga fractions lie in a range from 10 to 40 %, except for

the pre-coverage layer thickness of 1.3 ML. Although these values have a

quite large error bar, it looks obvious that a significant fraction of Ga does

not contribute to the droplet formation. The general trend here is that the

less the pre-coverage layer thickness or the smaller the aperture size in the
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Table 5.3: Structural properties of Ga droplets. The fraction of Ga in the

droplets was calculated considering the average droplet volume. For each

data set at least 20 droplets were evaluated, after [133].

Droplets

Pre− coverage 0 ML 1.0 ML 1.1 ML 1.2 ML 1.3 ML

Number 1,0 µm 18.3 18.8 35.1 32.2 52.2

of droplets 0,6 µm 7.3 8.5 10.8 6.8 14.5

per aperture 0,34 µm 1.1 1.9 2.8 2.9 5.1

0,23 µm 0.0 1.2 1.54 1.1 2.5

0,14 µm 0.0 0.0 0.0 1.0 1.8

Fraction of Ga 0,6 µm 49 15 37 36 81

in droplets, % 0,34 µm 10 8 32 32 64

shadow mask, the less Ga is found in the droplets. All results are consistent

with the out-diffusion of Ga from the aperture area, which is suppressed

by a Ga-termination of the surface. Without deposition of the pre-coverage

layer, the out-diffusion is the strongest, and with an increase of pre-coverage

layer thickness, it tends to reduce until too much free Ga is on the surface,

so that the droplets are formed everywhere on the surface. For deposition

conditions described above, 1.2 ML is the optimum value, but even for this

pre-coverage thickness, it seems impossible to suppress the Ga out-diffusion

process completely as the reduced fraction of Ga in the droplets indicates.

The reason can be a not perfect Ga-termination of the surface due to small

amounts of As absorbed during the substrate handling and transfer from the

growth chamber to the the preparation chamber and back.

Without deposition of the pre-coverage layer (see Column 0 ML in Table

5.3), no droplets for the two smallest aperture sizes were observed and the

total numbers of Ga droplets for larger apertures were not very high. In cases
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of 1.0 ML and 1.1 ML pre-coverages (Columns 1.0 ML and 1.1 ML in Table

5.3), the droplets were formed in 0.23 µm aperture area, but still, no droplets

found to be within 0.14 µm aperture areas. Further increase of pre-coverage

layer thickness gave the formation of droplets within the 0.14 µm aperture

areas. Thus, the total number of Ga droplets formed per aperture area

increases with an increase of the pre-coverage layer thickness. For 1.3 ML,

the number of droplets was further increased and droplets were also formed

between the apertures. In other words, under these conditions after the

surface saturation, excess of Ga leads to the droplet formation everywhere.

The result of local Ga deposition through the smallest apertures at optimum

parameters13 is presented in Figure 5.13. The single droplet has diameter

[height] of 100 nm [15 nm]. As can be seen in Figure 5.13, some droplets

in the array are missing. This happened more likely due to full or partial

clogging of the apertures in Si/Si3N4-mask.

5.3.2 Coverage layer thickness

In the following section, results of a local Ga deposition employing shadow

mask M15-2 with different aperture sizes as a function of the coverage layer

thickness are discussed. For that, prior the deposition of the coverage layer,

1.2 ML of Ga were deposited as described above. The Ga coverage was varied

from 2.75 to 40 ML. Results of Ga depositions are presented in Figure 5.14

and in Table 5.4.

Without applying an annealing step, a rather homogeneous deposit in the

whole aperture area with only rudiments of the droplet formation is observed

(see the first Column of SEM images in Figure 5.14). After the annealing

step, Ga droplets are formed, but the exact result depends on the aperture

13Tsub=100 ◦C, 1.2 ML as a pre-coverage layer, 40 ML coverage and annealing at

Tanneal=400 ◦C for 5 min
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Figure 5.13: Array of Ga droplets deposited through 0.14 µm openings. The

deposition was performed at optimum conditions.

diameter and the Ga coverage. The larger the Ga coverage layer thickness

the larger the amount of Ga deposited through the smallest apertures, i. e.,

0,14 µm and 0,23 µm.

Table 5.4 presents results of a structural analysis of local Ga deposits for

every aperture size concerning the Ga coverage layer thickness. The general

tendency for each aperture size is a decrease of the coverage thickness entails

a decrease of an average number of droplets per aperture area. As a single

example, the number of droplets was slightly reduced for the depositions of

40 and 37.5 ML through 0,6 µm aperture (7 droplets per aperture compared

to 8). For 0,14 µm, the formation of a single droplet per aperture was

observed only if 40 ML of Ga were deposited, but no droplets at all were

found for other coverages. This observation can be mainly attributed to the

above-discussed out-diffusion of Ga atoms from local Ga deposits. For the
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Table 5.4: The diameter, height and number of Ga droplets deposited per

each aperture size with respect to a deposited Ga coverage layer thickness.

Droplets

Coverage 40 ML 37.5 ML 35 ML 2.75 ML

Number 5,0 µm 780.8 760.2 740.8 110.3

of droplets 2,0 µm 115.5 100.3 95.6 0.0

1,0 µm 32.2 28.5 26.2 0.0

0,6 µm 6.8 6.5 5.5 0.0

0,34 µm 2.9 2.3 1.4 0.0

0,23 µm 1.1 0.8 0.7 0.0

0,14 µm 1.0 0.0 0.0 0.0

Diameter 5,0 µm 140 90-135 130 60

of droplets, nm 2,0 µm 135 95-130 130 0

1,0 µm 130 95-120 125 0

0,6 µm 125 95-115 120 0

0,34 µm 120 95-110 120 0

0,23 µm 120 100 100 0

0,14 µm 100 0 0 0

Height of Ga 5,0 µm 29 28 26 7

droplets, nm 2,0 µm 28 26 25 0

1,0 µm 26 25 23 0

0,6 µm 25 24 22 0

0,34 µm 23 20 18 0

0,23 µm 19 15 12 0

0,14 µm 15 0 0 0
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Figure 5.14: Results of local Ga deposition through apertures having different

sizes. The coverage thickness was varied from 2.75 ML to 40 ML.

smallest aperture sizes, a larger Ga amount will be lost from the total Ga

coverage deposited through the aperture area for the same migration length
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of Ga. Thus, no droplet were found in the smallest aperture areas whereas

the number of droplets was only reduced for the larger ones.

As a summary, results of the structural analysis of local Ga deposits pre-

sented in Table 5.4 show an increase of heights and diameters of Ga droplets

with respect to an increase of the aperture diameter and the coverage layer

thickness. This tendency is valid for all aperture diameters. Within the

aperture sizes of 0,14 µm and 0,23 µm, Ga droplets were only formed if 40

ML of Ga were deposited through the shadow mask at deposition conditions

described above. Due to a temperature-dependent Ga diffusion process, the

further optimization of deposition parameters will be discussed in terms of

Tsub. This may offer a new way to reduce a Ga coverage in case of a deposition

performed through the smallest apertures.

5.3.3 Two-step deposition procedure vs direct deposi-

tion at elevated temperatures

In DE procedure, the size and the density of Ga deposits, nanoclusters, are

strongly dependent on the substrate temperature[67]. The Ga nanosluster

density vs Tsub follows a scaling law when these are deposited under 200
◦C. This scaling law is broken when deposition is performed at over then

200 ◦C[15]. Under this temperature, nanoclusters begin to coalesce, which

drastically reduce their number. This process is governed by the Ostwald

ripening. It is supposed that Ga atoms detach more readily from smaller Ga

deposits and condense rather to larger ones[142]. For the local Ga deposition

through the shadow Si/Si3N4-mask, this means that the number of droplets

formed within the aperture area will be decreased whereas average diameters

[heights] will be increased. In the case of the small aperture sizes, this means

a formation of a single droplet instead of a few small ones. How the substrate

temperature affect the droplet formation is discussed below.
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As already mentioned, there are two approaches to form Ga droplets within

the aperture area: a two-step procedure i or a direct deposition at elevated

temperature ii. The two-step procedure was applied in the previous experi-

ments and it can be generally described as follows:

1. The Ga is deposited through the apertures in the shadow mask at

Tsub=100 ◦C. At such temperature, Ga atoms are ‘frozen’ onto the

surface and local Ga deposits repeat the exact mask pattern (see the

first column of SEM images in Figure 5.14). The size of a single

rudiment within the local deposit area lies in the range from 15-80 nm

as well as a height is around 5 nm.

2. After applying the heat treatment (annealing), Ga rearranges on the

surface within the local deposit area and proper droplets are formed.

The key parameter here is the annealing temperature Tanneal
14. An in-

crease of Tanneal leads to an increase of the Ga migration length. In its

turn, this leads to the rearrangement of Ga on the surface within the lo-

cal deposit area. This is consistent with results that for lower annealing

temperatures, a droplet formation is observed for lower Ga coverages,

so the out-diffusion seems to be reduced (see Figure 5.15)[133].

As can be seen in Figure 5.16, a decrease in the droplet number, as well as

an increase of the droplet size, are observed with increase of Tanneal, respec-

tively. Tanneal of 400 ◦C seems to be the upper limit for a site-controlled

droplet formation because at 430 ◦C the droplets spread over the area that

is significantly larger than the aperture area[133].

In contrast to a two-step deposition procedure, Figure 5.17 presents results

of a direct deposition through 1 µm apertures at different substrate temper-

atures (200 – 400 ◦C). The annealing step is omitted.

14very probably also the annealing time, but this was fixed to 5 min for all experiments
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Figure 5.15: SEM images showing results of Ga deposition in a two-step

procedure for two different Ga amounts, after [133]. These results can be

compared to results of the depositions through the same aperture sizes but

annealed at Tanneal=400 ◦C.

Results of a direct deposition at elevated temperatures are quite similar to ob-

tained during a two-step deposition procedure: the higher the Tsub the lower

number of droplets and the stronger the Ga out-diffusion. Consequently,

a comparison of results of a direct and a two-step deposition procedures

through an array of 0,23 µm apertures is presented in Figure 5.18. The sizes

[heights] of Ga droplets in the arrays are different: 120 nm [19 nm] for a two-

step procedure compared to 70 nm [7 nm] for a direct deposition. Besides,

in case of a direct deposition, the number of droplets per aperture area was

increased. It looks as a required Tsub for obtaining a certain droplet density is

slightly lower for a direct deposition at elevated temperature then for a two-

step deposition procedure. The reasons can be either different real substrate

temperature values in cases of a direct deposition (presence of the shadow
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Figure 5.16: SEM images of Ga deposits annealed at different Tanneal.

mask during the deposition stage) and a two-step procedure (an annealing

of a bare substrate) or simply the difference in process cycles. Besides this,

a direct deposition at elevated temperatures gives a lower positioning preci-

sion (see Figure 5.18 (b)) compared to a two-step deposition procedure (see

Figure 5.18 (a)).

Thereafter, a two-step deposition procedure shows a better control of the

droplet formation as well as a quite high positioning precision (see Figure 5.18

(a)). There are three main deposition parameters determining the number

of droplets per the smallest apertures, 0,14 µm and 0,23 µm, in a two-step
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Figure 5.17: SEM images of Ga deposits deposited at different temperatures.

The aperture size is 1 µm.

Figure 5.18: Arrays of Ga droplets deposited at Tsub=100 ◦C with a subse-

quent annealing at Tanneal=400 ◦C (a) and deposited directly at Tsub=400
◦C (b). The aperture size in the shadow mask is 0,23 µm. Pre-coverage and

coverage layer thicknesses are 1.2 ML and 40 ML, respectively.

deposition approach: pre-coverage and coverage layer thicknesses as well as

an annealing temperature Tanneal. By choosing the right combination of these
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parameters, a single droplet per individual aperture can be obtained. The

optimum conditions for a site-controlled droplet formation within the 0,23

µm aperture were found as follows: a pre-coverage layer thickness - 1 ML, a

coverage layer thickness - 40 ML, the deposition and annealing temperatures

- Tsub=100 ◦C and Tanneal=400 ◦C, respectively. The array of site-controlled

Ga droplets is presented in Figure 5.19.

Figure 5.19: Array of Ga droplets obtained by a deposition through 0,23 µm

apertures, after [133].

Under employed process conditions, a probability to create a single droplet

per aperture is found to be larger than 90 % and an average droplet diameter

[height] is 90 nm [12 nm]. By comparing the droplet pattern to the image of

the corresponding mask region, the positioning precision was estimated to ±
50 nm (see Figure 5.20).

Figure 5.20 shows that Ga droplets are formed indeed completely within the

aperture area but with a homogeneous spatial distribution and not preferably

in the center of the aperture area[133]. As a result, a positioning resolution
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Figure 5.20: Array of Ga droplets deposited through 0,23 µm. SEM images

of droplet and hole arrays were combined into one picture (a). The array of

droplets repeats the mask pattern. The spatial dimensions are depicted in

(b).

is given by the aperture size, i. e., 0,23 µm. Hence, the conclusion is for a

higher positioning precision the smaller aperture sizes have to be employed.

As a next step, such array of Ga nanodroplets can be transformed into an

array of GaAs QNs applying a crystallization step in As atmosphere. This

could be a good start in a follow-up study.

Finally, the proposed SADE approach opened a new path to the fabrication

of site-controlled QNs and their potential integration into optoelectronic de-

vices.
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Summary and outlook

The purpose of this thesis was a fabrication of nanostructures on predefined

areas employing shadow mask-assisted MBE technique. In order to achieve

this goal, the whole work was divided into two main parts.

In the first part, the special shadow mask design was created. All mask

dimensions were selected in order to fit it into a customized mask plate.

The special mask construction allows a freedom to choose sizes of apertures

as well as to control the gap between the mask and the substrate during

the deposition. The mask fabrication technology was discussed in detail and

implemented resulting in a successful mask production on Si/Si3N4-basis. A

large number of masks were produced with different mask parameters. Their

compatibility with UHV was proven and showed full compatibility with the

MBE procedure. Based on this, the mask ex-situ and in-situ cleaning steps

were developed to avoid a contamination of the MBE system, as well as the

substrate, during the mask use. Also, it was found that aperture sizes can

be slightly reduced in-situ by a deposition of a certain GaAs layer thickness

on the backside of the mask.

In the second part, a shadow masked SAE approach was applied to form

site-controlled Ga nanodroplets on GaAs (100) via the DE method. First of

all, key aspects of the deposition through the shadow mask were discussed.

It was found that the mask-substrate gap, as well as a working cryopump,
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have the main influence on the lateral resolution in case if the perpendicular

deposition source was used. Thereby, all depositions through the mask were

performed with the mask M15-2, having no gap with the substrate, and

with a switched-off cryopump. Secondly, a low deposition rate of Ga (0.03
ML
s

) was used to provide a low-density regime, which is important for a site-

controlled nanostucture growth. Thirdly, several depositions with Ga were

performed through the mask to understand processes of the Ga nanodroplet

formation itself. As a result, it was obtained that the smaller the aperture

size in the mask the larger the Ga amount should be deposited. The pre-

coverage layer thickness was found to have a strong influence on the Ga

out-diffusion process, i.e., Ga nanodroplets start to form only if the surface

is a Ga-terminated. A substrate temperature, a Ga coverage, as well as

post-deposition annealing parameters, affect deposition results. Thus, the

optimum deposition parameters were selected experimentally for the case of

a single per aperture droplet occupancy.

This work can be continued as a study of the crystallization process, where

positioned Ga nanodroplets can be transformed in As atmosphere into GaAs

QNs. It would be also interesting to investigate optical and electrical prop-

erties of such structures.

In conclusion, this thesis reveals a new interesting approach of a site-controlled

QN fabrication.
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Elektronentheorien, Ann. Phys. 35, 1 (1911).

[20] J. Orton, The story of semiconductors, Oxford university press, 510

(2004).

[21] S. M. Sze and K. K. Ng, Physics of semiconductor devices, John Wiley

Sons (1996).

[22] J. Singh, Optoelectronics: An introduction to materials and devices,

McGraw-Hill College (1996).

[23] S. Kasap and P. Capper, Springer Handbook of Electronic and Photonic

Materials, Springer (2017).

[24] ”Atomic weights of the elements 2013”, Pure App Chem 88, 265-291,

(2016)

https://www.periodni.com/images.html

[25] N. Bruce Hannay and U. Colombo, Electronic Structure of Semicon-

ductors, Plenum Press, 1-40 (1973).



103

[26] U. W. Pohl, Epitaxy of Semiconductors: Introduction to Physical Prin-

ciples, Springer (2013).

[27] L. Vegard, Die Konstitution der Mischkristalle und die Raumfüllung
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[142] W. Ostwald, Über die vermeintliche isometric des roten und gelben

quecksilberxyds und die oberflachenspannung fester körper, Zeitschrift

für Physikalische Chemie, Stoechiom. Verwandtschaftsl. 34, 495 (1900).



116

Appendix A: Wafer datasheets

Figure 5.21: Datasheet of Si -wafers supplied for the mask fabrication by

CrysTec GmbH

.
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Figure 5.22: Datasheet of GaAs (100) wafers supplied for the sample pro-

duction by Wafer Technology Ltd.

.
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Appendix B: Mathematical

representation of Si (100)

etching

As mentioned above in Section 4.2, the anisotropic etching is controlled by

crystal planes. Etching rate of Si-wafer in a (100) direction is significantly

faster than in a (111) direction[113]-[116]. Therefore, the shape of the struc-

ture is initially determined by fast etching crystal planes, e. g., in case of

a square opening in the hard mask, the resulting profile is a square groove.

Schematic representation of the etched profile for the square opening in Si-

wafer (100) is presented in Figures 5.23 (a) and (b).

Due to a good control of etching parameters during KOH etching of Si (100),

final profiles of etched in Si -wafer structures can be predicted with high

accuracy concerning an initial hard mask design. In other words, the size of

the opening in Si-wafer W2 can be calculated using the following relation (4)

if the size of an initial hard mask opening W1 and a total depth of etching

(d) are known respectively:

W2 = W1 − 2× d

tan 54.74◦
(4)
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Figure 5.23: Schematic representation of the etched profile of a square-shaped

opening in the mask geometry in Si (100): a sketch of a cross-section of the

square groove etched in Si (100) (a) and a SEM image of the square groove

itself (b), respectively.

Thus, if a depth of the etching is 950 µm15 and a size of a single active window

has to be 200 × 200 µm2, the initial opening in hard mask is calculated to

be W1=200 + 2× 950
1.41

= 1550 [µm].

15a total Si thickness in case of the etching through the whole wafer and with a taking

into account tolerance
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Appendix C: List of Samples.

MBE growth recipes.

The growth recipes corresponding to samples used to acquire results pre-

sented in this thesis are given in the following pages. Growth protocols are

generated semi-automatically. They contain important information regard-

ing to a sample growth, such as substrate temperatures, growth pressures,

deposition rates, layer sequences and layer thicknesses. Changes in the sub-

strate and cell temperatures, as well as growth pauses between the growth

steps, are omitted. Important parameters for the SADE process such as a

mask number, pre-coverage and coverage thicknesses were manually added

to the ‘Comment’ box if it was necessary.

Note: Due to a specificity of the growth procedure employing shadow masks,

samples have been grown in two or three stages depending on growth pur-

poses. Accordingly, two growth-protocols correspond to each sample grown

by SADE.
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