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Abstract

This work reports on the optical and structural properties of self-assembled group

III-nitride nanowires (NWs) and nanowire heterostructures and their growth by

molecular beam epitaxy (MBE). These NWs are single crystals with typical di-

ameters of 10 nm - 100 nm and lengths (controlled by growth duration) up to

2µm.

Mainly Si is used as substrate, but also sapphire and diamond in different crys-

tallographic orientations are investigated. The best results for GaN NW growth

are obtained on Si(111) substrates, where the growth of matrix-free single do-

main NWs is possible without substrate pretreatment. In the case of sapphire

substrates, different buffer layers are evaluated and it is shown that by employing

an approx. 20 nm thin Si buffer layer GaN NW growth on sapphire is possible.

In general, GaN NWs are formed under highly nitrogen-rich growth conditions

and for high substrate temperatures. GaN NW nucleation shows a delay up

to 60 min for high substrate temperatures (around 790◦C), whereas for slightly

lower temperatures (770◦C) instantaneous nucleation is observed. It is shown by

transmission electron microscopy (TEM) and Raman measurements that these

GaN NWs are strain-free single crystals which are practically free of structural

defects except for the case of high Mg doping levels where basal plane stacking

faults (BSF) form cubic inclusions inside the otherwise wurtzite crystal. These

BSFs also strongly affect the photoluminescence properties by decreasing the band

edge emission and enhancing emission below 3.27 eV.

The impact of doping on the NW morphology and their photoluminescence

properties is analyzed over a wide range of doping levels, both p-type with Mg

and n-type with Si. The presence of Mg leads to lateral growth which is not present

for not intentionally doped (n.i.d.) GaN NWs and, accordingly, to reduced axial

growth rate. For Si doping a conical widening of the the NWs is observed. The Mg

concentration determined by secondary ion mass spectroscopy (SIMS) ranges up

to 1×1020 cm−3. The near band edge photoluminescence (PL) emission of undoped

or slightly Si-doped material is dominated by the narrow D0X recombination at

3.4715 eV with a full width at half maximum (FWHM) of 1.5 meV at 4K. For

moderate Mg fluxes the acceptor-bound exciton recombination was detected at

3.4665 eV. Point defects due to the N-rich growth conditions are discussed as the

origin of the emission band at 3.45 eV.

A special design for long GaN:Si NWs (typical length 2µm) with highly n-type

doped end regions is developed to facilitate ohmic contacts to the NWs. Current-

voltage measurements on single NWs show that the conductivity can be varied
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over several orders of magnitude by changing the doping level of the center part

of the NWs. However, contacting individual NWs is technically challenging and

not yet mastered reproducibly.

Additionally, GaN/AlGaN heterostructure NWs with embedded GaN nanodisks

were grown (NDs, thin insertions of the lower bandgap material inside the NW in

the analogy to quantum wells or quantum dots in thin films). By changing the

composition of the AlxGax−1N barrier throughout the whole composition range or

the thickness of the GaN NDs in the range of 1.2 nm to 3.5 nm, the PL emission

energy is modified. For low and moderate Al concentrations, the luminescence

emission energies increase with increasing Al content due to better confinement.

The temperature stability improves which makes these structures usable as optical

sensors for gas detection at room temperature or elevated temperatures, exploiting

the higher sensitivity of nanowire heterostructures for gases like oxygen, hydro-

gen or hydrocarbons compared to thin films. However, for high Al concentrations

(above 30% – 35%) the emission energy decreases again mainly due to internal

electric fields (quantum-confined Stark effect). Furthermore, the temperature sta-

bility decreases. Generally, the emission properties are strongly affected by the

strain state of the structures. Lateral growth of the barrier material for sam-

ples with AlN or AlxGax−1N with high Al content leads to the formation of a

shell. The variation of the shell thickness along a stack of NDs (i.e. the shell

thickness is increased for the lower NDs due to the deposition of the subsequent

Al(Ga)N barriers) is identified as the main source of PL emission broadening in

these structures. The experimental results are compared to 3D simulations mod-

eling the real structures according to dimensions determined by high resolution

TEM imaging. These simulations reveal that the maximum in the emission en-

ergy for an Al content of approx. 30% is assigned to the smallest lateral strain

gradient and, consequently, the lowest radial internal electric fields in the NDs.

Higher Al concentrations in the barrier cause high radial electric fields that can

overcome the exciton binding energy and result in substantially reduced emission

intensities.

Finally, the growth and PL properties of InGaN/GaN NW heterostructures,

both with several thin InGaN NDs as well as with a single large InGaN segment

are discussed. Due to the relatively low growth temperatures which are necessary

to avoid InGaN decomposition, these heterostructures suffer from stacking faults.

The temperature dependence of PL emission points towards the formation of In-

rich clusters. InGaN/GaN heterostructures exhibit luminescence emission in the

visible range, with highest intensities around 2.0 eV to 2.5 eV.
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1. Introduction

This work reports on the growth as well as on the optical and structural properties

of self-assembled group III-nitride nanowires and nanowire heterostructures grown

by molecular beam epitaxy (MBE). Nanowires (NWs) are small filamentary single

crystals (typical diameter in the range 10 nm – 100 nm) that can be successfully

grown on different substrates (like silicon, sapphire or diamond in different crystal-

lographic orientations) with or without the use of catalysts [Cal00, Cal07b]. Some-

times they are also called “whiskers”, “nanorods”, or “nanocolumns”. Nanowires

are almost free of structural defects which are present at high density in heteroepi-

taxially grown thin films. In contrast to Si or GaAs, bulk nitride crystals are not

available in satisfying quality and quantity [Ima12]. The main problems are high

impurity concentrations, high costs, and small substrate sizes. This creates a

demand for new approaches to heteroepitaxy. Here, one solution is provided by

nanowire growth.

First reports from the groups of E. Calleja [Cal97, SG98, Cal99], and K. Kishino

[Yos97] showed that the self-assembled catalyst-free growth of GaN nanowires

by molecular beam epitaxy is feasible. The precisely controlled layer-by-layer

growth in MBE allows to form well-defined thin inclusions (quantum wells) of

the lower bandgap material within barriers of the higher bandgap material. This

principle can be transferred to nanowire growth. These so-called nanodisks (NDs)

inside NWs exhibit different properties compared to quantum wells (QWs) in

thin films. Unlike pure GaN NWs, nanowire heterostructures (like GaN/AlGaN

or InGaN/GaN) are no longer strain-free due to pseudomorphic growth of the

different layers in the quantum well stack [Ris05a, Riv07]. Strain inhomogeneities

[Riv07] and small size effects [Cal05] become dominant.

The group III-nitride material system(1) covers a bandgap range (at room tem-

perature) from the infrared (Egap = 0.7 eV for InN [Dav02]) throughout the whole

visible range (Egap = 3.4 eV for GaN) into the UV region (Egap = 6.1 eV for AlN(2)).

(1)Detailed reviews of nitride properties and suitable substrates can be found in [Amb98, Liu02,
Vur01, Vur03].

(2)The bandgap value for AlN differs by ±0.1 eV in the literature. Ref. [Guo94] reports 6.03 eV
(onset of optical absorption), [Bru97] reports 6.13 eV (determined at an absorption coefficient
of 104.8 cm−1), [Yam79] reports 6.2 eV (determined at approx. 10

5
cm

−1).
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1. Introduction

The bandgap is direct throughout the whole alloy system, allowing the applica-

tion in optical devices. InGaN/GaN quantum well structures are currently used

as active regions in blue or white light emitting diodes (LEDs), which is a huge

and rapidly growing market(1).

Light emission from GaN NWs with InGaN quantum wells throughout the visi-

ble range has already been demonstrated [Kik04, Kik06]. Later, also UV emission

from GaN/AlGaN NWs was reported [Sek08a], proving the potential of NWs for

solid state lighting [Li12].

Another benefit of III-nitrides lies in their chemical and thermal stability which

makes device operation possible even in harsh environments. Since it is possible

to achieve a sensitivity towards certain surface conditions like the pH value of

a surrounding liquid [Wal12a, Wal12b] or concentration of gases like O2, NO2,

H2 or various hydrocarbons [Sch02b, Sch02a, Eic03, Teu11, Pau12], the nitrides

are suitable for chemical sensing applications. The strongly increased surface-

to-volume ratio of NWs drastically increases this sensitivity [Jun08]. For MBE-

grown Pt-coated GaN quantum dots embedded in AlN layers hydrogen detection

down to 500 ppm could be shown by measuring the change in photoluminescence

intensity [Wei09]. In comparison, for GaN NDs inside Pt-coated GaN/AlGaN

NWs, a hydrogen detection limit around 5 ppm has been reported recently [Teu11].

Uncoated NWs exhibited an oxygen sensitivity in the same order of magnitude.

Thus, NWs present a promising approach for the realization of improved chemical

sensors e.g. for pH measurements in liquids or gas detection.

For a reproducible utilization of NWs in applications, the control of the growth

mechanism in general, the formation of heterostructures with well-defined inter-

faces, and doping has to be mastered.

1.1. The nitride material system

Crystal structure The group III-nitrides normally crystallize in the hexagonal

wurtzite structure which is thermodynamically favored over the cubic zincblende

structure(2). The basal plane of the hexagonal wurtzite lattice, which is spanned

(1)The compound annual growth rate between 2009 and 2015 is expected to be
28% according to a study published by Yole Developpment, France (http://www.i-
micronews.com/reports/Status-LED-Industry/182/). The revenues of packaged LEDs are
reported to be 8.9 billion USD in 2010 with the main sources of general lighting (light bulb
replacement) and displays and display backlighting. More than 60 companies involved in the
epitaxy of GaN-based LEDs are listed.

(2)The name is derived from the mineral zincblende (α-ZnS, cubic zinc sulphide), which is also
called sphalerite structure after the second mineralogical name of zincblende. The hexagonal
modification of ZnS, which is called wurtzite (β-ZnS), can also be found in nature.
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1.1. The nitride material system

Table 1.1: Bandgap and lattice parameters a and c of the III-nitrides at 300K.

Egap [eV] a [Å] c [Å]

InN 0.7 [Dav02] 3.533 5.693 [Zub01]
GaN 3.43 [Vur01] 3.188 5.185 [Les94]
AlN 6.13 [Bru97] 3.112 4.982 [Gol01]

a
3

c

a
2

Ga

N

a
1

Figure 1.1: The wurtzite lattice. The hexagonal cell is shown which is built by
the lattice vectors ~ai (i = 1..3) and ~c. The black dashed lines indicate the primitive
unit cell. Each atom has four bonds to its neighbors, which are tetragonally
coordinated. One tetrahedron is outlined in red.

by the ~ai lattice vectors, is called c-plane (0001), the sides of the hexagonal prism

are called m-planes (1010) (for further information see e.g. [Amb98] or [Kle90]).

These form the sidewalls of the investigated nanowires (Fig. 1.1). The a and c

lattice parameters of InN, GaN, and AlN are listed in Tab. 1.1.

One layer of N atoms together with one adjacent layer of Ga(Al,In)-Atoms

(connected by bonds that are not along the c-axis) form one bilayer. One has

to discern between N-face (N atoms on top of a bilayer) and metal face (metal

atom on top of a bilayer) of the c-plane surfaces. The properties of the two

orientations differ, since the III-nitride unit cell does not show inversion symmetry.

Furthermore, the chemical stability of these two surfaces is different [Amb98].

Wurtzite vs. zincblende structure These two crystal structures differ only in

the stacking sequence of the lattice planes, which is A-B-A-B along the c-direction

[0001] for wurtzite (WZ) and A-B-C-A-B-C along the cubic [111] direction for

9



1. Introduction

A

A

A

B

B

A

A

C

C

B

B

Figure 1.2: (a) Scheme of the Wurtzite (WZ) structure with A-B-A-B stacking
viewed along the [1120] direction. (b) Zincblende phase (ZB) with A-B-C-A-B-C
stacking viewed along the [110] direction. (c) Atomic arrangement and conduction
band profile for a single GaN ZB unit inside WZ GaN (quantum well of a thickness
of 0.25 nm). (d) Possible band alignment between GaN WZ and GaN ZB according
to [Mur94]. (e) Atomic scheme and conduction band profile for a QW equivalent
to three ZB cells (3T). Figure taken from [Arb09].

zincblende (ZB). One lattice structure can be transferred into the other by chang-

ing the stacking order.

All NWs presented in this work are of wurtzite crystal structure. In some cases

like high Mg doping (see Sec. 4.2 or Ref. [Arb09]) or growth at low substrate

temperatures (p. 53 and Sec. 8.2.1, p. 128), basal plane stacking faults (BSFs) can

be generated, leading to cubic inclusions (Fig. 1.2 a,b). The bandgap of ZB

GaN (3.27 eV) is smaller than for WZ GaN. It is not fully clear whether the band

alignment between WZ and ZB is of type I or type II (staggered) [Bel11, Mur94].

Type II leads to a confinement of electrons (formation of a quantum well) in the

ZB part, whereas holes are confined in the WZ region. For type I, both electrons

and holes are confined in the ZB region. In Fig. 1.2 c,e it is schematically shown

how quantum wells can be formed by ZB inclusions.
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1.1. The nitride material system

E

k

CB

D

A

VBA

VBB

VBC
(a) (b)

Figure 1.3: (a) Band structure of GaN around the Γ-point (center of the Bril-
louin zone). The conduction band (CB), the valence band which is split in three
components (VBA, VBB, and VBC), an exemplary donor level (D) and an accep-
tor level (A) are shown. k: wave vector, E: energy; (b) Detail of the valence band
splitting around Γ-point according to Ref. [Vur03] with the three valence bands
that can be attributed to the heavy hole (HH), light hole (LH), and crystal field
splitting (crystal hole, CH) valence bands.

Bandgap The bandgap varies from 0.7 eV (InN) over 3.4 eV (GaN) to 6.1 eV

(AlN) i.e. from the near infrared through the whole visible range into the UV (see

Fig. 1.4). Since the bandgap is direct for the whole alloy range, the III-nitrides

are a suitable system for light emitters. A schematic picture of the band structure

at the Γ-point is shown in Fig. 1.3. The valence band (VB) is split into three sub

bands. Therefore, the free exciton energies are split into three components as it

can be observed e.g. in low-temperature PL measurements (see e.g. Fig. 5.3 on

p. 73). At low temperatures, holes are only found in VBA and VBB, while holes

in the VBC need a higher thermal energy to by excited. Therefore, only the free

exciton A and B recombinations are visible at 4K.

The bandgap of a ternary nitride alloy can be calculated from the standard

bowing equation [Wu03].

EAlxGa1−xN
g = EGaN

g · (1− x) + EAlN
g · x− b · x(1− x) (1.1)

This equation can be used in analogy for the other alloy combinations. Exper-

imental values for the bowing parameter b are 1.3 eV for AlGaN [Ang97], 2.5 eV

[Dav02] or 2.8 eV [Mor09] for InGaN , and 3.0 eV for InAlN [Wu03].

Polarity Due to the difference in electronegativity between nitrogen (N) and the

respective metal cations (In, Ga, or Al), their bonds are not purely covalent, but

have a strong ionic component, which leads to a dipole moment along the c-axis.
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1. Introduction

Figure 1.4: Bandgaps of group III-nitride alloys as a function of in-plane lattice
constant. The curves for the bandgap of the ternary alloys were calculated using
Eq. 1.1. Inset: The calculated valence and conduction band edges of group III-
nitride ternary alloys as a function of the a lattice parameter. The points at 3.11,
3.19, and 3.54 Å represent AlN, GaN, and InN, respectively. All the band edge
energy values are referenced to the valence band maximum of InN. Graph from
[Wu03].

In an ideal wurtzite crystal the resulting dipole moment would be zero. However,

in the real crystal (due to different bond lengths and bond angles of the four bonds

of each atom) a net dipole moment remains. This leads to a spontaneous polar-

ization generating an electric field inside the crystal. An additional piezoelectric

polarization can be introduced by applying pressure. For pseudomorphical growth

of e.g. a thin layer of AlGaN on a thick (relaxed) GaN template, the different lat-

tice parameters lead to strain at the GaN/AlGaN interface and inside the AlGaN

layer. This can be observed as a shift in the emission peak position or reduction

in luminescence intensity (due to reduced overlap between electron and hole wave

functions) of a quantum well. A schematic band diagram of a GaN quantum well

is shown in Fig. 1.5. The polarization can generate carrier accumulation at the

interface (the so-called 2-dimensional electron or hole gas, 2DEG or 2DHG), al-

lowing high carrier densities without doping [Amb99, Amb03]. This effect is used

for high electron mobility transistors (HEMTs) in high power and high frequency

electronics.
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1.2. Introduction to the DOTSENSE project

a) non-polar

E

AlGaN   GaN AlGaN

CB

VB

E*

AlGaN   GaN AlGaN

b) polar

CB

VB

E

a

E

c

Figure 1.5: Schematic band diagram (CB: conduction band, VB: valence band)
of an AlGaN/GaN quantum well. The first bound state for the electron and the
hole is depicted with a dashed line and the respective wave function is shown. (a)
Non-polar material (growth along the a-axis). (b) Polar material (growth along
the c-axis). The hole and electron wave functions are spatially separated and the
transition energy E is reduced to E∗ (quantum-confined Stark effect, red-shift of
the optical emission).

When polarization effects shall be avoided, the structures must be grown along

a non-polar direction (a-axis [1120] or m-axis [1010]). All NWs presented here

are grown along the c axis [0001] and, therefore, are subjected to these effects, as

discussed for GaN/Al(Ga)N heterostructures in Chapter 7.

GaN layers on c-plane sapphire grown by molecular beam epitaxy (MBE) usu-

ally exhibit N-face polarity [Kaz98]. The GaN nanowires on Si presented here also

exhibit N-face polarity (see Section 3.2.1 or Ref. [Mat12]). AlN layers on sapphire

substrates show Al-face polarity [Fel98, Dim00]. The polarity of GaN layers on

sapphire can be switched to Ga-face by a thin AlN buffer layer (with a thickness

of e.g. 5 nm) [Amb99, Stu01]. N-face polarity of GaN layers grown by MBE was

also reported for growth on Si(111) by Palacios et. al. [Pal00]. However, a 10 nm

to 20 nm AlN buffer was not sufficient to change the polarity, only samples with

a 20 nm to 30 nm thick AlN buffer showed Ga-face polarity, according to wet

etching experiments with KOH. Long nitridation of c-plane sapphire (100 min at

growth temperatures) is reported to favor Ga-face polarity (but with reduced crys-

tal quality) [Geo01]. However, GaN on c-plane sapphire grown by metal-organic

chemical vapor deposition (MOCVD) is reported to exhibit Ga-face polarity (see

[Amb98]). It is assumed that under conditions present in MOCVD (higher growth

temperatures, N-rich conditions) the surface becomes nitridated (i.e. an AlN layer

is formed).
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1. Introduction

LED 1

LED 2

PMT

Fluid/gas chamber

Reflection probe

(a)

(b)

(c)

Figure 1.6: (a) Photograph of a DOTSENSE demonstrator built by the company
EADS. A commercially available LED is used as the light source for PL excitation.
This demonstrator has two LED ports to either use two LEDs with different
wavelengths ((i)λ = 275nm; optical output power: P=0.5 mW, (ii)λ = 365nm;
P=80 mW or (iii) λ = 365nm; P=330 mW) or two equal ones for higher light
intensity. Both excitation and PL light is collected via fiber optics. The emitted
light is detected by a photomultiplier tube (PMT). (b) Explosion drawing of the
detector unit. A suitable filter prevents light from the LED to pass. The PMT
could be replaced by a semiconductor photo-detector. (c) Explosion drawing of
the fluid/gas chamber. The transducer (“sensor”, GaN/InGaN QDots in layers or
NDs in NWs) is mounted as a window and sealed with an o-ring. The sample area
which is not in contact with the fluid/gas (outside the o-ring) can be electrically
contacted and, thereby, the sample can be biased for measurements in fluids.
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1.2. Introduction to the DOTSENSE project

1.2. Introduction to the DOTSENSE project

The work on GaN/InGaN heterostructures was carried out within th EU-funded

project DOTSENSE(1). The aim of this project was to utilize GaN/InGaN quan-

tum dots and nanodisks in nanowires as opto-chemical transducers for sensor

units. The photoluminescence intensity of such structures is changed when dif-

ferent molecules come in contact with the surface and alter the surface potential.

One application is detection of small concentrations of gases like H2 or hydrocar-

bons [Sch02b, Sch02a, Teu11, Pau12], another is fluid monitoring (pH measure-

ments) [Wal12b]. The sensor will be operated in harsh environments (corrosive

media, high temperatures) and, therefore, the transducer must withstand these

conditions. The idea is to use transparent substrates (like sapphire) and perform

excitation and detection of the GaN/InGaN photoluminescence through the sub-

strate. Alternatively, the transducer could also be illuminated from the front side

through a window in the fluid/gas chamber. Whereas the first design also works

with substances (fluids or gases) in which the light would be absorbed, the latter

demands transparency in the used wavelength regime. Therefore, illumination

through the substrate is preferred. Only the transducer itself is in contact with

the gas or liquid and no electrical contacts to it are necessary. A demonstrator of

a sensor assembly is shown in Fig. 1.6.

This work is performed in collaboration of the Walter-Schottky-Institut and

the Justus-Liebig-University Giessen(2) together with EADS Innovation Works(3),

the CEA (Commissariat a l’Energie Atomique)4), and the Aristotle University of

Thessaloniki(5).

1.3. Outline of this thesis

Goal of the present thesis is the understanding of self-assembled III-nitride nanowire

growth by molecular beam epitaxy. The main focus is on GaN NWs. The be-

(1)Funded under 7th FWP (Seventh Framework Programme) of the European commission;
Grant No. 224212; Research area: ICT-2007.3.5 Photonic components and subsystems;
www.dotsense.eu

(2)Project leader: Prof. Dr. Martin Eickhoff; I. Physikalisches Institut; Justus-Liebig-Universität;
Heinrich-Buff-Ring 16; D-35392 Gießen

(3)Workpackage leader: Dr. Andreas Helwig; EADS Innovation Works, Dept. Sensors, Electron-
ics & Systems Integration; D-81663 München (Ottobrunn)

4)Workpackage leader: Dr. Eva Monroy; Commissariat a l’Energie Atomique (CEA);
INAC/SP2M/PSC; 17 rue des Martyrs; 38054 Grenoble, France

(5)Workpackage leader: Prof. Dr. Philomela Komninou; Nanostructured Materials Microscopy
Group; Department of Physics; Aristotle University of Thessaloniki; GR-54124 Thessaloniki
(Greece)
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1. Introduction

havior of GaN NWs on different substrates, mainly Si(111), but also sapphire

and diamond in different crystallographic orientations is investigated. Doping of

GaN NWs with Si and Mg is studied, which procures deeper understanding of

the growth process itself and is also of great importance for electrical applica-

tions. Based on the experience obtained from GaN NW growth, AlGaN/GaN and

GaN/InGaN heterostructure NWs were grown and analyzed. By specific insertion

of thin regions of the lower bandgap material, quantum well- or quantum dot-

like structures are formed. These heterostructures are suitable as transducers for

various sensing applications.

In Chapter 2 an overview of the different nanowire growth techniques used by

various groups is given. The MBE system and important experimental techniques

used in this work are introduced.

In Chapter 3 the self-assembled GaN nanowire growth on different substrates

like silicon, sapphire with various surface orientations, and diamond is compared.

It is shown that Si(111) is the most suitable substrate material since NWs without

wetting layer can be grown directly on untreated wafers. The dependence on var-

ious growth parameters like Ga flux and substrate temperature as well as a study

of the nucleation behavior and the substrate-to-nanowire interface are presented.

In Chapters 4 and 5 doped GaN nanowires grown on Si(111) are discussed in

detail. In Chapter 4, the impact of doping with Si and Mg on the NW structure

is investigated by scanning electron microscopy (SEM) and transmission electron

microscopy (TEM). This is completed by optical studies on the same samples

(Chapter 5). Results from Raman scattering and temperature-dependent photo-

luminescence are discussed.

In Chapter 6 the results of electrical measurements on single GaN:Si nanowires

are presented and methods of contact formation by photolithography and e-beam-

assisted metal deposition are explained and evaluated.

In Chapters 7 and 8 NW heterostructures of III-nitrides are investigated. In

Chapter 7, GaN nanodisks inserted in NWs between Al(Ga)N barriers are studied

by TEM and PL. The emission properties as a function of ND thickness and barrier

composition are discussed. It is shown that the temperature stability of the PL

emission has its maximum at a certain Al concentration where it is comparable
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1.3. Outline of this thesis

to that of quantum dots. One important point in these structures is the strain

distribution that will be analyzed by TEM and theoretical modeling.

In Chapter 8 InGaN NDs inside GaN NWs are discussed. These samples were

grown in analogy to the GaN/AlGaN structures. Additional samples with thick

InGaN sections are used for comparison. As in the previous chapter, the optical

properties are analyzed by temperature-dependent PL spectroscopy. Structural

analysis is provided by TEM.

In Chapter 9 the main conclusions of this thesis are summarized and a brief

outlook is given.
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2. Nanowire growth and
experimental techniques

In this chapter, different methods for NW growth are presented. In general,

NWs can be grown with or without the use of metal catalysts (like Au or Ni),

on untreated or on pre-patterned substrates (selective area growth). The growth

method used in this work is catalyst-free and self-assembled. The avoidance of

catalysts does not only simplify the process, but avoids detrimental effects of in-

corporated catalyst atoms [Chè10]. Furthermore, the MBE system is described

and experimental techniques are briefly introduced. For optical characterization,

photoluminescence spectroscopy (PL) at temperatures between 4K and room tem-

perature was performed. The NW morphology was assessed by scanning electron

microscopy (SEM) and transmission electron microscopy (TEM).

2.1. Different growth techniques for nanowires

The intentional growth of semiconductor wires has been reported first in 1964 by

Wagner and Ellis [Wag64] for Si wires (or so-called “whiskers”) using Au droplets

as catalysts in a vapor-liquid-solid (VLS) growth mode. Hereby, Si is accumulated

in a liquid Au droplet. When the Au droplet becomes super-saturated with Si, a

solid Si crystal grows under the droplet (Fig. 2.1).

Self-assembled growth Nitride nanowire growth without the use of foreign

catalysts by MBE – the method employed in this work – has been first reported

independently by the groups of E. Calleja [Cal97, SG98, Cal99] and K. Kishino

in 1997 [Yos97]. The latter also proposed the idea of growing GaN/AlGaN multi-

layer structures to form GaN quantum disks in analogy to quantum wells in thin

films [Yos98]. We investigate this topic in detail in Chapter 7. In earlier pub-

lications, the NW formation has been assumed to be driven by “Ga-balling”

[Cal00, Ris02, Mei06], similar to the above-mentioned VLS process. However,

further experiments including results presented in this work disprove this.
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2. Nanowire growth and experimental techniques

(a) (b) (c) (d)

Figure 2.1: Left: Schematic illustration: Growth of a silicon crystal by VLS
growth. (a): Initial condition with liquid Au droplet on the substrate. (b): Grow-
ing crystal with liquid droplet at the tip. Right: Silicon wire showing solidified
gold-silicon alloy at the tip. (c): Transmission electron micrograph of a 100 nm
thick whisker. (d): Photograph of a crystal seeded on a {111} substrate. This is a
twelve-sided needle with alternating {211} and {110} faces. Images from [Wag64].

Catalyst-assisted growth GaN NWs can be grown by MBE using a catalyst,

which is deposited on the substrate before growth. For GaN NWs, nickel is used

[Chè10], whereas for Si or GaAs/GaP NWs typically gold is used [Wag64, Gud02].

The deposited Ni forms droplets that act as nucleation sites. However, it was

shown that this technique leads to a high density of structural defects (stacking

faults) most likely due to the incorporation of catalyst atoms [Gee07, Keh08].

The solid GaNi droplet which has cubic structure may promote the introduction

of stacking faults [Chè10]. NW growth on sapphire substrates was only observed

under nitrogen rich growth conditions. The growth is explained by the VLS model

by accumulation of the group III element inside the Ni catalyst droplet. This

accumulation leads to a blurring of the interfaces in heterostructures since even

for an abrupt change of the impinging species only a gradual transition of the

concentrations of the different group III atoms in the droplet is achieved [Gud02].

Direct comparison of low temperature PL exhibits that Ni-catalyzed NWs have

a weaker near band edge emission intensity than catalyst-free grown NWs (by a

factor of 25) [Chè10] although the samples featured similar morphology in SEM.

Therefore, this approach is not suitable for optical applications.
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2.1. Different growth techniques for nanowires

Heteroepitaxial growth on pre-patterned substrates Self-assembled growth

lacks the possibility to freely control diameter, density, and position of the NWs.

This can be overcome by the use of pre-patterned substrates. One approach

for self-assembled heteroepitaxial growth was presented in Ref. [Cal07a]. In this

case, a SiO2 layer was grown onto the Si substrate and holes defining the NW

nucleation spots were generated by e-beam lithography and reactive ion etching.

Although this concept is straightforward, its practical implementation is not free

of problems and peculiarities: No selectivity in GaN growth is achieved between

the untreated Si and the SiO2 mask. Hence, it is necessary to remove the NWs

grown on the oxide, e.g. by wet chemical etching with hydrofluoric acid (HF).

Furthermore, if the holes are wider than typical NW diameters (20 nm – 50 nm)

not a single NW, but a bundle of NWs grows in each hole. This demonstrates that

the NW diameter is still determined by the self-assembly process itself (like on

an unpatterned substrate) rather than by the hole diameter. Recently, selective

area growth (SAG) using a SiO2 mask was demonstrated for AlN-buffered Si(111)

substrates [Sch11]. At high substrate temperatures (T≥ 835◦C) nucleation on

the oxide mask could be inhibited whereas GaN NW growth inside the holes was

observed. Nucleation of single NWs was observed for holes with a diameter of

50 nm. NW bundles nucleated inside larger holes.

Kishino et al. [Kis08] demonstrated that a selective area growth is possible on

Si(111) substrates patterned with Ti masks when the growth temperature is high

enough. At temperatures above a threshold of approx. 900◦C, nucleation was

observed only on the Si areas, whereas GaN NWs were found both on the Ti mask

and the Si substrate at growth temperatures below. These growth temperatures

are considerably higher than those reported by other groups or those used in this

work.

Homoepitaxial growth on pre-patterned substrates Alternatively, GaN NWs

can be grown homoepitaxially on GaN templates with different growth masks such

as Ti (see Ref. [Sek08b] for MBE growth) or SixNy (Ref. [Her06] for metal organic

chemical vapor deposition, MOCVD). It should be noted that this can lead to dif-

ferent properties than those of self-assembled NWs since the NW growth adopts

the morphology of the GaN template which normally suffers from structural de-

fects. However, it could be shown that the optical properties in case of PL emission

intensity and defect luminescence are superior to unpatterned thin films [Her06].

Furthermore, threading dislocations were only found within the template, but not

in the NWs. Hence, this method allows the growth of regular arrays of individual

nanopillars with diameters that are controlled by the mask hole diameter. For
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2. Nanowire growth and experimental techniques

MOCVD GaN growth, no catalyst-free self-assembled method is known. Thus, ex

situ patterning, the use of (metal) catalysts, or special nucleation steps involving

SixNy deposition [Koe10] are required to promote NW growth.

Growing NWs in a well-ordered array is not necessary e.g. for application as

an optical sensor in the DOTSENSE project. The high NW area density of our

structures facilitates intense signal response.

Other techniques All methods described above lead to NWs which grow along

the c-axis and which are aligned perpendicular to the substrate (partially with a

few degrees misorientation). GaN NWs growing along either the c- or a-axis with

different morphologies can be produced by direct nitridation and vapor transport

of Ga in dissociated ammonia [Li06]. Catalytic growth in a furnace leads to

the deposition of randomly orientated NWs [Che01]. However, such a technique

does not yield high quality NWs and does not allow the formation of well-defined

heterostructures.

In summary, self-assembled NW growth offers many advantage s:
• Contamination by catalysts is avoided

• The density of structural defects is drastically reduced compared to het-

eroepitaxial films

• Different substrates – including Si – can be used

• No pre-patterning steps are required

• Nanowire growth on the whole substrate wafer, not confined to a small area

• Relatively inexpensive compared to other approaches

2.2. The MBE system

Plasma-Assisted Molecular Beam Epitaxy (PAMBE) was used for the growth of all

samples investigated in this work. An overview of the setup is given in Fig. 2.2.

In the UHV growth chamber (manufactured by TecTra, Frankfurt) thermal ef-

fusion cells are used to supply the group III metals Ga, Al, In, as well as the

dopants Si and Mg. For Ga, a hot lip cell is used to avoid precipitation of Ga

droplets at the crucible opening. Al is evaporated by a cold lip cell. These

cells were manufactured by Dr. Eberl MBE Komponenten GmbH (Weil der Stadt,

Germany; www.mbe-components.com). Each cell is equipped with a computer-

controlled shutter. Nitrogen (purity 7N) is fed through a gas purifier (Entegris)

and a UHV needle valve to ensure constant flux. Since molecular nitrogen is

too inert to react, active (atomic) nitrogen is produced by an Oxford Applied Re-
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2.2. The MBE system

search CARS 25 radio frequency plasma source which is driven by a 13.56 MHz RF

generator operated at 425 W output power. The nitrogen pressure is monitored

by a spinning rotor gauge [Fre85] manufactured by MKS Instruments Deutsch-

land GmbH, München (model: SRG-2) and a Bayard-Alpert (ionization) pressure

gauge [Bay50] manufactured by Arun Microelectronics Ltd. (AML), England. The

chamber is equipped with a second Bayard-Alpert gauge that can be moved to

the substrate position to measure the flux (beam equivalent pressure, BEP) of

each effusion cell. Flux measurements both for the group III metals and for the

dopants are shown in Fig. 2.3. All effusion cells show the expected thermally

activated behavior. No element-specific correction was performed. The values are

therefore nitrogen equivalent pressures, since the gauge has been calibrated for

nitrogen by the manufacturer. As a guideline it can be said that a change of the

effusion cell temperature by 35◦C (for Ga), 36◦C (for Al), 30◦C (for In), 33◦C (for

Si), 13◦C (for Mg) changes the flux by a factor of two. Furthermore, the chamber

is equipped with a quadrupole mass spectrometer (Leda Mass Spectra Physics,

model: Vacscan) for residual gas analysis.

During growth, the substrates are heated by thermal radiation of a tungsten

wire heater and are constantly rotated (typically at 15 rpm). The maximum sub-

strate size is 2" (50.8 mm). For Si, the samples were grown on 1"× 1" pieces.

The pieces were cut from 4" wafers (thickness 525 µm, single side polished, n-

type doped with As, specific resistance of ρ= 0.003 – 0.007Ωcm unless otherwise

noted). While 2" wafers can be mounted directly into a ring cartridge, tanta-

lum holders with the size of a 2" wafer (thickness 1 mm) are used as adapters

for smaller substrates. These holders have exactly sized holes and the substrates

can be clamped at their edges with thin tantalum foil (thickness 0.1 mm). The

substrate temperature is monitored by a pyrometer looking through a viewport

(manufacturer: Dr. Georg Maurer GmbH, model: TMP-85d, measuring range of

550◦C to 1100◦C). A reproducible substrate temperature is crucial, as will be

shown in Sec. 3.2.2 (p. 40).

The substrates are introduced into the system via the load lock chamber, which

is also used for storage of several HF-etched Si substrates and which is pumped

at least over night before one substrate is transferred into an intermediate cham-

ber (preparation chamber with a background pressure comparable to the growth

chamber) and further into the growth chamber. The growth chamber is pumped

with a turbo molecular pump. Additionally, a cryopanel is permanently refilled

with liquid nitrogen (T = 77K) to adsorb residual gases and provide cell cooling.

The typical chamber background pressure is 3× 10−10 mbar, mainly limited by

the presence of nitrogen from previous growth runs.
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Figure 2.2: Photograph of the MBE system with important components marked.
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Figure 2.3: BEP of the different effusion cells as a function of temperature.

The typical NW growth rate is 7 nm/min. With 0.25 nm per monolayer (ML)

this is equivalent to 0.5 ML/sec. The rate wi of gas particles (atoms or molecules)

of the species i that impinge on an area of 1 m2 per second is [Umr]:

wi = pi

√

Na

2πkBMiT
(2.1)

pi is the partial pressure, NA the Avogadro constant, kB the Boltzmann constant,

Mi the molar mass of the particles, and T the absolute temperature. For nitrogen

at room temperature, this leads to 2.87× 1020 · p molecules per (cm2· sec) with p

the pressure in mbar. For comparison, a Si surface has a density of surface atoms

of the order of 1015 atoms per cm2. Further information on the MBE growth

technique can be found in [Her89].
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2. Nanowire growth and experimental techniques

2.3. Experimental techniques

The morphological and structural analysis was performed by electron microscopy.

Due to their small size, the NW structures cannot be imaged with optical mi-

croscopy. In contrast, accelerated electrons exhibit a much smaller wavelength.

The de-Broglie-wavelength of a 20 keV electron is 0.086 nm, whereas visible light

is in the range of 400 nm to 800 nm.

2.3.1. Scanning electron microscopy (SEM)

Nanowire dimensions (heights and diameters) and area densities were analyzed in

a Hitachi field emission scanning electron microscope (model S4000), which was

operated at 20 kV accelerating voltage and 10µA emission current. For SEM,

no specimen pretreatment is necessary (unless the sample is highly insulating)

allowing a fast analysis of the NW morphology. To assess the NW height, edge

views of cleaved samples were taken.

2.3.2. Transmission electron microscopy (TEM)

SEM is not capable of reaching atomic resolution and imaging the nanodisks.

Therefore, TEM analysis was performed(1). With different TEM techniques as

explained below it is possible to extract a variety of valuable information like

crystal structure, epitaxial relation, lattice parameters, defect density, quality of

the hetero-interfaces, polarity, and element composition.

Sample pretreatment For Cross section TEM (XTEM) and high resolution

TEM (HRTEM), a slice of the specimen (cut along a certain crystallographic

direction) has to be thinned by mechanical grinding and polishing followed by

Ar ion milling until it is sufficiently transparent to the incident electron beam

(thickness in the range of 10 nm – 30 nm). Since the NWs remain on their substrate

it is possible to determine the epitaxial relationship between the NW and the

substrate.

Alternately, the NWs can be “harvested” by removing them from the growth

substrate by scraping and/or ultrasonic agitation in a solvent like acetone or n-

hexane. A drop of this suspension is transferred onto a TEM grid. After drying
(1)The TEM analysis of the GaN NWs and the GaN/AlGaN NW heterostructures was done at the

University of Barcelona (Dept. Electrònica) in the groups of Prof. Joan Ramon Morante and
Prof. Jordi Arbiol i Cobos (currently at the Institució Catalana de Recerca i Estudis Avançats
(ICREA); Institut de Ciència de Materials de Barcelona (ICMAB-CSIC). All InGaN samples
were analyzed at the University of Thessaloniki in the group of Profs. Philomela Komninou
and George Dimitrakopulos.
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Figure 2.4: (a) Schematic view of the electron beam path inside a TEM. See text
for further explanation. (b) Schematic drawing of a specimen after milling which
is done with a conical profile to ensure the preparation of a region with suitable
thickness. The thickness d is typically 10 nm to 30 nm.

of the solvent, the NWs can be imaged without a thinning procedure since their

diameter is small enough for electron transmission. However, due to the arbitrary

NW orientation and the missing substrate, less information can be extracted than

from XTEM samples.

TEM operation modes A TEM can be used to obtain both images and diffrac-

tion patterns. In Fig. 2.4 the beam path inside a TEM is sketched. After being

scattered by the specimen, the electrons pass through the objective lens. All elec-

trons scattered from one point in the specimen are collected in one point in the

image plane generating an image of the specimen. It is also possible to obtain

a diffraction pattern where electrons scattered in the same direction from differ-

ent positions in the specimen are collected in one point. This is observed with a

detector placed in the diffraction plane (back focal plane) [Ben01].

Imaging modes For standard imaging, the contrast is obtained by absorption

of electrons in the specimen. The strength of the interaction between the electrons

and the atoms in the specimen is proportional to the square of the atomic number

(∝ Z2) which makes imaging of light elements like nitrogen difficult(1). Therefore,

in most TEM images of III-nitrides only the metal atoms can be seen. Only

carefully aberration-corrected TEM images allow visualizing the nitrogen atoms

(see e.g. [Mat12]).

A higher contrast between different elements is achieved when the high angular

(1)The atomic numbers (proton numbers) of the elements involved are: 7 (N), 13 (Al), 31 (Ga),
49 (In)
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annular dark field (HAADF) mode is used. For this TEM imaging technique, a

ring-shaped detector is utilized that only collects electrons which are scattered

under high angles. In this case, the image contrast is highly sensitive to the

atomic number. Therefore, this technique is also called Z-contrast mode due

to the sensitivity to the atomic number Z. For high resolution TEM (HRTEM),

contrast is generated by the phase difference of the electron wave.

When using an energy-dispersive detector, the energy loss of the electrons due

to scattering by the specimens’ atoms can be measured. This technique is used to

determine the chemical elements by their specific absorption edges and is called

electron energy loss spectroscopy (EELS) [Ege09, Mai09].

Selective area electron diffraction (SAED) For SAED measurements, a suffi-

ciently monochromatic parallel electron beam passes through the TEM specimen.

Using small apertures, only a selected area of the specimen is analyzed giving

this technique its name. A diffraction pattern similar to X-ray diffraction is gen-

erated. This allows to determine the orientation of the lattice planes and the

lattice parameters. For cross section specimens where the NWs are still on their

growth substrate, also the epitaxial relationship between substrate and NW can

be determined.

Convergent beam electron diffraction (CBED) For the previously explained

techniques, a parallel electron beam is used which is necessary to obtain sharp

images and diffraction patterns. CBED uses converging beams coming from dif-

ferent angles which are directed on a single spot of the specimen. This leads to a

broadening of the diffraction spots into disks with the disk diameter given by the

convergence angle. In this case, dynamic scattering effects (interactions between

the electromagnetic field distribution of the electrons in the sample and the elec-

tron beam) become visible as variations in brightness within the diffraction disks.

These effects are sensitive to the polarity of the GaN crystal, i.e. the pattern is dif-

ferent for the (0001) and (0001) orientations. The obtained patterns are compared

to simulations. Whereas this technique allows reliable polarity determination in

nitride layers it can lead to false results for NWs. Therefore, contradictory re-

sults have been reported for GaN NWs grown at similar conditions (compare e.g.

[Fur08a] and [Hes11]).

Equipment The not intentionally doped (n.i.d.) GaN NWs and GaN/AlGaN

heterostructures were characterized by HRTEM and scanning transmission elec-
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tron microscopy (STEM) in bright-field (BFSTEM) and high angular annular

dark-field (HAADF or Z-STEM) modes in a Jeol JEM2010F field emission gun

(FEG) microscope with a 0.19 nm point to point resolution. Electron energy loss

spectroscopy (EELS) was carried out by using a GIF2001 spectrometer coupled

to the JEM2010F microscope. For TEM sample preparation the GaN NWs were

mechanically removed from the substrate and a suspension in n-hexane was pre-

pared. A drop of the suspension was then deposited on a holey carbon copper

grid. In order to study in more detail the substrate interface of the GaN NWs,

cross-sectional TEM (XTEM) samples were prepared by conventional ion milling.

For all the GaN/InGaN samples, specimens for conventional TEM and HRTEM

observations were prepared in cross-sectional geometry (XTEM). Tripod or con-

ventional polishing techniques followed by Ar+ ion milling up to electron trans-

parency were implemented for specimen preparation. TEM/HRTEM images were

recorded on photographic plates and/or saved as digital images through a CCD

camera connected to the microscopes. Observations were performed using a

HRTEM JEOL2011 (200KV, resolution 0.19 nm) microscope and two TEM mi-

croscopes JEM2000FX (200KV, resolution 0.28 nm) and JEOL 100CX (100KV,

resolution better than 0.5 nm).

2.3.3. X-ray diffraction

X-ray diffraction was used to determine crystallographic orientation of the NWs

with respect to their substrate. A Philips (now: PANalytical) X’Pert high res-

olution diffractometer equipped with an Eulerian Cradle was used. X-rays were

generated by a ceramic tube with copper anode operating at 40 mA emission cur-

rent and 40 kV acceleration voltage. The CuKα radiation (wavelength λ=1.5406 Å)

was selected by a Bartels monochromator consisting of four Ge(220) crystals.

The incident beam is diffracted at the crystal lattice planes. The lattice plane

distance d can be determined by the maxima of the intensity of the diffracted

beam at diffraction angles Θ according to Bragg’s law [Kle90]

nλ = 2d sinΘ (2.2)

with the diffraction order n.

The standard scan mode is the 2Θ−Ω scan, where the sample stage and detector

arm are moved in a way, that the incidence angle of the X-ray beam with respect

to the sample surface is kept equal to the scattering / detector angle (Ω = Θ,

Fig. 2.5). This allows to determine the distances of the lattice planes parallel to

the sample surface, and thereby to identify the growth direction.
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Figure 2.5: (a) Schematic view of the HRXRD diffractometer. (b) Illustration
of the Euler angles.

NWs can grow tilted with respect to the substrate surface normal. This tilt

angle can be evaluated by the width (FWHM) of a symmetrical reflex recorded

in the Ω-scan mode (rocking curve). For this, the sample is rotated around the ω

axis, whereas the X-ray source and the detector stay at a fixed position.

The epitaxial relation of the NWs with respect to the substrate can by probed

by rotating the sample around its surface normal (ϕ-scan). For a symmetric reflex

(i.e. scattering at lattice planes that are parallel to the sample surface), a signal

can by detected independently of the value of ϕ. However, for an asymmetric

reflex (i.e. scattering at lattice planes are not parallel to the sample surface) the

reflex can be observed only for certain ϕ angles. For example, the (20.5) reflex

of GaN (2Θ = 136.4716◦, offset= −36.9022◦) exhibits a six-fold symmetry due to

the hexagonal wurtzite crystal structure and will therefore only be detected for

ϕ = m ·60◦ (m = 0 . . . 5). Further details on X-ray diffraction and the used system

can be found in [Kle90, Her09, Höp97, Met97].

2.3.4. Photoluminescence spectroscopy (PL)

Photoluminescence spectroscopy (PL) is an important tool to study basic semi-

conductor properties like bandgap, excitonic states, quantum confinement in het-

erostructures, incorporation of dopants, and unwanted impurities. It also allows

to assess the crystal quality due to its high sensitivity towards various defects. For

PL, the sample is illuminated by light whose energy is above the bandgap to excite

electrons from the valence band into the conduction band. Electron-hole pairs are

generated inside the semiconductor. These photo-generated carriers thermalize

to the lowest available energy state by phonon emission. This process is much

faster than the electron-hole recombination. The electron-hole pairs can recom-
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bine either non-radiatively by emission of phonons or radiatively by light emission.

When they recombine radiatively, light with a certain wavelength is emitted.

An electron and a hole can form a bound state, the exciton. The near band edge

emission regime is dominated by excitonic emission. The exciton can either be free

(FXA, FXB, FXC, depending on the contributing valence band, Fig. 1.3 on p. 11)

or bound to an impurity (donor or acceptor). The latter is typically the more

dominant emission. At slightly lower energies, donor-acceptor pair recombination

emission becomes dominant.

The recombination energy can be reduced by the additional emission of a lon-

gitudinal optical (LO) phonon, whose energy is 92 meV in GaN. This leads to a

replication of the peak at an energy redshifted by n·92 meV (n=1,2,. . . ). The

intensity of the replica is lower than that of the original peak and decreases with

the order of n. The ratio between the original intensity and the replica intensities

can be described by the Huang-Rhys factor, which is a measure for the strength

of the electron-phonon coupling.

For confined systems (quantum wells, quantum dots, nanodisks) the transi-

tion energy is higher than the bandgap in the bulk due to quantum confinement.

However, strain effects and electric fields (see Fig. 1.5 on p. 13) can reduce the

transition energy and intensity. Therefore, the emission peak position of GaN

nanodisks is different than of bulk GaN nanowires as will be discussed in Chapter

7.

Photoluminescence was excited using an Ar++ ion laser (Spectra Physics) with

a frequency-doubler (using a β-barium-borate crystal, BBO, GWU Lasertechnik

Vertriebsgesellschaft mbH, Germany) operating at 244 nm (5.08 eV) with a down-

stream monochromator. The samples were illuminated in backscattering geom-

etry. The PL emission light was focused onto a Dilor triple axis spectrometer

(focal length 800 nm) and detected by a Peltier-cooled photomultiplier. Suitable

low-pass filter (transparent for λ > 290 nm or λ > 475 nm) were used to select only

one diffraction order and to block the excitation wavelength. For low-temperature

measurements down to 4K the samples were mounted in a Oxford Instruments liq-

uid helium flow cryostat (Fig. 2.6).

2.3.5. Raman scattering

Raman scattering is inelastic photon scattering. The photons loose (gain) energy

by generation (absorption) of phonons. The energy shift is called Stokes (anti-

Stokes) shift. The magnitude of the shift depends on the material and its strain

state.
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2. Nanowire growth and experimental techniques

Ar Laser
++frequency

doubler

monochromator

spectrometer

PMT

croystat
with sample

prismL1 L2

UV mirrors

filter

Figure 2.6: Sketch of the PL setup. The excitation source is a Ar++ ion laser with
a frequency-doubler. The light is monochromatized and directed onto the sample
in the cryostat using mirrors and a prism. The PL emission light is collected using
lens L1 (f = 150 mm) and directed into the spectrometer by L2 (f = 500 mm). The
light is spectrally dispersed by diffraction gratings inside the spectrometer and
recorded by a single channel photomultiplier (PMT). Filters are used to block the
244 nm laser line and - if needed - to avoid higher diffraction orders.

Raman measurements were performed in backscattering geometry at room tem-

perature, using the 514 nm line of an Ar++ ion laser for excitation. The light was

focused onto the sample by a 100× microscope objective, the scattered light was

analyzed by a DILOR triple axis spectrometer and a liquid nitrogen cooled mul-

tichannel charge coupled device (CCD) detector with pixel resolution of 0.7 cm−1.

The system was calibrated to the Si substrate mode at 520.0 cm−1.

32



3. GaN nanowire growth on
different substrates

In this chapter, the growth conditions for NW formation on different substrate

materials (Si, sapphire, diamond) are comparatively discussed and the substrates

are assessed with respect to their suitability for NW growth.

Generally, various substrates can be used for nanowire growth. However, the

preferred substrate material is silicon on which GaN NWs can be grown without

the need of a buffer layer. It is also the most cost efficient material. Due to the

hexagonal symmetry of the (111) surface orientation, a fixed in-plane epitaxial

relationship with only one domain is achieved. On the cubic Si(100) surface, a

double domain orientation is formed since two equivalent possibilities to orientate

the wurtzite c-plane on the Si(100) plane exist, which are rotated by 30◦ with

respect to each other. The majority of the samples analyzed in this work were

grown on Si(111). The silicon substrate-nanowire interface properties, the forma-

tion of a thin Si nitride layer, the time dependence of the nucleation behavior,

and suitable parameters for growth on Si substrates will be discussed in detail.

A different substrate is sapphire (single crystalline aluminum oxide, Al2O3)

which is also commercially available in different crystal orientations (see e.g.

[Amb98]). However, for none of these orientations NW formation could be di-

rectly achieved. With a suitable buffer layer this problem can be overcome as it

will be shown in Sec. 3.3. Finally, diamond was studied in both a polycrystalline,

and a single crystalline modification. In contrast to Si or sapphire, it is highly

unlikely that diamond surfaces get nitridated(1). Therefore the NW nucleation

process on diamond is expected to be different.

(1)Carbon nitride C3N4 exists and can crystallize in WZ structure (β-C3N4). However, the
synthesis is difficult and several groups failed with their attempts [Niu93, MG97]. Nitridation
of diamond is therefore not expected to happen under the growth conditions employed here.
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3. GaN nanowire growth on different substrates

3.1. Growth window for nanowires

The main difference between the growth processes of thin films and nanowires is

the applied ratio of the fluxes of the group III elements like Ga, Al, or In and the

group-V element nitrogen (III-V ratio). Whereas for thin films a slight Ga excess

has to be maintained [Mou01], the III-V ratio is strongly shifted to nitrogen-rich

conditions for NW growth (typically by reducing the Ga flux by a factor of 3 to 4

compared to layer growth). The substrate temperature is chosen relatively high

to guarantee a high adatom mobility. The increase of the growth temperature is

limited by increased Ga desorption and GaN decomposition. It must be pointed

out that the effective III-V ratio is not only determined by the incoming fluxes,

but also by the substrate temperature (Tsub). A higher Tsub leads to a stronger

Ga desorption and therefore to more N-rich conditions. Since the temperature

also effects the adatom mobility, raising the substrate temperature is not strictly

equal to lowering the incoming Ga flux.

The typical dependence of the GaN growth rate as a function of the Ga flux

for three different substrate temperatures according to Ref. [SG98] is shown in

Fig. 3.1. The active nitrogen flux was kept constant and monitored by the optical

emission of the nitrogen plasma (optical emission detection, OED). For a given

Tsub the growth rate first rises with increasing Ga flux (N-rich conditions) and

saturates for stoichiometric GaN conditions (III-V ratio equal to 1). For much

higher Ga fluxes (metal-rich conditions) Ga droplets are formed on the surface.

The growth rate cannot increase further since nitrogen is now the rate-limiting

species. The actual Ga flux which is necessary to reach saturation of the growth

rate (i.e. stoichiometric conditions) depends on the substrate temperature since a

higher Tsub leads to higher Ga desorption from the substrate, i.e a lower effective

Ga flux.

The influence of the III-V ratio and the substrate temperature on the morphol-

ogy of GaN NWs grown for this work is shown in Fig. 3.2. Image (a) shows an

undoped GaN NW sample grown for 90 min on Si(111) at reference conditions

(Tsub = 780◦C, TGa = 1055◦C). For sample (b), the fluxes were the same as for

(a), but a 10◦C lower substrate temperature was chosen. For samples (c) and

(d), the Ga flux was raised by selecting a Gallium effusion cell temperature of

TGa = 1075◦C and TGa = 1123◦C, respectively. The substrate temperature was

the same for samples (b) to (d). The nitrogen flux was the same for all four

samples.

A high substrate temperature is reported as beneficial for the luminescence

intensity. In Ref. [Mei06] GaN NWs grown at different substrate temperatures
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3.1. Growth window for nanowires

Figure 3.1: GaN layer growth rate versus Ga flux (beam equivalent pressure,
BEP) for different growth temperatures. Arrows indicate the saturation points
corresponding to stoichiometric conditions, while the circle at the bottom-left side
represents highly nitrogen-rich conditions. Graph taken from Ref. [Cal07b].

Figure 3.2: SEM top view micrographs of four undoped GaN NW samples with
increasing degree of coalescence from (a) to (d). Sample (a) grown under standard
NW conditions (TGa=1055◦C, Tsub=780◦C). (b) Same as in (a), but with a 10◦C
lower substrate temperature. (c) Same Tsub as in (b), but TGa=1075◦C. (d) Same
Tsub as (b), but TGa=1123◦C. An almost coalesced GaN layer is formed.
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3. GaN nanowire growth on different substrates

Figure 3.3: left: Cross-sectional SEM image of InGaN/GaN MQD nanocolumn
LEDs grown on (111) Si substrate and schematic diagram of a single nanocolumn
LED. right: Cross-sectional diagram of InGaN/GaN MQD nanocolumn LED with
semitransparent p-electrodes. Images from [Kik04].

are compared with respect to their low temperature (10K) cathodoluminescence

spectrum. Samples grown at a low Tsub (∆T = −30◦C from the optimum con-

ditions) show the typical defect-related yellow luminescence (a broad emission

band around 2.2 eV) that is not present for the optimized samples. The emission

band at 3.28 eV is also stronger for the low-temperature samples. It can origi-

nate both from donor-acceptor pair (DAP) recombination and from band-to-band

transitions in cubic GaN. The ratio between the intensity of the excitonic emis-

sion band (3.4 eV – 3.5 eV) and 3.0 eV – 3.3 eV region is increasing with increasing

growth temperature. In that report, a two-step growth method was used. The

Ga flux was increased by a factor of 1.3 to 2.5 after the nucleation stage to avoid

an abrupt reduction of the NW diameter. However, in the work presented here,

no such thinning was observed and therefore no such two-step method was used.

We optimized the growth parameters for a relatively high substrate temperature

accompanied with a higher Ga flux to compensate the elevated desorption.

Coalescence can be enhanced in a later stage of growth by increasing the flux

and decreasing Tsub. A closed layer is formed, which can be contacted using a

large top contact. With this technique, MBE-grown InGaN/GaN nanowire LEDs

were demonstrated by Kikuchi et al. [Kik04] (Fig. 3.3).

3.2. Si substrates

Si(111) vs. Si(100) On Si(100) substrates GaN NWs grow in two domains,

which are rotated by 30◦ around the c-axis with respect to each other. This

leads to a high density of domain boundaries for coalescing NWs. Si(100) surfaces
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3.2. Si substrates
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Figure 3.4: Top-view SEM images of GaN NWs grown on Si(100) and Si(111).
On Si(100) substrates two domains rotated by 30◦ are found (some wires of each
domain are highlighted with dashed white hexagons or black hexagons, respec-
tively), whereas on Si(111) NWs grow only in one domain.

exhibit a cubic symmetry, which allows two equivalent in-plane orientations of

the wurtzite basal plane hexagon. On Si(111) substrates only one domain is

found (Fig. 3.4). This is due to the hexagonal symmetry of the Si(111) surface.

These results are in agreement with other reports, see e.g. [Ber08]. We confirmed

the domain structure by XRD. A ϕ-scan for the asymmetric GaN (20.5) reflex,

where the sample is rotated around its surface normal in the range of 360◦ showed

the expected six-fold symmetry on Si(111). (Data not shown. ϕ-scans of GaN

samples grown on sapphire and diamond are shown in Fig. 3.16 and Fig. 3.21,

respectively.)

Direct growth vs. growth with a buffer layer A direct growth approach was

used throughout this work. However, other groups deposit a thin (approx. 10 nm)

AlN buffer layer before NW growth. In the case of AlN-buffered Si(111) sub-

strates, a matrix layer with a high density of defects (threading dislocations) with

hexagonal pits with (1102) side facets is formed from which NWs protrude. This

technique has been reported in Refs. [Ber06a, Ber06b, Ber07, Ber08, San05]. It

leads to a reduction of NW density in comparison to the growth on bare Si. The

density of nanowires can be controlled by the thickness of the AlN layer and the

flux of atomic nitrogen [Ber07]. NW growth on AlN buffer layers is possible for

a substrate temperature in the range of 810◦C to 830◦C which does not lead to

nucleation on untreated Si, since the critical nucleation temperature for GaN on

Si is lower than on AlN [Ber06b, Tan06]. For AlGaN NWs this matrix effect is

more pronounced than for pure GaN NWs (Fig. 3.5). A better NW orientation

is reported when growing on AlN-buffered substrates [Son07]. In this work, we

show that prolonged wafer nitridation helped to improve the NW orientation by
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3. GaN nanowire growth on different substrates

Figure 3.5: Left: Dark-field cross-sectional TEM (XTEM) of (Al,Ga)N
nanocolumns surrounded by compact (Al,Ga)N. Right: Schematic illustration of
the growth process, in which columnar and compact material coexist. Image from
[Cal07b].

reducing the maximum tilt and twist angles (see Section 3.2.1). Another possibil-

ity to grow on AlN-buffered Si(111) without wetting layer was shown in [Con10].

In that case, initially Al was deposited, followed by a nitridation which led to a

relaxed AlN film. According to Ref. [Son07], a closed GaN wetting layer can be

suppressed by high substrate temperatures (above 765◦C). In that case, only well

separated GaN islands were formed on the AlN-buffered Si(111) substrates.

3.2.1. Interface properties and nucleation behavior

Spontaneous formation of a Si nitride interlayer For NW growth on Si, the

substrates were etched in 5% hydrofluoric acid (HF) for 30 s before subsequent

transfer into the UHV system in order to remove the natural oxide. In the first

growth stage the surface is nitridated. Molecular nitrogen is introduced into the

growth chamber through the plasma cell, while the radio frequency (RF) power is

gradually increased up to 425 W within approximately 2 min. The NWs are found

to nucleate on a SixNy layer and not on bare silicon, even when the Ga cell shutter

is opened instantly after finishing the ramp for the RF power.

Prior to nucleation of the NWs, a thin amorphous silicon nitride layer with

a thickness of 1.5 nm to 2 nm is formed spontaneously on the Si(111) surface.

On samples with long nitridation times, the NWs are better oriented, both in

terms of tilt angle (angle towards the substrate normal) as well as twist angle

distribution (rotation angle around the substrate normal). This is shown by the

Selected Area Electron Diffraction (SAED) patterns (Figs. 3.6c, d) for samples

with nitridation times of 0 min and 15 min. The epitaxial relationship of the

GaN NWs with respect to the Si(111) surface was found to be (0002)[0110]GaN

‖ (111)[112]Si. This relationship was also reported by [Lar08].
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3.2. Si substrates

Si   Si N GaN3 4 Si   Si N GaN3 4

A1

A2
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A4
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B4

αN
βN

c) No nitridation

A1
A2

A3

A4

B1

B2

B3

B4

αLβL

d) 15 min nitridation

a) No nitridation b) 15 min nitridation

Spot ◦ vs. Spot A1 Indexing

A1 — (220) Si

A2 90 (111) Si

A3 31 (311) Si

A4 31 (131) Si

B1 0 (2110) GaN

B2 90 (0002) GaN

B3 32 (2112) GaN

B4 32 (2112) GaN

Figure 3.6: (a) XTEM image of the GaN nanowire/Si(111) interface region
after 90 min growth of nominally undoped nanowires without intentional nitri-
dation. (b) XTEM image after 15 min additional nitridation in the initial stage
of growth. (c) SAED pattern obtained for the sample without intentional nitri-
dation. (d) SAED pattern of the 15 min nitridated sample. Arrows indicate the
growth direction (c axis). The diffraction spot indexing is given in the table below.
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3. GaN nanowire growth on different substrates

Most of the GaN NWs remain epitaxially related to the Si substrate. However,

some of the NWs present a certain degree of twist or tilt with respect to the normal

direction, as indicated by the presence of faint arcs around the (0002) and (2110)

main spots in Figs. 3.6c, d. The maximum tilt angle was evaluated for (2110)

(α) and (0002) (β) planes. For the non-nitridated sample αN = 26◦ and βN = 27◦

were obtained, and αL = 20◦ and βL = 21◦ for the sample with a nitridation time

of 15 min. These results can be used to explain the differences found between

both samples: In general, we observe more homogeneous growth of NWs with

reduced tilting angles for longer nitridation times, i.e. the surface nitridation has

a beneficial role. An inhomogeneous silicon nitride layer might also be responsible

for inhomogeneous orientation of GaN NWs reported by Songmuang et al. [Son07].

The silicon nitride layer is formed in a self-passivating manner during the initial

stage of NW growth, when the heated substrate is exposed to the nitrogen plasma.

From these results it is evident that NW growth and the related surface processes

take place on a silicon nitride surface. In contrast to reports on GaN NW growth

on AlN-buffered Si substrates [Ber06a], no GaN wetting layer was formed at the

applied growth temperature. This indicates that the sticking coefficient for Ga

adatoms on the nitridated Si(111) surface is low. This behavior was also described

in Ref. [Tan06], where Si(111) surfaces are used as pseudomasks for selective area

growth of GaN by ammonia MBE.

Polarity The polarity of the NWs cannot be revealed by SAED or conventional

TEM. Convergent beam electron diffraction (CBED, see Sec. 2.3.2) is not reliable

for NWs and led to contradictory results (compare e.g. [Fox09, Che08, Fur08b,

Hes11]). Recently, it could be shown by direct imaging of both Ga and N atoms by

aberration-corrected scanning transmission electron microscopy (STEM) together

with high angle annular dark field (HAADF) imaging that the GaN NWs presented

in this work are N-polar (see Fig. 4 in [Mat12]).

3.2.2. Time-dependence of the nucleation process

To further investigate the nucleation process, the nucleation density as a function

of growth time was analyzed by top-view SEM imaging. After 30 min of growth a

low NW density of approximately 5 NW/µm2 is found (Fig. 3.7a). If the growth

time is increased, a strong increase of the NW density from 85 NW/µm2 at 37 min

(Fig. 3.7b) to 150 NW/µm2 at 45 min (Fig. 3.7c) and to 450 NW/µm2 at 60

min is found, followed by an apparent decrease to 275 NW/µm2 at 90 min (Fig.

3.7d) and 75 NW/µm2 at 300 min, caused by an increasing degree of coalescence

of neighboring NWs as growth proceeds. In Fig. 3.8, the measured nucleation
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3.2. Si substrates

density is shown as a function of growth time for a substrate temperature of

790◦C (solid triangles). The nucleation time tnucl, which represents the onset of

nucleation, sensitively depends on the substrate temperature.

For the edges of the investigated samples a lower substrate temperature by

approx. 10◦C is assumed, due to thermal shielding of the tantalum foil which

clamps the sample. The lower temperature leads to a decrease in nucleation

time (Fig. 3.8, open triangles). An increase of the substrate temperature further

delays the nucleation. For a substrate temperature of Tsub = 795◦C (Fig. 3.8,

open circle) the NW density was equal to zero after 45 min of growth. For Tsub

= 790◦C, the maximum nucleation density of approximately 450 NWs/µm2 was

found for a growth duration of 60 min. It should be mentioned that the density

of tilted NWs and thus the resulting density of joints is reduced in the case of

Si-doped NWs (see Chapter 4). In addition, we have observed that an increase

of the nitridation time does not accelerate the nucleation process, demonstrated

by the same nucleation density of samples with no additional nitridation and

additional nitridation times of 15 min and 45 min, measured after 30 min of growth

(Fig. 3.8a, open diamond).

The long nucleation times observed here cannot be explained by “Ga-balling” as

the responsible nucleation mechanism, as suggested in [Cal00]. Instead, the initial

nitridation of the Si(111) surface is assumed to create nucleation sites under the

growth conditions applied here. During the nitridation process, nitrogen atoms

penetrate the silicon surface and form Si-N bonds. As these are longer compared to

the Si-Si bond, this process generates local compressive strain fields. In addition,

interstitial silicon atoms are generated which can diffuse to the surface, enhancing

the local nucleation of GaN. Indeed, we have observed the diffusion of Si into the

GaN NW by spatially resolved electron energy loss spectroscopy (EELS) measure-

ments (Fig. 3.9). The Si-signal is detectable up to several nanometers into the

GaN NW, whereas the Ga signal disappears abruptly in the silicon nitride layer,

demonstrating that the observed result is not an effect of electron beam spreading

in the sample.

Summarizing the results presented above, we found that the applied growth

conditions result in nucleation times of more than 30 min and inhibit the formation

of a wetting layer. The conclusion that this delayed nucleation is caused by the

high growth temperatures, is strongly supported by similar findings in [Mei06].

In contrast to the standard NW samples in that paper, one sample was grown

at a substrate temperature approximately 20◦C higher than the other samples

(Fig. 4b in [Mei06]), exhibiting a strongly decreased NW density. Consequently,
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3. GaN nanowire growth on different substrates

300 nm

300 nm300 nm

300 nm

a) t = 30 min b) t = 37 min

c) t = 45 min d) t = 90 min

Figure 3.7: SEM images of GaN NW samples grown on a Si(111) substrate
for different growth durations, taken under a inclination angle of 45◦. Nucleated
nanowires were observed for growth times above 30 min. Nucleation proceeded up
to a growth time of 60 min. For longer growth durations, the density of nanowires
decreased due to coalescence.

the nucleation time could be decreased by reducing the substrate temperature,

leading to similar results as in Ref. [Mei06].

NW heights The dependence of the NW height on the growth time is shown

in Figure 3.10a. No NWs are present for growth times shorter than tnucl. After

the nucleation phase is completed, we observed a constant growth rate of (8.5 ±

2.2) nm/min up to a NW length of 2.4 µm (Fig. 3.10a, solid line).

These results differ from earlier reports on catalyst-free NW growth by PAMBE.

In particular we have not observed the strong dependence of the NW length on the

diameter as it was reported in Ref. [Deb07]. In that report a linear dependence

of the NW length on the inverse diameter was found, meaning that thinner NWs

grow faster. This was explained by a diffusion-induced process according to a mass

transport model which has been developed for metal particle assisted growth and

was presented by Johansson et al. [Joh05, Joh06].

On the contrary, the variation of NW lengths observed here is due to differ-

ent nucleation times for individual NWs (Fig. 3.7) and remains almost constant
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Figure 3.8: (a) Nanowire density as a function of growth time for different
substrate temperatures. For a substrate temperature of 790◦C, two different ad-
ditional nitridation times (0 min, 45 min) besides the standard nitridation time of
15 min were evaluated after 30 min growth, yielding almost identical values (open
diamond). (b) Bright field scanning TEM image showing the merging of tilted
and adjacent straight nanowires, leading to an apparent decrease of the nanowire
density.
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Figure 3.9: Spatially resolved electron energy loss spectroscopy (EELS) measure-
ment of the GaN/Si interface region. A silicon nitride interfacial layer is observed
as well as diffusion of silicon atoms into the GaN nanowires.
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3. GaN nanowire growth on different substrates
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Figure 3.10: (a) Dependence of the nanowire height on the growth duration. Af-
ter nucleation, a constant growth rate of (8.5± 2.2) nm/min is obtained. (b) De-
pendence of the nanowire diameter on the growth duration. A real radial growth
rate cannot be extracted as the apparent increase of the diameter at t = 60 min is
due to merging nanowires (Fig. 3.8b).

during the growth process. For a NW sample with a growth time of 90 min the

distribution of NW heights (450 nm± 28 nm) is the same as for an 180 min grown

sample (1090nm± 23 nm) and 300 min grown sample (2400 nm± 25 nm) within

the measurement uncertainty.

Radial growth The dependence of the NW diameter on the growth duration

is shown in Fig. 3.10b, as it was evaluated from top-view SEM images. As a

general trend the diameter increases with increasing growth time. A linear fit

(not shown in the graph) of the NW diameter as function of the growth duration

could be considered as the upper limit for the radial growth rate and is 1.7 Å/min.

However, the determination of a radial growth rate from the displayed data is not

reasonable: For growth times below 60 min the NW diameter is constant, allowing

the determination of a minimum diameter (i.e. nucleation diameter) of 19 nm. The

apparent increase for longer growth durations can be attributed to merging and

coalescence of neighboring NWs (Fig. 3.8).

Nanowire Coalescence The high NW density and slight tilting of the NWs

causes adjacent NWs to come in contact with each other. In Fig. 3.11 the coa-

lescence region of two adjacent nanowires is studied in detail. Although the two

coalescing NWs are tilted by about 5◦ with respect to each other, they merge into

one crystal within 10 nm to 15 nm beyond the coalescence point. This adaption is

facilitated by the formation of dislocation defects, which are visualized by Fourier

filtering of the HRTEM image (Fig. 3.11d).
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Figure 3.11: HRTEM micrographs of the coalescence region of two nanowires.
(a): Wider view of coalescence region. The arrow indicates the growth direction.
(b): Detailed view of the area marked with a red rectangle in image a. (c): Fourier
filtered version of image b showing the two basal planes re-adjust quickly, lowering
their tilt angle and fusing into a perfect structure just 10 – 15 nm beyond from
the coalescence point. (d) Fourier-filtered version of image b showing that in the
case of {1100} planes, they fuse by using dislocation defects until the material
becomes relaxed and can grow like a monocrystal.

3.3. Sapphire substrates

Although Si substrates are favored for most applications, special requirements

raise the need for other substrate materials. For using NW samples as transducers

in a DOTSENSE device (see Sec. 1.2), a substrate is needed which is transparent

in the wavelength regime that is used for excitation and detection of NW PL

emission since the structures shall be illuminated from the backside. Si absorbs

light with energies above its bandgap of 1.1 eV and can therefore not be used.

Additionally, a high chemical, thermal, and mechanical stability is demanded.

Sapphire (the common name for crystalline aluminum oxide, Al2O3) has a rhom-
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3. GaN nanowire growth on different substrates

Figure 3.12: Rhombohedral lattice of sapphire indicating the different planes.
Image from [Amb98].

bohedral lattice(1). Sapphire is available in different surface orientations (see e.g.

[Amb98]). When the crystal is cut along the c-plane, a hexagonal lattice at the

surface is obtained, which makes this orientation suitable for nitride growth along

their c-axis despite the large lattice mismatch. On a-plane sapphire (1120), which

is orientated perpendicular to the c-plane, the III-nitrides also grow in c-plane ori-

entation, but the nitride layer will exhibit uniaxial in-plane strain. In contrast to

this, r-plane (1102) sapphire leads to the growth of a-plane III-nitride films. The

structural quality is generally inferior to c-plane films since the c-axis is the pre-

ferred growth direction for III-nitrides in MBE. The orientations of the sapphire

planes are shown in Fig. 3.12.

Since sapphire is transparent in the range of 170 nm to 6µm, it cannot be heated

by thermal radiation during growth. Therefore, the unpolished backside of the

wafers was metalized with 200 nm Ti and 70 nm Pt. This metal combination is

stable at the growth temperature and provides absorption of radiation.

Fig. 3.13 shows SEM images of GaN NWs grown for 90 min at nominally

identical conditions (TGa = 1012◦C, Tsub = 874◦C, pMBE = 2.7×10−5 mbar) on

sapphire substrates of different orientations and on Si(111) for comparison(2).

All substrates were nitridated for 10 min at the growth temperature. Whereas

for Si(111) the NWs start growing directly from the substrate interface, for sap-

phire always a rough matrix layer is formed. The actual morphology on sapphire

depends on the substrate surface orientation. On r-plane sapphire a GaN wetting

layer and nanocrystals with low aspect ratio (height/diameter) are formed. Their

(1)The lattice according to the Bravais lattice classification is called rhombohedral, the space
group is R3c, the crystal system is called trigonal.

(2)Even with the metalization applied here, the absorption of radiation by the sapphire substrates
is lower than by Si. Therefore, the effective surface temperature is lower for the sapphire
substrates. Lower temperatures enhance coalescence. Due to the small substrate size of
10 mm × 10 mm, a measurement of the surface temperature by a pyrometer was not possible.
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3.3. Sapphire substrates

a b

c d

e f

500 nm
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Figure 3.13: SEM micrographs taken at 45◦ viewing angle (insets showing top
views at the same scale) of GaN NW grown at the same parameters on different
substrates. All scale bars are 500 nm. (a) Cleaved edge view of Si(111); NWs
without wetting layer are present. (b) r-plane sapphire; wetting layer and nano
crystals with low aspect ratio. (c) and (d) c-plane sapphire; columnar growth
(see Fig. (c) which shows cleaved edge), but leading to a coalesced layer with a
low density of thin NWs protruding from it. (e) and (f) a-plane sapphire with
different off-cut angles of 0.25◦ and 1◦, respectively.
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3. GaN nanowire growth on different substrates

average diameter is 190 nm, their average height 300 nm. The aspect ratio is be-

tween 0.7 and 3, the density is approx. 5 µm−2. On c-plane sapphire columnar

growth was observed (see Fig. 3.13 c), forming an almost coalesced layer with

a low density of thin NWs protruding from it (approx. 4 µm−2). On a-plane

sapphire a rough layer is formed (Fig. 3.13 e and Fig. 3.13 f). No significant

difference was observed between specimens of 0.25◦ and 1◦ off-cut towards (0001),

respectively.

This is in contrast to the growth of ZnO nanoneedles (ZnO does not form

prismatic columns like the nitrides, but thin pyramidal structures with sharp tips)

on off-cut sapphire. At higher off-cut angles, nanoneedle formation is strongly

enhanced [Was]. This was explained by the higher density of atomic steps on the

off-cut surface that act as nucleation sites. For MOCVD growth it is reported

that a forced nitridation of sapphire wafers [Asc09] using a NH3/H2 ambient at

high temperatures (1050◦C) modifies the surface. AlN islands are formed that can

act as nucleation sites for MBE NW growth. In Ref. [Kik06] it is shown that a

thin AlN nucleation layer allows the formation of NWs. In this work, a different

approach employing a Si interlayer was chosen. This could be performed in situ

in the MBE chamber without external processing steps.
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Figure 3.14: 2Θ−Ω XRD scans of the samples presented in Fig. 3.13. The peak
indexing is given in Tab. 3.1.

The GaN growth direction was verified by X-ray diffraction (see Fig. 3.14 and

Tab. 3.1). GaN NWs on Si(111), c-plane sapphire, and a-plane sapphire were

found to grow along the GaN c-axis. In contrast, GaN NWs on r-plane sapphire
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3.3. Sapphire substrates

Table 3.1: Indexing of the XRD-peaks in Fig. 3.14. The Al reflexes originate
from the sample holder.

Peak index 2Θ [◦] Origin

A 25.6 sapphire (10.2)

B 28.45 Si (111)
C 34.26 GaN (00.2)

D 38.24 Al (111)
E 44.4 Al (200)
F 52.58 sapphire (20.4)

G 57.78 GaN (21.0)

H 72.86 GaN (00.4)

were found to grow along the non-polar GaN a-axis. These findings are in agree-

ment with reports for GaN layer growth [Amb98].

NW formation on sapphire using a Si interlayer In the following, three dif-

ferent strategies are compared: First, direct growth on a nitridated sapphire wafer

as shown in the previous paragraph. Second, the deposition of a thin Si nitride

layer prior to GaN growth. Third, the deposition of Si under high vacuum condi-

tions. The Si and Si nitride deposition was done in situ prior to growth, thereby

avoiding surface contamination.

A comparison of GaN NWs grown by the three methods on 2" c-plane sapphire

wafers is shown in Fig. 3.15. Growth directly on sapphire (after 10 min wafer

nitridation at growth temperature) leads to an inhomogeneous GaN layer (see

Figs. 3.15a and b). The results vary from a layer with rough surface at the

wafer center and a columnar and largely coalesced growth at the wafer edge.

Improvement is achieved by the deposition of a thin Si nitride layer (see Fig.

3.15c) directly prior to the GaN growth. Si is evaporated for 40 min at an ef-

fusion cell temperature of 1240◦C (BEPSi = 6x10−9 mbar) under standard N flux

(pMBE = 2.7 × 10−5 mbar) at growth temperature. NW formation is observed.

However, the degree of coalescence is still high. Furthermore, the NW morphology

and optical properties differ between center and edge of the wafer. The thickness

of the Si nitride layer was determined to 5 nm by HRTEM (Fig. 3.17). The NW

morphology can be further improved when the Si deposition is performed without

nitrogen being present. Si was deposited for 40 min at TSi=1240◦C at growth

temperature, resulting in an estimated layer thickness of 5 nm. Nitrogen was

not introduced until GaN growth. In this case, the morphology is homogeneous
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3. GaN nanowire growth on different substrates
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Figure 3.15: SEM top view micrographs of GaN NW growth on c-plane sapphire
wafers. (a) and (b): Directly grown on nitridated wafers (sample 050710). A
pronounced inhomogeneity between the wafers’ center regions (image a) and edge
regions (image b) is observed. (c): with Si nitride interlayer (070710). (d): with
approx. 5 nm thick Si interlayer (080710). (e): with approx. 20 nm thick Si
interlayer and elevated substrate temperature of Tsub = 790◦C (210411) instead of
Tsub = 695◦C as for the three other samples.

throughout the wafer (Fig. 3.15d). Coalescence can be fully suppressed by op-

timizing the buffer layer and growth temperature. After 60 min of Si deposition

at TSi=1290◦C (estimated layer thickness of 20 nm) and increase of the substrate

temperature from 695◦C to 790◦C, well separated NWs are observed (Fig. 3.15e)

The alignment of the GaN wires with respect to the substrate was tested by

X-ray diffraction (Tab. 3.2). The full width at half maximum (FWHM) of the

Ω-scan (rocking curve) of the symmetrical (00.2) reflex of GaN is a measure of

the NW tilt (angle between the nanowire axis and the surface normal), whereas

the FWHM of the ϕ-scan on the (20.5) reflex indicates the in-plane alignment

(the twist i.e. rotation of the NWs around their growth axis). The (20.5) reflex

has a six-fold symmetry for all samples proving that only one domain is grown

(Fig. 3.16). The tilt angle FWHM is the smallest for the sample grown on sap-

phire without interlayer. However, this sample shows a high degree of coalescence

which suppresses a large variation of tilt angles. Comparison between the sap-

phire sample with Si interlayer and a reference Si sample shows that the twist
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3.3. Sapphire substrates

Table 3.2: Alignment of the GaN wires grown on c-plane sapphire substrates or
Si(111) with respect to the substrate measured by XRD.

Substrate interlayer FWHM
Ω-scan
(00.2) [◦]

FWHM
ϕ-scan
(20.5) [◦]

sample
number

sapphire 10 min nitridation 0.78 3.28 050710
sapphire 10 min nitridation

+ 40 min Si nitride
1.55 3.47 070710

sapphire 40 min Si, no nitridation 2.00 4.2 080710
Si(111) 10 min nitridation 4.2 4.4 191109

-180 -120 -60 0 60 120 180
0

10

20

[c
o

u
n

ts
/s

e
c

]

Phi [°]

Figure 3.16: ϕ-scan of the GaN (20.5) reflex for GaN NWs grown on c-plane
sapphire with Si interlayer (sample 080710).
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Figure 3.17: HRTEM images of GaN NWs on sapphire taken along the GaN
[1120] direction.
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3. GaN nanowire growth on different substrates

angle distribution is almost identical, but the tilt is reduced when growing on

sapphire.

The clear NW morphology of the sample with the Si interlayer (080710), how-

ever, does not ensure high structural quality. High resolution TEM images re-

vealed a high density of basal plane stacking faults in these NWs. Their forma-

tion is attributed to a lower substrate temperature compared to the Si substrates.

Although the substrate heater was at the same temperature set-point (and same

heater current of 10.4 A) as for growth on Si(111) the substrate surface is colder

due to the lower heat absorption of the sapphire (even with backside metalliza-

tion). According to the pyrometer, Tsub = 695◦C was reached compared to 772◦C

for the same heater temperature setting on a Si wafer. A lower substrate temper-

ature decreases the Ga adatom mobility and thereby facilitates the formation of

structural defects.

The near band edge (NBE) PL intensity is strongly reduced in this sample

(Fig. 3.18). Since stacking faults are radiative defects, this sample has a stronger

intensity in the range of 3.0 eV - 3.2 eV compared to the GaN on Si(111). Results

for NWs grown on Si exhibit the same trend: In Ref. [Mei06] it was shown by

cathodoluminescence measurements that a reduced substrate temperature leads

to a relative increase of the 3.2 eV emission band with respect to the NBE region.

A discussion of the origin of the different PL emission bands is given in Chapter 5.

An increase of the substrate temperature increases the NBE intensity, especially

the donor-bound exciton D0X emission at 3.47 eV. For the sample with the highest

heater temperature of 1000◦C (this corresponds to a substrate temperature of

785◦C as measured by pyrometer) the FWHM of the 3.47 eV emission is 17 meV.

3.4. Diamond substrates

Today, diamond is not widely used as a semiconductor material, although it has

unique properties. Recent interest is drawn to it, since the combination of a

substitutional nitrogen atom and a vacancy (NV center) forms a defect center in

diamond, that is promising for room temperature quantum information processing

[Jel06, Wra10]. NWs might be able to address single NV centers in diamond.

Diamond has a bandgap of 5.4 eV (indirect gap) and can be p-type doped with

boron. AlN/diamond heterojunction diodes grown by PAMBE exhibiting rectify-

ing properties and light emission were already demonstrated [Mis03]. Both dia-

mond and the group III-nitrides are biocompatible and highly chemically stable.

Details on diamond as a substrate material and results from nitride film growth

on single crystalline diamond can be found in Refs. [Her09, Wei12]. Like Si, dia-
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3.4. Diamond substrates
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Figure 3.18: Left: Low-temperature PL spectra for GaN NWs on Si(111) and
c-plane sapphire. The temperature of the substrate heater (Th) is given. For
growth on sapphire, a higher heater temperature is needed to achieve a good
crystalline quality. Right: Cross section TEM image of the sample grown at a
heater temperature of 878◦C showing a high density of basal plane stacking faults
(some are marked with arrows). The NW height is 258± 32 nm.

mond crystallizes in the cubic zincblende structure. The most common substrate

orientations are (100) and (111). Similar to the growth on Si substrates, the (100)

orientation leads to a double domain structure of the Al(Ga)N film, whereas the

(111) orientation facilitates single domain layers. In contrast to silicon, diamond

cannot be nitridated.

Polycrystalline diamond A polycrystalline boron-doped diamond substrate of

the size of 3.0 mm× 3.0 mm was cleaned and treated with an oxygen plasma to en-

sure a reproducible oxygen-terminated surface (sample 300709). The backside was

metalized with Ti/Pt in the same way as sapphire substrates. The substrate was

then mounted in a tantalum sample holder. Fig. 3.19 shows SEM micrographs

before (a), and after GaN growth (b). The surface morphology and polycrys-

talline structure of the substrate is transferred to the GaN. Two distinct regions

can be discerned, one with a rough layer (darker region), and one with nanowires

(brighter region). The NWs exhibit a slightly higher degree of coalescence than

a sample simultaneously grown on Si. However, this could be caused by different

heat absorption of the different substrates.

To analyze the orientation of the diamond surface, a 2Θ-Ω-scan was performed

by XRD(1). The following surface orientations were found: (110) as the strongest

reflex, (311), and (331). No trace of (100) and only a weak signal of (111) was

(1)Measurement performed by Jürgen Bläsing, University of Magdeburg
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3. GaN nanowire growth on different substrates

a b

20 µm 20 µm

1 µm 1 µm

c d

Figure 3.19: SEM micrographs: (a) Polycrystalline diamond substrate after
oxygen plasma treatment. (b) Same substrate after GaN NW growth. (c) 45◦

view showing a boundary between NW and layer region. (d) Top view of nanowire
region.

found. Unfortunately, it remains unclear which surface orientation favors NW

growth and which layer growth. However, this result proves that GaN NW growth

on diamond is possible and selective towards specific surface orientations. Accord-

ing to the GaN XRD reflexes, the GaN NWs grow along the c-axis, but without

preferred in-plane alignment.

Single Crystalline Diamond (SCD) To obtain more detailed information on

the crystal orientation dependence, growth experiments on single crystalline di-

amond in (100) and (111) orientation were performed. The diamond substrates

were supplied by Element Six Ltd., UK. They were 300 µm thick high quality dia-

monds of type Ib (i.e. impurity concentration of substitutional nitrogen < 500 ppm,

color yellow, resistivity ρ > 1015 Ωcm) grown by a high pressure high temperature

(HPHT) method. The substrates were not intentionally doped. Further infor-

mation on these substrates can be found in [Wei12]. The (100) substrates were

3.6 mm× 3.6 mm, the (111) substrates 3.0 mm× 3.0 mm in size. They were treated

with hydrogen plasma to achieve a reproducible surface state. The backside was
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3.4. Diamond substrates

300 nm300 nm

Figure 3.20: SEM micrographs of GaN NWs on diamond (100). Left: Top-view,
Right: 45◦ tilted view

metalized with Ti/Pt as described previously. The diamond surfaces were pol-

ished for epitaxy by the manufacturer. The surface roughness was checked by

atomic force microscopy (AFM) prior to growth. The root meas square (rms)

roughness of a 1µm× 1µm area was 0.45 nm and 0.44 nm for the (111) and (100)

orientation, respectively. The formation of nanowires was observed (Fig. 3.20).

In contrast to samples grown on Si, a matrix layer was formed and the aspect ratio

was relatively low. This might be due to a relatively low substrate temperature.

Further optimization of the growth parameters is necessary.

On (100) diamond a double-domain structure is observed. Two GaN domains

rotated by 30◦ with respect to each other are present without a preference (same

intensity) according to an XRD area scan of the GaN (10.5) reflex (Fig. 3.21).

In contrast to this, only a single GaN domain is recorded for growth on (111)

diamond.

In Fig. 3.22, the low temperature PL emission from NWs grown on diamond

(111) (sample 230810) and on Si(111) (sample 150306) are compared. For both

samples, the strongest contribution arises from the near band edge region (3.4 eV

to 3.5 eV). However, the intensity is higher in the Si case. For the sample on Si,

a clear three-peak structure is resolved here. The FWHM of the 3.47 eV emission

(donor-bound exciton recombination) is 4 meV for the sample on Si and 16 meV

for the sample on diamond. The broadening is attributed to a higher degree of

coalescence on the diamond substrate. Generally, a higher degree of coalescence

leads to a PL emission broadening for GaN NWs on Si(111) as it is shown on p. 76.

Furthermore, the 3.45 eV emission intensity is strongly reduced with rising degree

of coalescence (compare Fig. 5.5, p. 76).

It shall be noted that the growth parameters were optimized for growth on Si

rather than on diamond. Additionally, it was not possible to measure the substrate
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3. GaN nanowire growth on different substrates

Figure 3.21: XRD area scan for the asymmetric GaN (10.5) reflex (2Θ = 104.99◦,
Ω = 73.07◦) with a scan area of ∆ϕ = 360◦ and ∆Ω = 8◦. Left: Growth on
(100) diamond. A twelve-fold symmetry is recorded, indicating two GaN domains.
Right: A six-fold symmetry is recorded, indicating a single GaN domain. The light
cyan or white curves (sine curves) indicate possible positions for reflexes. The
(111) diamond exhibits a large offcut (5◦). Therefore not all of the six possible
reflexes are located within the scan area.
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Figure 3.22: PL spectrum (4K) for comparison between GaN NWs grown on
diamond (111) and Si(111).
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3.5. Summarized growth model

temperature by pyrometer due to the small sample size. The following growth

parameters were used: Th = 875◦C, Isub = 10.8 A, and TGa = 982◦C. For compar-

ison, the parameters for growth on 1"× 1" Si(111) substrates are Th = 860◦C,

Isub = 10.5 A, and TGa = 1012◦C. The latter parameters led to a high degree of co-

alescence on the diamond substrates. Therefore, the Ga flux was reduced and the

substrate heater temperature was raised. The morphology might be optimized by

increasing the substrate temperature further.

3.5. Summarized growth model

In this section, the results on the growth mechanism are summarized and com-

pared to the results of other groups. A growth model is established, taking into

account different effects like desorption and diffusion of adatoms on the substrate

surface and the NW sidewalls as well as shading effects of neighboring NWs.

Fig. 3.23 schematically summarizes those effects playing a role in NW forma-

tion. The different growth stages are discussed in the following.

Nucleation stage Possible initiators for nucleation are surface steps on the sub-

strate or Si out-diffusion, inhomogeneities in the Si nitride, or local strain varia-

tions in the Si nitride layer. The high amount of slightly tilted NWs (see Sec. 3.2.1,

p. 38) supports this. Attempts to initiate GaN NW growth by Ga droplets have

not been successful [Ris08, Cal07b]. In these studies, Si(111) substrates were pre-

treated by forming Ga droplets with sizes of 340 nm, 90 nm, and 0 nm (i.e. no

droplets). The GaN NW morphology and diameter was unaffected by this pre-

treatment. However, small areas without NWs were found which feature the same

diameter and density as the droplets. These results suggest, that Ga droplets on

the surface can even inhibit NW nucleation (see Fig. 19 in Ref. [Cal07b]). This

result contradicts the VLS mechanism. Additional counter-evidence was provided

by [Ber08], who performed fast cooling of the samples after growth under Ga flux

and could not observe any Ga droplets on top. Furthermore it should be noted,

that sharp interfaces in GaN/Al(Ga)N NW heterostructures (see Chapter 7) were

found in HRTEM images. This abruptness would not be possible with a metal

(Ga, GaAl alloy) drop on top of the NW. In Contrast to this, EELS analysis on

GaAs/GaP NWs which were grown by a VLS mechanism revealed no sharp inter-

faces but a transition zone of 15 nm – 20 nm when switching from GaAs to GaP

growth [Gud02].

A minimum initial diameter of 19 nm is found (see Fig. 3.10, p. 44). This

initial diameter seems to be determined by strain relaxation: A nucleation study
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3. GaN nanowire growth on different substrates
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Figure 3.23: Schematic of effects which determine the growth. The nucleation
stage (I), an early growth stage (II), and a long growth stage (III) is depicted.

by TEM and RHEED [Kne10, Con10] has revealed a 3D nucleation of pyramidal

GaN islands on AlN-buffered Si(111) without wetting layer (Volmer-Weber growth

mode). These islands undergo plastic relaxation and finally elastic relaxation to

form prismatic NWs. The initial NW diameter is the critical diameter at which a

misfit dislocation is formed inside the GaN island [Con10]. Hence, the amount of

lattice mismatch should determine the critical NW diameter. Landé et al. [Lan09]

additionally point out that the granular character of the AlN buffer layer may

support the plastic relaxation of the GaN islands.

Early growth stage At this stage, the already nucleated NWs grow in axial

direction. New NWs can still nucleate. Bertness et al. have assumed a much lower

sticking coefficient for Ga adatoms on the m-plane sidewalls compared to the c-

plane top facet to explain the highly anisotropic growth rate between radial and

axial direction [Ber08]. Contribution to the growth could then either be given by

direct impingement of atoms, or from atoms that impinge on the substrate or at

the NW sidewall and diffuse to the NW top. However, it was calculated by Lym-

perakis et al., that the diffusion barrier for Ga adatoms parallel to the c-direction

is considerably higher than perpendicular to it on m-plane GaN surfaces which

form the NW sidewalls (∆Em−plane

‖[0001] = 0.93 eV and ∆Em−plane

⊥[0001] = 0.21 eV). This re-

duces the probability of a contribution from Ga diffusion to the axial growth rate

[Lym09].

The contribution to NW growth by diffusion along the sidewalls is considered

to be of different importance in the literature. This can be understood by the

different utilized techniques, substrates, and especially substrate temperatures.
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3.5. Summarized growth model

For example, Songmuang et al. report that the axial growth rate of GaN NWs

is higher than it would be for a 2D-layer grown under the same Ga flux [Son07]

showing the presence of a contribution from diffusion. However, for the relatively

high growth temperatures used in this work, Ga desorbs strongly either from the

Si substrate or from the GaN itself. Therefore, at high growth temperatures it is

more likely for Ga adatoms to desorb than to diffuse to the NW top surface and

being incorporated. However, the increase of the NW diameter and decrease of the

NW height for highly Mg-doped NWs (Fig. 4.9, p. 68) points to a contribution

from diffusion. Contribution to the growth rate by a diffusion-induced process

was derived from statistical analysis of heights and diameters of GaN NWs (thin-

ner NWs grow faster) in Ref. [Deb07]. The contribution from diffusion depends

strongly on the substrate temperature and can be more pronounced in the early

stage and might be reduced in a later growth stage due to shading effects.

Later growth stage At a later growth stage, the NW density saturates. Coa-

lescence of adjacent NWs which are slightly tilted towards each other apparently

reduces the NW density. A complementary geometrical model was suggested by

Foxon et al. to explain effects like suppressed lateral growth [Fox09]. This model

does not rule out a contribution of diffusion, however is shows that the reduced

radial growth (but not its complete absence) can be explained by geometrical con-

siderations alone. They state that the lower part of the NW sidewalls are shaded

from direct impingement. This originates in the high NW density and the fact

that the adatoms do not impinge perpendicularly to the substrate but under an

angle given by the geometrical arrangement of the effusion cells in the particular

MBE system (in our case approx. 30◦). Also the substrate surface is shaded (see

p. 112 for details). Additionally, the different species (Ga and N) impinge from

different directions. For the NW top surface or a flat layer this is of no importance.

In contrast, for NW sidewalls a Ga adatom may desorb before the section of the

sample is rotated far enough to meet the nitrogen beam. In Ref. [Fox09] it has

been shown that NW samples grown without sample rotation exhibit a higher de-

gree of inhomogeneity, a lower NW density, and sometimes long and thin inclined

tips instead of a flat c-plane top surface. However, our studies on Mg-doped GaN

nanowires (see p. 69) revealed lateral GaN growth for high Mg fluxes, proving that

the suppression of lateral GaN growth is rather caused by the different adatom

kinetics for Ga rather than by the limited availability of nitrogen alone.

These shading effects are even more important for GaN/Al(Ga)N heterostruc-

tures, since Al adatoms have a high sticking coefficient (Chapter 7). In contrast

to GaN growth, lateral growth was observed for AlN and AlxGax−1N with high Al
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3. GaN nanowire growth on different substrates

fraction. A reduction of the axial growth rate of the Al(Ga)N barriers, but not of

the GaN nanodisks was observed. This means that there is a contribution by dif-

fusion from the sidewalls for AlGaN barrier growth present (p. 109). Additionally,

a slight reduction of the axial GaN growth rate was observed for the InGaN/GaN

samples (p. 133) which can be explained by a reduced Ga adatom mobility due to

the lower growth temperature. The different adatom kinetics between Al and Ga

are obvious in the cross-section TEM analysis presented in Fig. 7.3 (p. 108) where

it is shown that the AlN shell is cylindrical whereas the GaN core is hexagonal.

60



4. Impact of doping of GaN NWs
on the morphology

For the realization of nano-optical or nano-electronic devices, n- and p-type doping

of GaN NWs with silicon and magnesium is a crucial issue that has only been

addressed in a few publications ([Nos06] for Si doping, and [Par06, Lim10] for

Mg doping). Besides their impact on the optical and electronic properties, the

influence of these impurities on the growth process is of importance, as they

have been reported to affect the growth kinetics of GaN films [Ros02, Mon04,

Mon04, Neu03]. In addition, the simultaneous exposure of polar and nonpolar

GaN surfaces during MBE growth of NWs allows to study the impurity effects

on both types of surfaces and to obtain additional insight into the NW growth

process.

For high doping concentrations, both for Si-doped and for Mg-doped NWs, the

NW morphology is altered in a characteristic way (Fig. 4.1). Si doping leads

to a conical widening of the NWs towards the top, whereas Mg enhances lateral

growth. The influence of Si and Mg incorporation is investigated in detail in the

following sections.

4.1. Influence of silicon

To achieve n-type conductivity in GaN, silicon is used as a shallow donor. This

group IV element substitutes Ga atoms (group III) in the GaN lattice. For our

samples, Si was supplied by an effusion cell operating between 900◦C and 1160◦C

(BEPSi = 4× 10−12 mbar to BEPSi = 7× 10−10 mbar) (Tab. 4.1).

The presence of silicon is known to influence the surface kinetics during GaN

growth. Theoretical investigations have revealed that GaN growth on GaN (0001)

surfaces is unstable against the formation of Si3N4 under nitrogen-rich and silicon-

rich growth conditions which is due to Si-induced surface reconstructions [Ros02].

Fig. 4.2 shows a XTEM micrograph of NW-substrate interface for a highly Si-

doped GaN NW (BEPSi = 7 × 10−10 mbar). As also for the nominally undoped

NWs (see Fig. 3.6, p. 39), a silicon nitride layer with a thickness between 1.5 nm
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4. Impact of doping of GaN NWs on the morphology

500 nm

500 nm

500 nm

Figure 4.1: SEM images of cleaved edges taken under 85◦ inclination and top
views (insets) for undoped, heavily Si-doped (TSi = 1160◦C), and Mg-doped
(TMg = 320◦C) GaN NWs. All images are at the same scale.
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4.1. Influence of silicon

Table 4.1: Si effusion cell temperatures, corresponding BEPSi, and numbers of
corresponding samples.

TSi [◦C] BEPSi [mbar] sample number

0 0 150306
900 4.0 × 10−12 170306
980 1.8 × 10−11 030406
1060 9.0 × 10−11 040406
1120 3.0 × 10−10 160306
1160 7.0 × 10−10 050406

Figure 4.2: XTEM image of the GaN nanowire / Si(111) interface region for a
highly silicon-doped GaN nanowire (BEPSi = 7× 10−10 mbar). The formation of
an additional silicon nitride layer between the NWs is observed. The amorphous
material on the sidewalls of the NW is part of the glue used for XTEM sample
preparation.

and 2 nm is formed in the initial stage of growth, visible between the NW and

the Si-substrate. In addition, a second layer of silicon nitride with a thickness

of approximately 3 nm is formed between the NWs. This demonstrates that the

formation of silicon nitride on the nitridated silicon surface is favored compared

to the growth of GaN under Si- and N-rich growth conditions.

For high Si doping a decrease in the NW density was observed. This is attributed

to the enhanced growth of an amorphous silicon nitride layer, which inhibits fur-

ther nucleation of GaN NWs. Simultaneously, the density of tilted NWs due to

nucleation directly on the Si(111) surface is significantly reduced, which also leads

to a suppression of NW merging.

Further information about the influence of Si on NW growth was extracted

by analyzing the NW diameter and height as a function of the BEPSi during

growth (Fig. 4.3). For low and medium BEPSi, a continuous decrease of the NW
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Figure 4.3: Dependence of the NW diameter (left axis) and length (right axis) on
the BEPSi. An increase in diameter due to tapering is accompanied by a decrease
in height.

growth
direction

steps

Figure 4.4: High resolution TEM image of a silicon-doped GaN nanowire
(BEPSi = 1.8 × 10−11 mbar). The tapering effect is caused by a gradual in-
crease of the NW diameter due to the formation of monoatomic steps on the
sidewall (black arrows).

length with increasing BEPSi is observed (i.e. the axial growth rate decreases with

increased Si flux). This is accompanied by an increasing NW diameter (measured

at the NW top), which is caused by conical widening (tapering) of the NWs

(Fig. 4.4). For BEPSi > 3× 10−10 mbar, both effects are more pronounced.

TEM analysis reveals that this gradual increase of the NW diameter is caused by

the formation of bunches of consecutive monoatomic steps along the NWs, which

were observed for BEPSi ≥ 2 × 10−11 mbar (Fig. 4.4). The distance between

such step bunches is decreased when the BEPSi is increased, leading to a more

pronounced conical widening. The NW sidewalls can no longer be defined by
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4.1. Influence of silicon

0.2 µm 7.5°

Figure 4.5: BFSTEM image of highly Si-doped GaN NWs (TSi = 1160◦C). The
angle between two opposing NW sidewalls (approx. 7.5◦) is highlighted.

400 nm

Figure 4.6: SEM image (45◦ view) of a sample where first 75 min of GaN:Si
(TSi=1160◦C) were grown, followed by 40 min of n.i.d. GaN. Widening of the
NW diameter is only observed in the lower part.

one crystallographic plane. For the highest investigated Si flux, the angle formed

between two opposing sidewalls was approx. 7.5◦ (Fig. 4.5).

The mechanism leading to this step formation is not clarified yet. For a possible

explanation it has to be taken into account that a reduction of the BEPSi below

2× 10−11 mbar during NW-growth results in growth continuation with a constant

diameter (see Fig. 4.6). Thus, the tapering effect does not originate in the nu-

cleation stage but depends on the Si flux during growth. As this phenomenon is

accompanied by a strong decrease in the axial growth rate (Fig. 4.3), we assume

that it is caused by nucleation of diffusing adatoms at steps on the nonpolar side-

walls, which are present due to slight NW tilt with respect to the growth axis

(Fig. 4.4). The decrease of the axial growth rate is attributed to the incorpora-

tion of diffusing Ga adatoms on the NW sidewalls as a competing process. This
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Figure 4.7: Magnesium concentration of the investigated GaN NWs as a function
of Mg beam equivalent pressure measured by secondary ion mass spectroscopy.

effect supports the conclusions in Refs. [Son07, Gee07, Deb07], stating that Ga

adatom diffusion along the NW sidewalls contributes to the axial growth rate.

For high doping levels (when tapering becomes apparent), additionally a change

of the NW top surface is found. Whereas undoped NWs are terminated by the c-

plane (0001), highly Si-doped NWs exhibit (101n) planes with n = 1, 2, 3. Discrete

angles of the top surfaces are found, with mainly 32◦ for the (1013) and 43◦ for the

(1012), but also 62◦ for the (1011) plane (Fig. 4.1). These observations indicate

that high Si fluxes change the preferred growth surfaces.

4.2. Influence of magnesium

In analogy to Si incorporation for n-type doping, Mg incorporation for p-type

doping was investigated. Mg was supplied by a Mg effusion cell operated between

205◦C an 355◦C (BEPMg = 1× 10−11 mbar to BEPMg = 1.8× 10−8 mbar).

The Mg concentration was determined by secondary ion mass spectroscopy

(SIMS) on as-grown samples(1). These measurements were performed at the Uni-

versity of Gießen. A Duoplasmatron was used as ion beam source with O2+ as

primary ions (with an energy of 6 keV, a primary ion current of 40 nA, and 250µm

× 250µm scanning area). The secondary ions were detected with a quadrupole

(1)A similar analysis for the GaN:Si samples (previous section) was not possible, since the back-
ground originating from the Si wafer was too high.
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4.2. Influence of magnesium

Table 4.2: Mg effusion cell temperatures, corresponding BEPMg, Mg concen-
tration measured by SIMS, and corresponding sample numbers. For the weakly
doped samples, the Mg concentration was below the detection limit of approxi-
mately 7×10−18 cm−3.

TMg

[◦C]
BEPMg

[mbar]
Mg conc.
[cm−3]

sample number

0 0 201006; 220806
205 1.0 × 10−11 below lim. 110407
225 3.0 × 10−11 below lim. 190207
240 6.5 × 10−11 below lim. 161207
260 1.7 × 10−10 3.8 × 1019 241006
285 6.0 × 10−10 4.6 × 1019 091006
300 1.2 × 10−9 111006
320 3.5 × 10−9 1.2 × 1020 101006; 010906
355 2.0 × 10−8 4.0 × 1020 280806

mass spectrometer and a channeltron. The SIMS detection limit was at approx.

7×1018 cm−3.

The dependence of the Mg concentration in the Mg-doped NWs as a function

of the BEPMg during growth is shown in Fig. 4.7. A Mg concentration of 4 ×

1020cm−3 was achieved for the highest Mg flux (TMg = 355◦C). The respective

effusion cell temperatures, BEPMg values, and measured Mg concentrations are

summarized in Table 4.2.

For Mg doping we have observed a decrease in the NW length and an increase

of the NW diameter with increasing BEPMg, the latter being more pronounced

than in the case of Si doping (Fig. 4.8). As in the case of Si doping, we observed

a change of the NW top surface crystal plane for high Mg dopand concentrations.

(101n) planes with mainly n = 1, 2 were identified by analyzing the angles in side-

view SEM images and TEM images (Fig. 4.10b).

The influence of Mg on the NW growth mechanism appears to be different

compared to Si incorporation, as it does not change the prismatic NW shape. In

order to clarify whether the observed effects are caused by a change in nucleation

size or by an increased radial growth rate, we grew compound NW test structures

(Fig. 4.9) and compared the axial and lateral dimensions. These compound struc-

tures were realized by 45 min growth of undoped GaN on top of a Mg-doped NW

(sample A, BEPMg = 4 × 10−9 mbar, growth time 45 min) as well as a structure

grown in inverted order (sample B). For comparison, undoped (C) and Mg-doped
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Figure 4.8: Dependence of the nanowire diameter (left axis) and length (right
axis) on the BEPMg.
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Figure 4.9: Test structures to study the effect of Mg on nanowire growth.

(D) reference samples were grown for 45 min and 90 min (E,F), respectively. The

results summarized in Table 4.3 allow the following conclusions:

(i) The axial growth rate is reduced due to the presence of Mg. An axial growth

rate of (6.4± 2.2) nm/min is calculated for Mg-doped GaN (samples D and

F), while a growth rate of (8.8 ± 2.2) nm/min is obtained for undoped NWs

(samples C and E).

(ii) The nucleation time is decreased in the presence of Mg, as evaluated by com-

parison of sample C and D. This also explains that the estimated NW volume

for a fixed growth time remains constant up to a BEPMg of 2×10−9 mbar

and increases for higher Mg fluxes.

(iii) Further structural information was obtained by the analysis of the compos-

ite NWs: No difference in diameter was found for sample A, sample B, and
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4.2. Influence of magnesium

Table 4.3: Growth conditions and NW dimensions of reference samples and
compound nanowires to analyze the effect of Mg doping on the growth mechanism
(cf. Fig. 4.9).

Sample Growth
duration
[min]

Length
[nm]

Diameter
[nm]

A (GaN on GaN:Mg) 45 + 45 455± 50 39± 5

B (GaN:Mg on GaN) 45 + 45 345± 60 41± 10

C (GaN) 45 110± 20 17± 3

D (GaN:Mg) 45 155± 35 36± 5

E (GaN) 90 640± 30 23± 5

F (GaN:Mg) 90 435± 65 62± 10

reference sample D. This is explained by a higher radial growth rate in the

presence of Mg rather than by an increased nucleation diameter. The radial

growth rate extracted from samples D and F is (0.5 ± 0.1) nm/min. This

proves that the presence of Mg enhances growth on nonpolar surfaces. Simi-

lar results have been obtained for GaN growth by metal organic vapor phase

epitaxy [Bea98]. This latter finding also demonstrates that the low radial

growth rate of undoped GaN NWs is due to the different adatom kinetics

on the NW sidewalls rather than being caused by the limited availability of

active nitrogen [Son07]. The presence of Mg increases the probability of Ga

adatoms to be incorporated in nonpolar surfaces.

4.2.1. TEM analysis of highly Mg-doped NWs

The incorporation of Mg does not only affect the NW morphology, but has also

an impact on the crystal structure. The analysis of highly Mg-doped samples by

cross-sectional transmission electron microscopy (XTEM) showed the formation of

twins and the presence of stacking faults also in regions which are far away from the

substrate/NW interface. Generally, undoped GaN NWs grown on Si(111) exhibit

only one epitaxial relationship. This epitaxial relationship of the n.i.d. GaN NWs

with respect to the Si(111) surface is (0002)[0110]GaN ‖ (111)[112]Si. In contrast,

SAED patterns of heavily Mg-doped NWs (TMg = 355◦C) revealed a second con-

tribution(1). The additional relationship for high Mg doping is (0002)[1210]GaN ‖

(111)[112]Si. This corresponds to a rotation of 30◦ around the c-axis compared to

(1)TEM analysis performed by J. Arbiol et al.. Further images and corresponding SAED pattern
can be found in [Arb09].
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4. Impact of doping of GaN NWs on the morphology

Table 4.4: Density of stacking faults along the growth direction for different Mg
fluxes.

TMg [◦C] BEPMg [mbar] SF [cm−1]

260 1.7 × 10−10 2 × 107

320 3.5 × 10−8 8 × 108

355 2 × 10−8 2 × 1010

ZB ZB

(10 )11

[0001]

(10 0)1
stepped
surface

a b

Figure 4.10: HRTEM images of GaN:Mg NWs grown at TMg = 355◦C. (a) De-
tail showing the alternating wurtzite and zincblende stacking (ZB planes marked
with black arrows). (b) Detail of region near the NW top. The NW forms a tip
by a stepped surface and a (1011) surface.

the original relationship. The nanowire can be regarded as a rotational twin crys-

tal with additional C stacking planes to the wurtzite A-B stacking. Since A-B-C

stacking forms the cubic zincblende structure, the crystal has cubic inclusions (see

p. 9). Such ZB inclusions are shown in Fig. 4.10a. The stacking faults are found

throughout the NW length without any preferential region. Their density (listed

in Tab. 4.4) increases dramatically with the Mg flux.

Additionally, energy loss spectra (EELS) with high spatial resolution (0.1 nm

probe size) were recorded on wurtzite and zincblende planes in these NWs [Arb09].

They revealed a change in the band-to-band electronic transition energy from

3.4 eV for the WZ regions to 3.2 eV for the twinned (ZB) regions. The results are

in good agreement both with atomistic simulations (cf. [Arb09] for details) and

PL results (cf. next chapter).
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5. Optical properties of doped and
undoped GaN NWs

In this chapter, the optical properties of undoped and doped GaN NWs are in-

vestigated by photoluminescence and Raman spectroscopy. Sharp near band edge

emission is recorded at 4K. For undoped or slightly Si-doped material the emission

is dominated by the narrow D0X recombination at 3.4715 eV with a full width at

half maximum of 1.5 meV. Point defects due to the N-rich growth conditions are

discussed as the origin of the emission band at 3.45 eV. Recombination at coa-

lescence boundaries were identified as the origin of an emission band at 3.21 eV.

The luminescence properties at 3.27 eV and below in highly Mg-doped samples are

shown to be affected by the presence of cubic inclusions in the otherwise wurtzite

nanowires. For moderate Mg fluxes the acceptor-bound exciton recombination

was detected at 3.4665 eV. Additionally, the influence of the III-V ratio on PL

emission in undoped NWs is analyzed. Furthermore, Raman scattering revealed

that the nanowires are strain-free, irrespective of Si or Mg doping.

The same samples as in the previous chapter are analyzed here. For the Si-

doped (Mg-doped) samples, a list with effusion cell temperatures, BEPs, and

corresponding sample numbers is given in Tab. 4.1 on p. 63 (Tab. 4.2 on p. 67).

5.1. Raman scattering

The E2 Raman line of undoped GaN NWs was detected at (567.1± 0.2) cm−1,

in agreement with the reported value of unstrained GaN [Per92]. No changes

were observed with the incorporation of Si and Mg for all investigated samples

(Fig. 5.1). This is in strong contrast to the behavior of continuous Si-doped GaN

films, where a shift from compressive to tensile stress was reported for increasing

concentration of Si [Chi06]. In that report, a shift of the E2 Raman line from

569.3 cm−1 to 566.8 cm−1 was observed when increasing the Si doping correspond-

ing to a free carrier concentration of 2×1017 cm−3 to 9×1018 cm−3.

By using a biaxial pressure coefficient of (2.4± 0.6) cm−1 GPa−1, as reported for

PAMBE-grown GaN layers on Si in Ref. [Dem04], the maximum possible strain in
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Figure 5.1: E2 Raman line for undoped, Si-doped, and Mg-doped GaN nanowires
as well as for two undoped GaN nanowires with higher degree of coalescence. A
strain-induced shift was only observed for coalescing samples. A SEM image of
the fully coalesced sample (solid line) is shown in Fig. 5.5d.

the NWs within our experimental uncertainty (0.2 cm−1) is 0.5 GPa. However, for

an almost coalesced layer the E2 Raman line is found at 565.4 cm−1 (Fig. 5.1, solid

line), corresponding to a tensile strain of 3.9 GPa. GaN nanowires are confirmed

to be strain-free, as it has been reported in Refs. [Wan05, Seo06] for undoped GaN

NWs. Hence, they are a suitable model system to study the optical properties of

doped, unstrained GaN, as it was demonstrated for thick GaN layers grown by

hydride vapor phase epitaxy (HVPE) [Mon02]. The FWHM of the E2 Raman line

ranges from (3.4± 0.2) cm−1 for undoped, Mg-doped or weakly Si-doped samples

to (3.8± 0.2) cm−1 for highly Si-doped samples. This is comparable to a FWHMs

of 3.15 cm−1 to 4.15 cm−1, which were recently reported for n.i.d. and Mg-doped

GaN NWs [Lim10].

5.2. Low-temperature PL

The recorded PL spectra can be divided into three regions (Fig. 5.2) which are

discussed separately: the near band edge regime, a region below 3.4 eV, dominated

by the recombination at 3.27 eV, and the deep (yellow) luminescence.
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Figure 5.2: PL survey spectra indicating the three energy regions. (Sample a:
undoped GaN NW; b: BEPSi = 2× 10−11 mbar; c: BEPMg = 3× 10−11 mbar).
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Figure 5.3: Temperature-dependent PL spectrum of the near band edge regime
of undoped GaN NWs, exhibiting three bands at 3.41 eV-3.42 eV, 3.45 eV, and
3.47 eV, respectively. Curves are vertically shifted for clarity.

5.2.1. Near band edge PL for undoped and Si-doped samples

The near band edge luminescence (3.40 eV – 3.50 eV) of nominally undoped GaN

NWs consists of three bands (Fig. 5.3). In the following, these contributions are

discussed individually.
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Figure 5.4: Low temperature PL-spectra of undoped (sample a) and Si-doped
GaN NW samples (sample b: BEPSi = 4×10−12 mbar; c: BEPSi = 9×10−11 mbar;
d: BEPSi = 3×10−10 mbar). For BEPSi = 3×10−10 mbar the three band structure
is no longer resolved.

Luminescence between 3.47 eV and 3.50 eV

The luminescence between 3.47 eV and 3.50 eV is of excitonic origin. The strongest

emission at (3.4715± 0.0004) eV, with a FWHM of 1.5 meV is assigned to a donor-

bound exciton (D0X) [Cal00, Mon02, Bun99, Pau98]. The observed FWHM of the

D0X line is smaller than in earlier reports on GaN NWs (2 meV in Ref. [Cal00],

6-8 meV in Ref. [Che01], 6-10 meV in Ref. [Tch07], or 5 meV for single NWs in

Ref. [Sch06]). It increases continuously with Si flux up to 3.6 meV for the sample

grown at BEPSi = 9 × 10−11 mbar. This emission is assigned to Si and O donors

in accordance with measurements performed on unstrained HVPE GaN [Mon02].

The respective emission lines are separated by only 1 meV [Mon02, Fre05], which

was not possible to resolve in our measurements. However, the increasing asym-

metry of the emission peak with increasing [Si] (broadening of the low-energy

side, Fig. 5.4) indicates that Si is causing the contribution at lower energy, as

also suggested in Ref. [Mon02]. For low and moderate Si fluxes, the energetic po-

sition of the D0X-transition remains unchanged, in contrast to the strain-induced

red-shift in continuous GaN layers, which is most likely due the formation of struc-

tural defects and Si incorporation at dislocations [Chi06, Gra98]. For a Si flux of

BEPSi = 9 × 10−11 mbar a blue-shift of 1 meV is observed, which we attribute to

donor band formation, possibly in combination with band-filling effects (Burstein-
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5.2. Low-temperature PL

Moss shift), as it has been reported for homoepitaxial GaN layers [Pry98]. Un-

coalesced NWs exhibit the smallest FWHM (Fig. 5.5). With increasing degree

of coalescence the FWHM rises gradually from 1.8 meV (sample a) to 2.8 meV,

2.7 meV, and 4.0 meV for samples b,c, and d, respectively.

The free exciton emission lines at 3.478 eV (FXA) and 3.484 eV (FXB) indicate

an exciton localization energy of 6.5 meV and a splitting between A and B valence

bands of 6 meV [Cal97].

For Si-doped homoepitaxial layers, an emission at 3.466 eV has been reported,

which increased in intensity with increasing Si doping level. It was assigned to an

exciton bound to a shallow silicon-related acceptor [Fre05, Gra98], suggested as

SiN (i.e. a Si atom on a lattice position normally occupied by nitrogen) in [Fre05].

In the present study the emission was neither observed in the undoped nor the

Si-doped samples. This supports the assignment to the formation of SiN as this is

not very probable under the N-rich growth conditions applied here.

Luminescence band at 3.45 eV

The emission band at 3.45 eV is typically observed in GaN nanowires [Cal00].

Emission at this energy in thick freestanding GaN layers has been assigned to a

two electron satellite (TES) of the D0X recombination [Wys03], based on mag-

netic field-dependent PL measurements. Our observations contradict this. First,

the thermal quenching in comparison to the D0X emission is less pronounced

(cf. Fig. 5.3, most clearly visible when comparing 4K to 30K) and second, the

influence of doping is different in comparison to the D0X emission (see below of

Si-doped samples, and Sec. 5.2.2 for Mg-doped samples).

Strong emission at 3.45 eV has been reported for samples with a low density of

NWs protruding from a GaN wetting layer [Cal00]. We observed this emission

in samples without wetting layer. It consists of at least two convoluted peaks

and is centered at 3.451 eV for undoped samples at a temperature of 4K. With

increasing degree of coalescence, the intensity decreases and a slight blue-shift

is observed (Fig. 5.5). For an almost coalesced layer (sample d in Fig. 5.5) the

3.45 eV emission was only detectable as a low energy shoulder of the D0X emission.

Due to its evolution with temperature it was assigned to excitonic recombination

[Cal00]. This is supported by the observation of a second contribution with less

pronounced temperature-induced quenching at 7 meV higher energy, which can be

observed at temperatures around 30 K (Fig. 5.3). For very high [Si], a blue-shift

is found (4 meV for BEPSi = 9× 10−11 mbar, cf. Fig. 5.4).

In earlier work this emission has been assigned to the recombination of acceptor-

bound excitons (Ref. [Cal97] and references herein) or to GaI (i.e. Ga interstitial),
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Figure 5.5: PL spectra of four undoped GaN NW samples with increasing degree
of coalescence from a to d (T = 4K) and their and corresponding top view SEM
micrographs. Sample a is the undoped reference from Fig. 5.3. The FWHM of
the 3.47 eV emission increases with rising degree of coalescence from 1.8 meV over
2.8 meV and 2.7 meV to 4.0 meV for sample a to d, respectively.
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5.2. Low-temperature PL

if a local accumulation of Ga is assumed to initiate the nucleation of GaN NWs

[Cal00]. As we found the same relative intensity compared to the D0X emission

for NWs with a length of 500 nm and 2400 nm (Fig. 5.6), we assign this emission

to the volume of the NWs rather than to the NW/substrate interface, ruling out

the attribution to interfacial GaI [Cal00]. More probably it is related to a point-

defect caused by the N-rich growth conditions. These growth conditions have also

been used for the samples analyzed in Ref. [Cal97], where a similar emission was

reported. The Ga vacancy (VGa) was suggested in Refs. [Neu94, Mat97] as an

acceptor-like defect with a low formation energy. N-rich growth conditions favor

the formation of this defect in particular on the NW sidewalls, which could lead

to a localization of excitons that give rise to the 3.45 eV emission.

This assignment is further confirmed by the results shown in Fig. 5.5, which

show that a gradual transition to stoichiometric growth conditions leads to a

decrease in emission intensity. Comparison of Fig. 5.5 and Fig. 5.7 reveals that

the same trend is observed upon an increase of the Mg flux. In accordance with the

arguments outlined above, this agrees with calculations in Refs. [Neu94, Mat97],

where the formation of the VGa was predicted to be most probable in n-type

samples with the Fermi level being far above mid-gap.

Luminescence band at 3.41 eV – 3.42 eV

The emission band around 3.41 eV consists of two peaks at 3.406 eV and 3.417 eV

for undoped NWs. In Ref. [Cal97] this band has been observed as one peak with a

strong sample-to-sample variation of its energetic position in compact layers. The

samples investigated here show an increase in intensity of the 3.406 eV component

with increasing degree of coalescence (from sample a to c in Fig. 5.5). For a coa-

lesced layer (sample d in Fig. 5.5) the emission broadens and shows an increased

intensity at higher energies.

The 3.41 eV emission band has been attributed to defects at the GaN/Si in-

terface using cathodoluminescence (CL) measurements [Cal00], confirmed by CL

mapping [SP02]. In the latter work, regions with strong 3.41 eV-3.42 eV emission

had a rather weak emission in the excitonic regime. For the samples studied in

this work, a relative decrease by about a factor of 3 of the 3.41 eV intensity com-

pared to the D0X emission intensity was found when the NW length was increased

from 600 nm to 2400 nm (Fig. 5.6). The peak position remained constant. This

confirms the assignment to defects in the lower section of the NWs, as concluded

in Ref. [Che01].

By direct comparison of TEM and CL images of a-plane GaN thin films [Liu05]

it was concluded that basal plane stacking faults (stacking faults along the c-axis)
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Figure 5.6: PL spectra of an undoped reference sample (NW length 500 nm),
a sample with long NWs (2400 nm) grown at BEPSi = 4 × 10−12 mbar, a Si-
doped sample and a Mg-doped sample. Arrows indicate (A) the D0X transition
at 3.47 eV, (B) the 3.45 eV band, (C) the 3.41 eV-3.42 eV band, (D) the DAP band
at 3.27 eV, and (E) the 3.21 eV emission. The LO phonon energy (92 meV) is given
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Figure 5.7: Low temperature PL spectrum of Mg-doped GaN NWs compared to
an undoped reference. The BEPMg is increased from a to d (Sample a: BEPMg =
1 × 10−11 mbar; b: BEPMg = 3 × 10−11 mbar; c: BEPMg = 1.7 × 10−10 mbar; d:
BEPMg = 6× 10−10 mbar). For weak Mg doping (Samples a and b) the emission
of acceptor-bound excitons (A0X) can be observed at 3.4655 eV.
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5.2. Low-temperature PL

are responsible for the 3.41 eV emission line. Regions with strong 3.41 eV emission

were found dark in the 3.47 eV images. In a similar study on GaN NWs this

emission was also assigned with stacking faults, which were formed in vicinity of

boundary dislocations within the coalescence region [Con09]. The origin of this

emission is ascribed to excitons bound to stacking faults [Sal99]. For our samples

the presence of stacking faults was observed in TEM images at low density at the

NW/substrate interface but not in the upper part of the NWs.

With rising Si flux both components of this emission are continuously blue-

shifted (+ 9.5 meV at BEPSi = 3 × 10−10 mbar). This Si-induced shift is more

pronounced than the shifts of the other two bands, confirming its different origin.

In a µ-PL investigation of dispersed NWs, the 3.41 eV emission is present in co-

alesced NW bundles but not in uncoalesced individual NWs [Rig10a]. Thus, the

relationship between this emission and the formation of coalescence defects is

confirmed.

The three-band spectrum of the near band edge emission discussed in this sec-

tion is clearly resolvable for Si fluxes up to BEPSi = 9 × 10−11 mbar (Fig. 5.4).

LO phonon replica of the 3.45 eV and 3.41 eV bands with a LO phonon energy of

92 meV [Cal97, Res05] are observed at 3.36 eV and 3.32 eV, respectively (Fig. 5.6).

For very high Si fluxes (sample d in Fig. 5.4), only one broad emission centered

at 3.482 eV with a FWHM of 36 meV is observed. The morphology of these NWs

differs strongly from those of n.i.d. NWs: Whereas for lower Si fluxes, the NWs

exhibit a prismatic shape and a homogeneous aspect ratio, NWs grown at a high

Si-concentration exhibit a cone-like shape (see Fig. 4.1, p. 62).

5.2.2. Near band edge regime in Mg-doped samples

For Mg-doped NWs, the intensity of the three-band spectrum discussed above is

reduced compared to undoped or Si-doped samples. For doping with low and

intermediate Mg fluxes the evolution of a shoulder at 3.4665 eV± 0.0008 eV is

observed on the low energy side of the D0X-emission (Fig. 5.7). We assign this

emission to the recombination of an exciton bound to a neutral acceptor, A0X. In

Ref. [Mon02], A0X recombination has been suggested as the origin of an emission

observed between 3.466 eV and 3.480 eV. The variation in emission energy was

explained by different strain states of the investigated samples. As Raman analysis

of the samples investigated here did not reveal either tensile or compressive strain

(see Sec. 5.1, p. 71), we attribute the emission at 3.4665 eV to the recombination

of a neutral acceptor bound exciton in partially compensated, unstrained GaN

nanowires.
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Figure 5.8: PL in the DAP region for an undoped and four Mg-doped samples.
The BEPMg is increased from sample a to d (same samples as in Fig. 5.7).

5.2.3. DAP region (below 3.4 eV)

For undoped or Si-doped samples, the intensity of emissions bands with energies

below the excitonic regime was more than 2 orders of magnitude lower than the

D0X emission. In contrast, the presence of Mg enhanced the emission in this

region already for the sample grown at the lowest BEPMg, as shown in Fig. 5.6

for a sample grown at BEPMg = 3 × 10−11 mbar. Simultaneously, the overall

intensity of the near band edge regime was reduced. The energetic position of the

D0X-recombination remained constant.

3.27 eV DAP region and its replica

The strong increase of the 3.27 eV emission even for weak Mg doping (sample

a in Fig. 5.8) is attributed to a donor-acceptor-pair recombination (DAP) and

has been discussed in detail for Mg-doped GaN thin films [Ler99, Nar04, Mon04].

However, an increase of the BEPMg leads to a more complex behavior (Fig. 5.8).

For undoped samples, only one weak emission centered at 3.279 eV with steeper

high energy decay is found. In the case of weak Mg doping, this emission can

be deconvoluted into two components with the main emission at 3.275 eV and

a weaker contribution at approximately 40 meV lower energy (3.235 eV), labeled

with D and D∗ in Fig. 5.8 respectively. First and second order LO phonon replica

of both contributions are observed (D-1LO, D∗-1LO, D-2LO), red-shifted by the

respective phonon energy of 92 meV. The emission at D was assigned to the en-
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Figure 5.9: Temperature-dependent PL spectra of Mg-doped NWs grown at
BEPMg = 1× 10−11 mbar (same sample as in curve a in Figs. 5.7 and 5.8).

hanced DAP transition mentioned above, whereas the origin of the emission at

D∗ could not be clarified. The temperature-dependent measurements for the two

samples with the lowest Mg flux (Fig. 5.9) demonstrate the redshift with increas-

ing temperature of the dominant D emission. The same temperature dependence

has also been reported for MBE-grown GaN:Mg nanowires by Park et al. [Par06].

Further increase of the Mg flux (samples b, c in Fig. 5.8) causes a red-shift of the

main emission to 3.260 eV and simultaneous broadening. In addition, the emission

band around 3.18 eV gains in relative intensity and even exceeds the red-shifted

main emission (sample c). Hence, it can not be entirely explained as a LO phonon

replica of the D emission. This contradicts the results obtained for GaN:Mg layers

grown by MBE with Mg concentrations up to 1 × 1019 cm−3 on GaN templates

synthesized by metal organic vapor phase epitaxy [Nar04]. In that work, the

intensity ratios remained constant and an increase in total luminescence intensity

with rising Mg concentration was reported. Furthermore, the peak position was

reported to be unchanged. On the other hand, the results presented in Ref.

[Par06] on Mg-doped GaN NWs grown under N-rich growth conditions confirm

our observation that the 3.18 eV emission does not come from LO phonon replica

only.

TEM analysis of the samples grown at high Mg fluxes (BEPMg ≥ 3.5×10−9 mbar)

revealed stacking faults in the wurtzite lattice, which give rise to inclusions of

cubic GaN (see Sec. 4.2.1, p.69, or [Arb09]). Accordingly, we attribute the ob-
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5. Optical properties of doped and undoped GaN NWs

served evolution of the photoluminescence with increasing [Mg] to the presence of

zincblende GaN with a lower bandgap of 3.27 eV in a wurtzite GaN matrix, which

leads to enhanced recombination in the cubic inclusions even if the volume-ratio

is small. Therefore, the red-shift in luminescence can be attributed to excitonic

emission in cubic GaN, containing contributions of both donor-bound and free

excitons [Mon04, Wu00, Men96]. The broad emission at 3.17 eV can be attributed

to a superposition of the LO-phonon replica of the excitonic emission and a DAP

transition that was observed in n.i.d. cubic GaN [Wu00, Men96]. A phase tran-

sition from wurtzite to zincblende was reported for PAMBE-grown N-face GaN

films for Mg doping [Mon04].

3.21 eV emission

A relatively narrow transition at 3.21 eV (labeled with E in Fig. 5.6), also men-

tioned in Ref. [Mon02], was observed in undoped samples. This emission is sup-

pressed in Si-doped samples with BEPSi > 1.8× 10−11 mbar and cannot be found

in Mg-doped samples (where it is possibly masked by the broad intense emission

at 3.27 eV). For long NWs (2400 nm), this transition is enhanced (Fig. 5.6), as

it was also observed by Chen et al. [Che01]. The 3.21 eV emission has been at-

tributed to excitons trapped at dislocations at the boundaries of coalesced NWs

[Che01], or to disorder at the Si/GaN interface [SP02]. Our results support the

first explanation as the long NWs exhibited a higher degree of coalescence. The

presence of Si leads to a reduction of NW coalescence (see Sec. 4.1). However,

if the NWs were grown under less N-rich conditions, the intensity of the 3.21 eV

emission decreases whereas its FWHM increases (Fig. 5.10). In combination, this

suggests that only coalescence under relatively high tilt angles, which happens of-

ten close to the substrate (see Fig. 3.11, p. 45), gives rise to this emission whereas

the mechanism of coalescence towards layer formation promoted by less N-rich

conditions (which lead to higher NW diameters and enhanced lateral growth) is

different and does not enhance this emission.

5.2.4. Deep yellow luminescence

For undoped samples a broad emission band is detected at 2.2 eV (the yellow defect

luminescence [Res05]). The intensity is more than four orders of magnitude lower

than the intensity in the excitonic regime, indicating a low defect density. The

emission intensity remains low for Si-doped samples. In the case of high Mg doping

a broad emission for luminescence energies above 2.0 eV is found (centered around

82



5.3. Conclusions

3.1 3.2 3.3

c

b

d

a

P
L

In
te

n
s

it
y

[a
.u

.]

luminescence Energy [eV]

T = 4 K

Figure 5.10: Evolution of the 3.21 eV emission with increasing degree of coales-
cence (from a to d, same samples as in Fig. 5.5). The emission at 3.325 eV is the
first LO phonon replica of the 3.41 eV emission.

2.5 eV). Its intensity is about 2% of the intensity of the 3.27 eV emission for a

sample with BEPMg = 6× 10−10 mbar.

5.3. Conclusions

The NWs were found strain-free, independent of the dopant concentration. For Si

doping, sharp and intense PL emission peaks are found as long as the prismatic

morphology of the NWs is preserved. In the region of the strongest PL intensity

(3.47 eV – 3.50 eV), free and donor-bound excitons were identified. The 3.450 eV

emission was assigned to the enhanced formation of Ga vacancies (VGa) due to the

N-rich growth conditions. The 3.41 eV – 3.42 eV emission band originates from the

substrate interface. The addition of Mg quenches the band edge emission intensity,

whereas the intensity in the region below 3.4 eV is strongly enhanced. The main

emission at 3.27 eV is attributed to a combination of cubic inclusions and DAP

transitions and shows a red-shift with rising Mg flux.
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6. Electrical properties of GaN
NWs

In this chapter, the results of electrical measurements on single GaN:Si nanowires

are presented. Contacting single NWs is technologically challenging. The exper-

imental methods are shown in detail and the results for photolithography and e-

beam lithography processing are compared. To facilitate contacting, highly doped

end regions (base and top part of the NW) were used. The I-V characteristics are

found to depend on both the contact design and processing method. Therefore,

the results should be interpreted carefully. However, a clear increase in conductiv-

ity with doping level over several orders of magnitude was observed. For undoped

NWs the current is space-charge-limited. For low and moderate doping levels,

a strong current enhancement by above bandgap illumination is found, as also

reported by [Cal05, San10].

6.1. Surface band bending

The large surface-to-volume ratio makes NWs highly sensitive to surface effects.

Surface states lead to a pinning of the Fermi level and to band bending [Cal05].

The bands are bent upwards at the GaN NW sidewalls, leading to a reduction

of the free carrier density towards the surface and, therefore, a depletion zone

is formed (see Fig. 6.1). Depending on the doping level and the NW diameter,

the NW can be fully depleted or exhibit a conductive channel in its center. For

nominally undoped NWs this depletion zone can be larger than the NW radius

leading to a full depletion of the NWs. According to [Cal05] a critical diameter

of 85 nm below that the NW is fully depleted was found by comparing single

NW I-V measurements with the NW diameter. With increased doping level the

width of the depletion region is reduced. Recently it was reported that the surface

band bending (SBB) in depleted GaN NWs is quite small (of the order of a few

10meV) [Pfü10]. For GaN NWs with a diameter of 30 nm and a Si doping level

of 1017 cm−3, the SBB was estimated to 30 meV, leading to lateral electrical fields

as low as 20 kV cm−1 [Teu11]. In that work it is also shown that the lateral
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Figure 6.1: (a) Dependence of depletion region (shaded), shape of conduction
(EC) and valence band edges (EV ), and recombination barrier on the nanowire
diameter. The relative energetic positions of EC , EV , and EF are not true to
scale. For NW diameters below dcrit, the NWs are fully depleted. Image from
[Cal05]. (b) Band positions for InN NWs. Image from [Cal07a].

band profile inside fully depleted GaN NWs remains almost unchanged under the

variation of the surface potential.

For InN NWs the situation is opposite. Here, the bands bend downwards and

electrons accumulate at the surface [Cal07a]. Narrow bandgap semiconductors

such as InAs and InSb usually show an accumulation layer due to pinning of

the Fermi level above the conduction band edge. The free electrons move to the

surface and form an accumulation layer. A high conductivity of InN NWs even

with small diameters (86 nm – 47 nm) in contrast to GaN NWs has been reported

[Cal07a].

A fully depleted NW acts as an insulator. According to the theory of space

charge limited current, a I ∝ Um relation with m = 2 . . . 3 is found (Fig. 6.2).

For a perfect insulator m equals 2, while traps lead to higher exponents [Ros55].

6.2. Sample preparation

For single NW measurements, the NWs were removed from their growth substrate

by scratching and ultrasonic agitation while immersed in acetone. Drops of this

suspension were transferred onto a insulating substrate. The NWs were then

contacted by photolithography or e-beam lithography. A detailed step-by-step

description is given in the Appendix (p. 147).
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Figure 6.2: I-V curve of a single GaN NW homogeneously doped with
TSi=1015◦C (300507) after annealing at 660◦C for 5 min. The data can be well
reproduced by a I ∝ U2 fit (solid line).

Ohmic Contacts For electrical measurements or applications, ohmic contacts

to the semiconductor material are necessary. This often proves technologically

challenging, especially for nanowires. Ohmic contacts can be seen as a special

case of Schottky contacts with a low barrier height and thin space charge region.

The barrier height is determined by choosing a suitable contact metal. If the

space charge region is sufficiently thin, charge carriers can tunnel through the

barrier. The transmission coefficient exhibits an exponential dependence of the

barrier height and thickness. The tunneling current Jt is given by [Sze81]:

Jt ∝ exp

(

−
2ΦBn

~

√

ǫsm∗

ND

)

(6.1)

where ΦBn is the barrier height, m∗ is the effective carrier mass, and ǫs the dielec-

tric constant. Consequently, the tunneling current is increased with higher doping

ND.

Different approaches for reliable low resistive contacts on n-type GaN thin films

are described in the literature:

• Ni/Au [Mot02, Sun02]

• Al/Ti [Lin94]

• Ti/Ag [Guo96]

• Ti/Al/Ti-W [Fer07]

• Ti/Al/Ti/Au [Mot03]

• Ti/Al/Ni/Ti [Fan96]

• Ni/Cr/Au [Kim97]

In all cases thermal annealing is needed after deposition. Following these consider-
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ations, first Ti/Al contacts and later Ti/Pt/Au contacts were used in this work. Ti

results in a low barrier height. The Au top layer allows for low resistivity contact

lines since Au has a higher specific conductivity than Ti. Furthermore, Au pads

can be contacted using a gold wire bonder. Ti oxidizes easily e.g. during anneal-

ing even at low residual oxygen concentrations present in the vacuum annealing

oven. Hence, a protective cap layer is necessary. The additional Pt layer is used

as a diffusion barrier to avoid intermixing of Ti and Au during high temperature

annealing. The maximum annealing temperature was set to 600◦C, as a conduc-

tive layer was formed on the sample surface for temperatures at or above 680◦C.

This could either be due to melting or evaporation and redeposition of metal.

On samples with photolithographically defined contact pads, layers of Ti/Pt/Au

were evaporated with a thickness of the individual layers of 20 nm/20 nm/70 nm,

respectively. Processing details and the mask layouts are listed in the Appendix

(p. 147).

The width of the contact lines is 1 µm, and their maximal length 262µm (the

actual length depends on the position of the individual NW). This yields a max-

imum resistance of the Au layer alone (ρAu = 2.21 × 10−8 Ωm) of 82 Ω. If the

parallel resistances of the Ti layer of 6.41 kΩ (ρTi = 4.27 × 10−7 Ωm) and the

Pt layer of 1.55 kΩ (ρPt = 1.04 × 10−7 Ωm) are also taken into account, the con-

tact resistance is ≤ 77Ω. This value can be neglected in comparison to the NW

resistance.

6.3. Si-doped GaN NWs for single wire

measurements

For the measurements presented in this chapter relatively long NWs (typical

lengths 2 µm) were grown to facilitate contacting. Different strategies were used

to optimize the contact quality and reproducibility. Four different concepts were

employed (Fig. 6.3), which are described in the following:

• Homogeneously doped NWs: For homogeneously doped NWs, two dop-

ing levels were investigated: low doping with TSi = 900◦C (BEPSi = 4.6 ×

10−13 mbar; sample No. 181006), and moderate doping with TSi = 1050◦C

(BEPSi = 4.9 × 10−11 mbar; sample No. 300507). The resulting I-V curves

showed only low conductivity and were often asymmetric (diode-like). The

sample-to-sample variations were larger than a possible trend with doping

level. The current depended on the annealing procedure (duration and tem-

perature).
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6.3. Si-doped GaN NWs for single wire measurements

Figure 6.3: Schematic drawing of the GaN NW structures. Heavily Si-doped
regions are depicted as widening cones. The widening angle is exaggerated for
clarity.

• Highly doped top end: According to EELS spectroscopy on undoped

NWs, the base part of the NWs is unintentionally Si-doped due to diffusion

from the substrate as presented in Fig. 3.9 (p. 43). Following the assumption

that diode-like I-V curves could originate from this unintentional doping,

NWs with a highly doped top end were grown. However, no improvement

was achieved.

• Both ends highly doped: Since the approach above was insufficient, NWs

with short highly doped regions at both ends (length approx. 250 nm) were

grown.

• Long highly doped ends: Nanowires with longer contact regions were

employed to guarantee a proper contact to the metal contact lines (width

1µm, spacing 1µm) without contacting the center region. The overall NW

length was kept constant.

In the following, results from the two last strategies are discussed in detail.

6.3.1. NWs with short contact regions

All samples of this series exhibited highly doped end regions on both sides with

TSi = 1160◦C (BEPSi = 8.0 × 10−10 mbar). The doping level in the center part

of the NWs was varied (Tab. 6.1). Growth duration for all samples was 345 min,

of which 50 min were used for the base part (“foot”) and 40 min for the top part

(“head”). The base part growth duration was longer to account for the nucleation

duration. In the following typical I-V curves are discussed. The measurements

were performed at room temperature using a Keithley 6517 voltage source and

current meter. In the semi-logarithmic plots, the absolute value of the current is

displayed.

NWs with a nominally undoped center part (sample 040408) exhibited diode-

like behavior (Fig. 6.4). After annealing at 600◦C in vacuum, the current was
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6. Electrical properties of GaN NWs

Table 6.1: Sample numbers, Si doping level given in BEP and effusion cell tem-
perature, and NW lengths.

Sample Center doping BEPSi TSi NW length
[10−11] mbar [◦C] [µm]

040408 n.i.d. – 2.26 ± 0.06
070408 2.2 980 1.70 ± 0.06
100408 7.0 1040 1.46 ± 0.05
140408 50 1120 1.91 ± 0.1
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Figure 6.4: I-V curves of a n.i.d. NW before and after annealing under different
illumination conditions. The shift of the non-annealed curves is due to charging
effects.

increased by more than one order of magnitude. The curves were measured in

dark, under white light (halogen lamp), and under UV illumination (253 nm =

4.9 eV, i.e. above the GaN bandgap), respectively. The current was clearly en-

hanced under UV illumination. Asymmetric U-I curves were observed.

For the first doping level (sample 070408) no increase in current was observed.

At a doping level of BEPSi = 7 × 10−11 mbar (sample 100408), the “forward”

current was significantly increased. However, the diode-like asymmetry remained

(Fig. 6.5). Illumination with UV light enhanced the current by about one order

of magnitude.

Further increase of the doping level (sample 140408) lead to both a strong in-

crease in current and a more symmetric curve. A high dark current was present,

which was only slightly increased by UV illumination (Fig. 6.6). On a linear scale

(inset), still a slight deviation from linear (ohmic) behavior was found. For higher
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Figure 6.5: I-V curve of a Si-doped NW (100408) after annealing under different
illumination conditions.

voltages the current increases stronger due to a reduction of the Schottky barrier

height by the applied electrical field. With a contact distance of 1µm and a poten-

tial of 2 V, the applied field is 20 kV/cm. Hence, the current density inside the NW

is high: Under the assumption of a cylindrical wire with 100 nm diameter (cross

sectional area A = 7.5×10−15 m2) and the measured current of 0.45 mA at 2V, the

current density is j = 5.7 MA/cm2. This is considerably higher than technologi-

cally relevant current densities. For example, the first InGaN/GaN/AlGaN-based

laser diodes demonstrated by Nakamura et. al. in 1998 had a lasing threshold

current of 7 kA/cm2 [Nak98]. For such high current densities, self-heating and

heat dissipation become important. However, no damage or irreproducibility for

repeated measurements on the same NW was observed.

The measured current values scattered over several orders of magnitude within

one batch of samples processed simultaneously. Thus, reliable statements should

only be given after statistical analysis of many NWs. However, despite the sample-

to-sample variations, different regimes can be clearly discerned by comparison of

the current at 1 V for single NWs with short contact regions(1) (see Tab. 6.1)

of different doping levels (Fig. 6.7). For n.i.d. (040408, eight individual NWs

were measured) and low Si-doped samples (070408, eight individual NWs were

measured), the forward currents were in the range of I = 1 × 10−13 A to I =

2 × 10−11 A. The asymmetry factor (forward current divided by reverse current,

both measured at 1 V) was in the range of 4 to 1000.

(1)As mentioned above, self-heating effects at the relatively high currents must be kept in mind.
However, analyzing the currents at considerably lower voltages (e.g. 100 mV) was not feasible
due to large differences in contact barrier height between individual NWs from one batch.
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Table 6.2: Average dark current (Idark) and current increase under UV illumina-
tion (photocurrent, IUV − Idark) measured at +1 V as function of doping.

Sample No. Center doping TSi Dark current Photocurrent
BEPSi [10−11 mbar] [◦C] [A] [A]

040408 n.i.d. - (7±18)× 10−10 (2.4±1.1)× 10−11

070408 2.2 980 (3.9±1.4)× 10−13 (1.3±1.7)× 10−11

100408 7.0 1040 (2.1±6.0)× 10−8 (3.4±7.5)× 10−8

140408 50 1120 (1.1±1)× 10−4 ( 3.4±3.0)× 10−6

For moderately doped samples (100408, ten individual NWs were measured) the

currents were in the range of I = 2× 10−11 A to I = 3× 10−7 A. The asymmetry

factor was between 10 and 7 × 105. For highly doped samples (140408, thirteen

individual NWs were measured) the currents were in the range of I = 2×10−6 A to

I = 4× 10−4 A. The asymmetry factor was between 1 and 10, i.e. these structures

exhibited a relatively symmetric behavior. These results show that by doping the

NW conductivity can be modified within eight orders of magnitude.

For all doping levels – except the highest – the current was increased under

UV (253 nm) illumination typically by a factor between 2 and 40 compared to the

current in darkness (Fig. 6.8). For the highest doping level only a weak photo-

induced relative current increase of 2.2% ± 1.1% was recorded. However, the dark

current in these samples was already at least two orders of magnitude higher than

for the best conducting samples of smaller doping level. The average dark current

and UV-induced current increase (IUV − Idark) for the different doping levels is

listed it Tab. 6.2. The absolute value of the photocurrent was stronger in higher

doped samples. However, due to the increased dark current, the relative increase

is lower.

Spectrally resolved photocurrent Illumination with light whose energy is

above the GaN bandgap generates electron-hole pairs which additionally con-

tribute to the conductivity. In Fig. 6.9 the spectrally resolved photocurrent of

a single n.i.d. NW (040408) is shown for temperatures between 86K and room

temperature. The sample was kept in vacuum (p ≤ 3 × 10−6 mbar) and illumi-

nated with the spectrally dispersed light of a xenon lamp. The photocurrent was

measured by the voltage drop over the NW in lock-in technique. For that, the

incoming light was chopped with a frequency of 18 Hz and the chopper signal was

used as the reference for a lock-in amplifier to amplify only that signal compo-
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Figure 6.8: Dark current (full symbols) and current under UV illumination (open
symbols) for different nanowire doping levels. (Same samples as in Fig. 6.7.)

nent which varies with the chopper frequency. Therefore, only the light-induced

current is recorded and the constant dark current background is suppressed.

A sharp onset of the photocurrent was observed at 3.45 eV, the bandgap of GaN,

proving that this current is generated by the photo-generation of charge carriers

inside the NWs. For lower energies, the signal intensity lies within the noise level.

In this spectral range, the phase signal fluctuated strongly, proving that no real

signal was measured. Whereas in the rage of 86K to 150K the magnitude of the

photocurent stayed constant, it was reduced for increasing temperature due to en-

hanced electron-hole recombination. The density of photogenerated carriers (i.e.

the intensity of the photocurrent) is inversely proportional to the recombination

rate. Using a thermally activated recombination rate, the photocurrent is propor-

tional to 1− exp
(

Ea

kbT

)

. An activation energy of Ea = 33meV could be extracted

(Fig. 6.9b).

Model for diode-like behavior In spite of the fact that both ends of the NW

were highly doped, most of the I-V curves (except those for the highest doping

level) exhibited a pronounced asymmetry. This can be explained by considering

the position of the metal contact pads on the NW. If the metal is in contact with

both the highly doped end and the weaker doped center part, a depletion zone

may be formed under the contact area in the weaker doped part (Fig. 6.10). This
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Figure 6.10: If the weaker doped center part of the NW is also contacted, a
depletion zone may be formed underneath.

contact can act as a Schottky contact which leads to diode-like I-V characteristics.

In the NWs with the highest doping level, the carrier concentration in the center

part is already high enough to form an ohmic contact.

NWs with low and moderate Si doping levels exhibited interesting properties.

The reverse current was relatively low and an electrical breakthrough was not

observed even for high voltages up to 50 V. Fig. 6.11 shows an I-V curve of a NW

with a doping level of BEPSi=7×10−11 mbar (NW100408).

Since the gap between the two contact lines is 1µm, an electric field of 50 MV/m

is present for a voltage of 50 V. This is still well below the breakthrough field

strength of GaN of 300 MV/m [BJ99]. The observed behavior could possibly be

explained by a Schottky diode with a parallel current path. For undoped or weakly

doped GaN NWs full depletion is assumed in the area under the metal contact.

Here, the current is space-charge limited (SCL current) [Ros55, Lam56, Lam70]. In

contrast to an Ohmic conductor (I ∝ U), the current no longer increases linearly,

but with I = KSCL · Um with a material-dependent constant KSCL. When an
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Figure 6.11: I-V measurement (black symbols) of a NW with BEPSi=7×10−11

mbar (NW100408) under illumination with white light and a fit (red line) accord-
ing to Eq. 6.2.

additional voltage drop is considered at a serial resistance Rs, the current I is

determined by:

I = I0

(

exp

(

e

nkbT
(U −RsI)

)

− 1

)

+KSCL(U −RsI)
m (6.2)

The measured data can be reproduced by this equation using an ideality factor

n = 10, I0 = 7× 10−11 A, KSCL = 9× 10−16 A V−3, Rs = 7 × 106 Ω, and m = 3

(Fig. 6.11). The exponent m 6= 2 indicates the presence of traps in the bandgap

or a field-dependent mobility. The large ideality factor n might possibly originate

from the not abrupt border of the space charge region. The metal contacts do not

fully surround the NW (no metal is below the NW) leading to an inhomogeneous

depletion zone. However, the underlying mechanism could not be clarified by

these measurements.

6.3.2. NWs with long contact regions

To overcome the problem discussed above, the highly doped contact regions of the

NWs were extended to avoid direct contact between the center part of the NW

and the metal contacts. The growth duration for base, center, and top part was

180 min, 55 min, and 110 min, respectively, resulting in the same overall growth

duration as for the structures with short contact regions. The Si flux for both end

regions was identical (TSi = 1160◦C, BEPSi = 8.0×10−10 mbar). Sample numbers

and doping levels are summarized in Tab. 6.3.
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6.3. Si-doped GaN NWs for single wire measurements

Table 6.3: Sample numbers, Si doping levels given as BEP and effusion cell
temperature, and NW lengths for the samples with long contact regions.

Sample No. Center doping BEPSi TSi NW length
[10−11 mbar] [◦C] [µm]

180708 - 1.65± 0.08

180608 2.2 980 1.51± 0.09

130508 7.0 1040 1.81± 0.08

Figure 6.12: SEM image of a cleaved edge of sample 130508 recorded at 45◦

inclination.
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in darkness and under UV illumination (253 nm wavelength), in logarithmic scale
(left) and linear scale (right).
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Figure 6.14: I-V curves of a single strongly doped NW (sample 130508) measured
in darkness and under UV illumination, logarithmic scale (left). The inset shows
a SEM micrograph of the contacted wire. Right: Linear scale.

Generally, high Si fluxes lead to a morphological change of the NWs from the

prismatic shape to widening cones accompanied by a reduction of the axial growth

rate (see Section 4.1 and Fig. 4.3, p. 64). Therefore, the average NW length com-

pared to NWs with short contacts is reduced. To avoid a high degree of coalescence

due to the widening of the NW diameter, the nucleation density was reduced. For

that, a relatively high substrate temperature of 790◦C was chosen (the same as for

the short contact NWs) to achieve a delayed NW nucleation (see Section 3.2.2).

After 40 min, the substrate temperature was increased by 15◦C to prevent further

nucleation. A SEM image of the as-grown NWs is shown in Fig. 6.12.

Typical I-V curves are compared for a weakly doped NW (Fig. 6.13) and a

highly Si-doped NW (Fig. 6.14). In contrast to NWs with short contacts, no

annealing was necessary for most samples, as annealing did not increase the cur-

rent. As for the weakly doped samples with short contact regions, the current was

increased under UV illumination.

The asymmetry of the I-V curves could be significantly reduced employing long

contact regions. The strongest improvement was achieved for NWs with undoped

or weakly doped center part (Fig. 6.15). For undoped NWs, the asymmetry factor

was between 1 (symmetric) and 350. For the doped samples, the asymmetry

factors were lower (maximum of 30, average around 4).

6.4. E-beam assisted contacting

For this work, NWs were not only contacted by photolithography, but also by

e-beam assisted platinum deposition. This technique allows to contact individual

NWs which were dispersed on Si wafers with a SiO2 insulating layer. Details

of the sample preparation are described in the Appendix (p. 147). The samples
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Figure 6.15: Forward and reverse currents for NWs with short contact regions
(open symbols, same data as in Fig. 6.7) in comparison to NWs with long contact
regions (full symbols) with the same doping levels in the center part.

were transferred into a SEM system with an add-on that allows to introduce

a metal-organic Pt compound gas through a thin nozzle which can be placed

in close vicinity to the sample surface (Manufacturer: Carl Zeiss). The e-beam

dissociates the gas and metallic Pt is deposited on the desired spots on the sample

(Fig. 6.16). Each contact has to be written individually for each NW limiting the

overall throughput. In this setup, only a Pt precursor could be used. Generally,

due to its work function, Pt forms Schottky contacts on n-type GaN. The recorded

I-V curves clearly reveal this Schottky barrier behavior (Fig. 6.16). Typical I-

V curves for a highly and moderately doped NW are shown in Fig. 6.16 and

Fig. 6.17, respectively.

A comparison of reverse and forward currents for NWs which were contacted

by photolithography as well as by e-beam-assisted Pt deposition is shown in

Fig. 6.18. Only NWs with short end regions were used. The reverse current

at -1 V is plotted as a function of the forward current at +1 V. For the higher

doped samples, the current at 1 V in the e-beam-assisted NWs is systematically

smaller than in the photolithographically contacted NWs. This is due to the

Schottky barrier behavior of the Pt contacts. For higher voltages, the difference

is less pronounced.

99



6. Electrical properties of GaN NWs

1 µm

-2 -1 0 1 2

-0.04

-0.02

0.00

0.02

0.04

0.06

c
u

rr
e

n
t

[m
A

]

voltage [V]

NW4_140408_Pad10

T = RT

white illum.

BEP =5 x 10 mbarSi

-10

Figure 6.16: Left: I-V measurement at a single NW with highly Si-doped center
part (140408) contacted with e-beam-assisted Pt deposition. Right: Correspond-
ing SEM image. The large contacts in the right part of the image were done
photolithographically in a previous step.
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Figure 6.17: Left: I-V measurement at a single NW with moderately Si-doped
center part (070408) contacted with e-beam-assisted Pt deposition. Right: Cor-
responding SEM image.

6.5. Conclusions

Contacting of single NWs is technologically highly demanding. The current tech-

nology (µ-technology) does not prove to be suitable for nanowires. Photolithograpy

– the standard semiconductor manufacturing technology – does not provide suffi-

cient reproducibility and yield. Also e-beam or FIB (focused ion beam) technol-

ogy needs specific improvement. New approaches like dielectrophoretic alingment

(self-alignment of NWs that are dispersed in liquids using AC electric fields) need

to be investigated [Hua01, Hua05]. The dielectrophoretic alignment procedure

and results obtained with the NWs presented in this work are shown in [Sta08].
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Figure 6.18: Comparison of forward and reverse current for NWs contacted by
photolithography (open symbols, same data as in Fig. 6.7), and similar NWs
contacted with e-beam-assisted Pt deposition (full symbols).

Additionally the NWs have to be tailored appropriately with respect to size and

doping levels. In this work it could be demonstrated that the metal-NW contacts

can be improved by highly doped contact regions.

The large variance between individual NWs even from one growth sample is

not only critical for possible applications, but also impairs the interpretation of

the results presented here. Especially the diode-like behavior in these purely

n-type doped structures is not satisfactorily understood. Nevertheless, it was

proven by individually contacted NWs with different Si doping levels that the

conductivity can be varied within several orders of magnitude. At the highest

currents self-heating effects due to the high current density must be kept in mind.

The measured currents were in the range of 10−12 A to 10−4 A at 1 V.
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7. GaN nanodisks embedded in
AlGaN/GaN NWs

Nanodisks (NDs) in NWs can be seen as an analogy to quantum wells in thin films.

During thin film growth, a quantum well can be formed in a stack of layers by a

sufficiently thin layer (a few nm) of the material with lower bandgap energy (EGap)

in between two layers of the higher bandgap material (barrier). Accordingly, the

insertion of a material with lower EGap during NW growth forms a nanodisk.

Whereas the axial dimension can be controlled by the growth duration of the

ND on a single monolayer (ML) level, the lateral dimension is defined by the

NW diameter which is typically in the range of 15 nm to 100 nm for the NWs

presented here. The difference in strain and strain relaxation mechanisms as well

as the exposure of the ND sidewall leads to different properties compared to thin

films.

This chapter focuses on the structural and optical characteristics of GaN/AlGaN

nanowire heterostructures (NWHs). GaN/Al(Ga)N NWHs with embedded GaN

nanodisks were fabricated using the same techniques as the GaN NWs presented

in the previous chapters.

By changing the composition of the AlxGax−1N barrier or the thickness of the

GaN ND, the PL emission energy is modified. For low and moderate Al concen-

trations, the emission energies increase with increasing Al content due to better

confinement. The temperature stability improves and becomes comparable to that

of quantum dots, which are known to be superior to quantum wells [Gui06]. This

makes these structures usable as optical sensors for gas detection at room tem-

perature or elevated temperatures, exploiting the higher sensitivity of nanowire

heterostructures compared to thin films for gases like oxygen [Teu11]. Surface

treatments e.g. covering the NWs with a thin Pt layer can be used to change the

response selectively to hydrogen.

However, for high Al concentrations (above 30% – 35%) the emission energy

decreases again mainly due to internal electric fields (quantum-confined Stark

effect). Furthermore, the temperature stability decreases.

Generally, the emission properties are strongly affected by the strain state of
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Figure 7.1: Schematic drawing of GaN nanodisks embedded in a
GaN/AlxGax−1N nanowire.

the structures. Lateral growth of the barrier material for samples with AlN or

AlxGax−1N with high Al content leads to the formation of a shell. Its thickness

decreases from the bottom to the top part of a multi-nanodisk structure. Due to

shading effects between adjacent NWs the shells are not perfectly homogeneous

from wire to wire. Additionally, the results from three-dimensional numerical

simulations using the actual nanodisk dimensions are presented and compared

with measurements.

7.1. Sample design

For the formation of nanodisks, a base region of GaN nanowires with a length of

350 nm to 400 nm was grown on Si(111), directly followed by the growth of the

quantum well structure (ND region). The resulting diameters of the individual

NWs are distributed in the range of 25 nm – 50 nm. A nine-fold GaN nanodisk

stack (i.e. multi quantum well, MQW) with the same nominal thickness for each

ND in the stack was formed between barriers (spacers) of 7 nm AlN or AlxGax−1N

in different compositions (Fig. 7.1). The ND thickness was varied in the range of

1.2 nm – 3.5 nm. The growth was finished with a 20 nm cap layer of the barrier

material. The respective dimensions were determined by HRTEM analysis(1).

A constant substrate temperature of 775◦C was used for the whole NW het-

erostructure. The substrate temperature was optimized for GaN NW growth (see

Sec. 3.1). The temperature of the Ga effusion cell was kept constant at 1012◦C

(1)TEM analysis shown in this chapter was done at the University of Barcelona (Dept. Elec-
trònica) by the groups of Prof. Joan Ramon Morante and Prof. Jordi Arbiol
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Table 7.1: Al effusion cell temperatures, corresponding beam equivalent pres-
sure (BEP), and Al content x. The Al content x was determined by x =
BEPAl / (BEPAl +BEPGa) with BEPGa = 3.9× 10−7 mbar for all samples. Addi-
tionally, the PL peak emission energy (at 4K) and the corresponding Al content
of the reference samples without NDs is given.

TAl

[◦C]
BEPAl

[mbar]
x from
BEP ratio

PL peak
energy [eV]

x from PL
peak position

1020 1.40× 10−8 0.03 3.52 0.03
1030 1.66× 10−8 0.04
1056 3.30× 10−8 0.08 3.60 0.08
1074 4.70× 10−8 0.11
1092 6.50× 10−8 0.14 3.67 0.13
1110 9.70× 10−8 0.20
1130 1.40× 10−7 0.26 3.99 0.28
1150 2.00× 10−7 0.34
1160 2.30× 10−7 0.37
1170 2.70× 10−7 0.41

(BEPGa = 3.9 × 10−7 mbar) in both the GaN regions and in the AlGaN barriers.

For the formation of AlN barriers, the Al cell was operated at a temperature of

1185◦C (BEPAl = 1.5× 10−7 mbar). For the AlGaN samples, Al was addition-

ally supplied to the Ga flux at cell temperatures between 1056◦C and 1170◦C.

The BEPs (beam equivalent pressures), corresponding Al concentrations x, and

sample numbers are listed in Tab. 7.1 and Tab. 7.2, respectively.

The Al content was determined by two methods: First, the ratio of the BEPAl

to BEPGa was measured by a Bayard–Alpert flux gauge which was positioned

directly under the wafer inside the MBE chamber (see Sec. 2.2, p. 22). Second,

by evaluating the PL spectrum of reference samples. For this purpose, additional

NW heterostructures with 100 nm AlGaN on top of the GaN base part instead of

the MQW structure were grown. The Al content was then calculated from the

position of the AlGaN PL peak using Eq. 1.1 (p. 11) assuming a bowing parameter

of b = 1.3 eV [Ang97]. In the following, the Al concentrations x according to the

BEP ratio are used (Tab. 7.1), which are in good agreement with the optical

measurements.

Low Ga flux samples To realize a reduced Al(Ga)N shell thickness for high Al

concentrations, one set of samples was grown with the Ga flux reduced to 40%

of the previous value. For this, the Ga effusion cell temperature was reduced
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Table 7.2: List of samples discussed in this chapter. See also Tab. 7.1.

TAl

[◦C]
x from
BEP ratio

sample No.
ND-sample

sample No.
ref. sample

1020 0.03 010207
1056 0.08 250908 050207
1074 0.11 290808
1092 0.14 050908 270207

270808
220908

1110 0.20 110908
1130 0.26 120908 250609
1150 0.34 021008
1170 0.41 011008

from TGa= 1012◦C to TGa= 965◦C during growth of the ND part, resulting in a

reduction of the total metal flux and, thereby, reducing the lateral growth. The

obtained structures allow us to discriminate between effects of the shell, the ND

thickness, and the variation in the barrier concentration.

7.2. Structural characterization

Lateral growth For samples with AlN or AlGaN barriers of high Al content,

radial growth of an AlN or AlGaN shell was observed. This has already been

reported in Refs. [Ris05a] and [Tch08] for samples with AlN barriers. In our case

the radial growth rate was 11% of the axial growth for AlN (see Fig. 7.2a-c)

and (5 ± 2) % for Al0.41Ga0.59N (see Fig. 7.2d). Due to the resulting increase

in NW diameter, the diameters of the following NDs in the stack were gradually

increased, whereas the thickness of the individual NDs remained constant. The

lateral growth rate depends on the growth details (e.g. it was 35% in Ref. [Tch08]).

In contrast to Ref. [Tch08], no indication of lateral GaN growth was found. It could

be efficiently suppressed by the high growth temperatures applied in this work.

If the growth conditions for the nanodisk stack are modified by reducing the

total metal flux as described above, the lateral growth is reduced, shown in

Figs. 7.2e and f for a sample with an estimated Al concentration(1) of x = 0.72

(TAl = 1160◦C) and a ND thickness of 2.5 nm (250110). The radial growth rate

was 5% of the axial rate, which is equal to the rate observed already at x = 0.41

(1)See p. 110 for an explanation how the Al content has been estimated.
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a

d e f

10 nm

b c

Figure 7.2: (a) HAADF (high angle annular dark field) TEM image of nanowires
with 9-fold 1.7 nm thick GaN nanodisks embedded in AlN barriers. The GaN
appears bright, the surrounding AlN dark. (b) HRTEM image (bright field) of
the same sample. The ND diameter increases towards the top. (c) Detail view
of b. (d) HAADF contrast-enhanced image of a NW with 41% Al in the barrier.
(e) HAADF image of a sample with an Al content of approx. 72% grown with
reduced Ga flux. (f) HRTEM detail image of the sample from image e.

for those samples grown at regular metal flux, showing that the lateral growth was

efficiently reduced. However, for samples grown at TAl = 1202◦C abrupt widening

was observed, demonstrating that N-rich conditions are crucial to maintain the

NW morphology.

From the results described above it is not certain whether the shell consists of

pure AlN or AlGaN with the same composition as in the barriers. No contrast

difference between the barriers and the shell was observed by TEM, giving evi-

dence that there is no (strong) difference in composition. However, due to the

high sticking coefficient of Al and a high Ga adatom mobility and desorption, Al

enrichment is not unlikely.

While the GaN core exhibits the shape of a hexagonal prism with {1010} planes

(m-planes) as lateral facets, the AlN shell shows a rounded cross-section (Fig. 7.3).

The difference in the cross-section of the prismatic GaN NW core and the cylin-

drical AlN shell directly reflects the difference in surface diffusivity. Accordingly,
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Figure 7.3: TEM cross-section of a GaN NW with AlN shell (sample 100708).
(a) The GaN core forms a hexagonal prism with {1010} planes (m-planes) as
lateral facets. The surrounding AlN shell is more cylindrical with rounded facets.
(b) Corresponding SAED pattern, proving that the sidewalls are m planes; (c)
Bright field TEM image; (d) corresponding HAADF TEM image.

the mobile Ga adatoms either desorb or are incorporated on those crystal facets

which allow minimization of the surface energy under the present growth condi-

tions. In the present case this facet is the c-plane, since no lateral GaN growth

was observed. The surface thermodynamics were found to be anisotropic for Ga

adatoms (see also Sec. 3.5, esp. 58). Contrarily, Al adatoms exhibit a high sticking

coefficient and a low mobility at the growth temperatures applied here and are

therefore incorporated on the spot where they impinge.

Nanodisk shape The GaN/Al(Ga)N interfaces were sharp without signs of Ga-

Al interdiffusion, except for fluctuations on the single monolayer scale. On the

outer edges the disks were slightly faceted. The same facets were observed for the

Al(Ga)N cap layer (Fig. 7.2b,c). According to the inclination angles determined

from TEM images, these facets were attributed to {101n} facets with mainly

n = 2 (angle towards GaN {1010} plane: 46.8◦) and in some cases (see AlN cap in

Fig. 7.2b) also n = 3 (angle towards 1010: 58.0◦). Faceting has also sometimes
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been observed at the top of pure GaN NWs in samples analyzed in this work.

The shape of the ND stack follows the shape (i.e. the faceting) of the NW base

part. Nanodisk faceting has also been mentioned in Ref. [Ris05a], where it was

referred to as “lateral layer bending” without giving further details or assignment

to specific crystallographic planes.

Nanodisk and spacer heights The ND and spacer (barrier) heights in the Al-

GaN series were determined by high angle annular dark field (HAADF) images.

Since the Ga flux was kept constant throughout the growth and Al was addition-

ally supplied for barrier growth, an increasing barrier thickness with increasing Al

concentration was expected. For the highest Al concentration (x = 0.41), the addi-

tional flux should cause an increase of 3 nm to 4 nm in barrier thickness compared

to the sample with the lowest Al concentration. However, a well-to-well distance

of 7.4± 0.5 nm was found, which, within the measurement uncertainty, is equal

to the samples with TAl = 1092◦C and 1130◦C (8.5± 0.6 nm and 8.7± 0.6 nm,

respectively). The absence of a higher axial growth rate might be explained by

lateral growth which is present for the AlGaN part in the TAl = 1170◦C sample.

As an effect of the lateral growth, a constant decrease in spacer height was

observed for the GaN/AlN samples from bottom to top of the ND stack. For

sample 100708 (Fig. 7.2a) the spacer height was 7.4 nm between GaN base and

ND 1, and 6.0 nm between ND 8 and ND 9, which equals a reduction of 19%. The

average spacer height was 6.5 nm. For the Al0.72Ga0.28N sample grown under

reduced flux (250110), this effect was less pronounced (Fig. 7.2e). The spacer

height was reduced by 9% from 7.1 nm (bottom of ND stack) to 6.5 nm (top of

ND stack), with an average spacer height of 6.8 nm.

This indicates diffusion of Al adatoms from the sidewalls to contribute to the

axial growth rate. This effect decreases for larger NW diameters since the NW

sidewalls area scales with the NW radius r, while the top surface scales with r2

(assuming a cylindrical wire), leading to a reduced axial growth rate for thicker

NWs. Accordingly, diffusing adatoms from the sidewall are distributed on a larger

top surface. In contrast to Ga adatoms, it is unlikely for Al adatoms to desorb,

due to their high sticking coefficient. Thus, they can be either be incorporated on

the spot where they impinge, or diffuse to the top or to lower parts of the sidewall.

For those samples grown at a reduced Ga flux, the GaN ND growth duration

was adjusted by the ratio between the standard and reduced Ga flux (1 : 0.4).

For sample 250110, a ND height of 3.5 nm was expected for 70 sec of ND growth.

However, the measured ND height was (2.0± 0.2) nm, which is only 57% of the

expected value. This gives evidence for significant desorption, which is a function
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7. GaN nanodisks embedded in AlGaN/GaN NWs

of substrate temperature rather than the impinging flux. (For the samples grown

at standard Ga flux, the relative influence of desorption is lower. Therefore it is

understandable that no significant differences between the Al content calculated

by flux ratios and the Al content evaluated by PL measurements at reference

samples is found.) For the samples grown at the standard Ga flux (TGa = 1012◦C),

the GaN growth rate was 7.5 nm/min, but only 1.7 nm/min for the low Ga flux

samples. Under the assumption that the growth rate depends linearly on the Ga

flux (justified by N-rich growth conditions), the effective Ga flux is 1.7/7.5 = 0.23.

This means that only 23% of the Ga flux compared to the standard conditions were

present, although the impinging Ga flux was still 40% of the standard flux. For the

low Ga flux samples the effective Ga flux is therefore 3.9×10−7 mbar · 0.23 = 0.88×

10−7 mbar. For the samples grown at BEPAl = 2.3×10−7 mbar (TAl=1160◦C), the

Al content is calculated to 2.3/(2.3+0.88)= 72%. PL Measurements on a reference

sample with thick AlGaN part did not show any AlGaN-related luminescence.

Since the employed setup illuminates the sample at 244 nm (5.1 eV), corresponding

to the bandgap of AlxGax−1N with x=0.7, an Al concentration above 70% must be

assumed which is in agreement with the desorption-corrected calculations above.

Strain distribution Partial strain relaxation of the NDs by formation of mis-

fit dislocations could be observed in Fourier-filtered HRTEM images (Fig. 7.4).

Some of these dislocations are compensated, i.e. a dislocation where two crystal

lattice planes merge into one is accompanied by a second dislocation nearby at the

same GaN/AlN interface where one crystal plane is split into two. However, some

dislocations remain uncompensated. The difference in the lattice parameter a of

GaN and AlN is 2.4% (see Tab. 1.1, p. 9). Hence, the length of 42 lattice planes of

GaN is almost equal to the length of 43 lattice planes of AlN (1−43/42 = 0.0238).

In Fig. 7.4 an example is shown, where 42 lattice planes of GaN are matched to 43

lattice planes of AlN, indicating an almost complete strain relaxation. However,

not all GaN/AlN interfaces exhibited this degree of relaxation. The formation

of dislocations was enhanced for the samples with larger NDs (150908, 080908)

compared to the sample with 1.2 nm thick NDs (160908), where no dislocations

were observed and completely pseudomorphic growth occurs.

Additionally, contrast changes in bright field STEM images reveal the presence

of strain inside the GaN base region (Fig. 7.5). Corresponding electron energy

loss spectrum (EELS) line scans were recorded along the NW growth axis. The

intensity of the Al signal rises from the NW base to the top. The amount differs

between individual NWs. Typically, very little Al is found in the lowest 100 nm.

The inhomogeneous shell thickness results in an inhomogeneous strain distribution
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10 nm

5 nm42

AlN AlN
GaN GaN

43

Figure 7.4: Top: HRTEM image of the two topmost GaN NDs of a 9-fold
ND stack embedded in AlN barriers (sample 180908). Bottom: Fourier-filtered
detail from left image which highlights the (1100) planes. Misfit dislocations are
marked with open colored circles, planes that continue regularly over the GaN/AlN
interface are marked with solid black (inside AlN part) and white (inside GaN
part) circles. For 42 marked GaN planes, one additional AlN plane is inserted.
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Figure 7.5: (a) False color HAADF image of a GaN/AlN NW with 2.5 nm thick
NDs (sample 150908). (b) Corresponding HAADF image (AlN: bright; GaN:
dark) and (c) BF STEM image (GaN: bright; AlN: dark). (d) Al/Ga relative
concentration along the line highlighted in (a) using EELS. The Al signal decreases
along the NW base from top to bottom. However, there is still Al present even at
the lower end of the NW.

in the GaN base, which is also reflected in emission broadening in ensemble PL

measurements (see Sec. 7.3).

Geometrical model for shell formation and lateral growth Thickness inho-

mogeneities of the AlN shell can be understood by purely geometrical reasons as

explained by Foxon et al. [Fox09]: When the growth of the Al(Ga)N-containing

ND part is initiated, a dense “forest” of about 310 nm to 380 nm high GaN NWs

is already present. The typical gap between two NWs is approx. 50 nm (as de-

termined from top-view SEM images). Due to the design of the MBE chamber,

the adatoms impinge under an angle tilted by 30◦ from the substrate normal (the

angle of the effusion cells towards the substrate normal). For the above mentioned

NW dimensions and spacings (NW height of 350 nm, wire-to-wire spacing 50 nm),

this angle had to be lower than 10◦ for the adatoms to reach the substrate. At

30◦ impinging angle, on the average only the topmost 100 nm of the NW are di-

rectly reached by the impinging beam. Taking the high sticking coefficient and

low mobility of Al adatoms into account, this explains the partial absence of an
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7.3. Optical characterization

Table 7.3: Nanodisk thicknesses and sample numbers. The actual ND thicknesses
were measured by HAADF TEM imaging.

nominal
ND thickness
[nm]

actual
ND thickness
[nm]

sample No.
Al0.14Ga0.86N
barriers

sample No.
AlN barriers

1.5 1.2 050509 160908
2 1.7 050908 080908
3 2.5 190908 150908
4 3.5 260908 180908

Al(Ga)N shell in the lowest part of the NWs and an increase of the Al(Ga)N shell

thickness towards the NW top. However, a certain degree of Al adatom mobility

was observed by (i) the presence of the shell also in the lower NW part (even

though with reduced thickness), (ii) a reduced barrier growth rate when the NW

diameter is enlarged (see p. 109).

Following these geometrical considerations [Fox09], a lateral growth rate of 18%

is evaluated (cylindrical wire, 30◦ impinging angle, rotated sample, no desorption,

no diffusion between top and side walls included). Considering a partial shielding

of the sidewall by neighboring NWs and/or some degree of diffusion along the

sidewall, this lateral growth rate is lowered and therefore the above mentioned

lateral growth rate (11% of the axial rate) can be explained by geometrical effects.

Foxon et al. additionally pointed out that, due to the fact that Ga and N are

usually supplied from different directions, Ga adatoms at the sidewall might not

meet nitrogen atoms directly and can therefore diffuse or desorb before being

incorporated. At the top surface, both species are present simultaneously.

7.3. Optical characterization

In this section, the photoluminescence properties of GaN/AlGaN ND structures

are discussed regarding the influence of well thickness and Al concentration in the

barrier. An overview of the samples analyzed in this section is given in Tab. 7.3

for samples with varied ND height and in Tab. 7.2 for samples with varied Al

content in the barrier.
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7. GaN nanodisks embedded in AlGaN/GaN NWs

7.3.1. Influence of nanodisk thickness

Samples with Al 0.14Ga0.86N barriers The low-temperature PL emission has

two main contributions:

• The emission band around 3.4 eV and 3.5 eV originates from the GaN base

part. The emission peak is broadened compared to pure GaN NWs.

• The ND-related peak. Its intensity exceeds the bulk GaN emission by about

one order of magnitude.

This ND-related peak was blueshifted from 3.53 eV to 3.64 eV with decreasing

well thickness from 3.5 nm to 1.2 nm (Fig. 7.6). Due to quantum confinement

effects the excitonic emission is blueshifted compared to the emission in bulk

GaN.

The FWHMs of the ND peak were in the range of 30 meV to 39 meV for the three

thicker NDs, and 51 meV for the 1.2 nm NDs. For the latter sample, the effect of

monolayer thickness fluctuations is more pronounced and can possibly explain the

broadening. The different contributions of the bulk GaN near band edge emission

(see Sec. 5.2.1, p. 73) could not clearly be separated. The FWHMs of the composite

emission peak were in the range 54 meV to 62 meV. In comparison, a FWHM of

2 meV was found for pure (strain free) GaN NWs (see Sec. 5.2.1, p. 74). This

highlights the effect of strain inhomogeneities in these heterostructures already on

the emission of the GaN base part.

A decrease of emission intensity with decreasing well width for samples with

28% Al in the barrier has been reported by Ristić et al. [Ris05a]. In our samples

with 14% Al no significant change of the intensity with changing ND thickness

was found.

Samples with AlN barriers In the low-temperature PL spectra of ND sam-

ples with AlN barriers a much stronger shift of the emission peak with varied

ND height compared to the AlxGax−1N (x=0.14) samples is observed (Fig. 7.7).

Contributions from the GaN base region (that do not shift with the well thick-

ness) at 3.47 eV and around 3.27 eV could be identified. Additionally, there is a

weak broad contribution around 2.38 eV, which is present also in n.i.d. GaN. Due

to the relatively weak ND emission compared to samples with low Al content it

seems more pronounced here. This so-called yellow or green luminescence (YL,

GL, depending on the actual peak center) is most likely due to point defects (like

a VGa - ON complex) [Res05].

The energetic position of the ND-related emission redshifts with increasing well

width from 3.97 eV to 2.71 eV (0.76 eV below the band edge of bulk GaN), showing

that a relatively wide energy range can be covered with the GaN/AlGaN system.
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Figure 7.6: PL of four GaN/AlxGa1−xN (x = 0.14) NWs with different well
thicknesses. For comparison, also the emission of pure n.i.d. GaN NWs is shown.
Curves are vertically shifted for clarity.

The energy of the ND emission peak as a function of the ND thickness is com-

pared in Fig. 7.8 for the set of samples containing pure AlN barriers (samples

from Fig. 7.7) to those containing AlxGax−1N (x = 0.14) barriers (samples from

Fig. 7.6). For both barrier types, the energy constantly shifts towards lower en-

ergies with rising well thickness. Whereas for the AlGaN barrier samples the

emission energy is always above the GaN bandgap, this is only valid for thin NDs

(1.2 nm and 1.7 nm) in the case of AlN barriers. For thicker NDs (2.5 nm and

3.5 nm) the emission energy is below the GaN bandgap, indicating the presence of

the quantum-confined Stark effect (QCSE). These results are in agreement with

those published by Renard et al. [Ren09]. Small deviations from our results could

be caused by the differences in the sample structure (single GaN ND with 10 nm

AlN barriers in Ref. [Ren09]). The redshift in GaN/AlN ND structures was found

to be less pronounced than in GaN/AlN quantum well layers [Ade03] indicating

that internal electric fields inside the NDs are lower than inside quantum wells of

the same thickness.

Comparison with a 2D quantum well We compare the data with calculated

results for a standard quantum well (box potential with finite barrier height),

disregarding any strain or polarization effects (solid lines in Fig. 7.8). It must be

pointed out that this does not mirror the real ND structure which needs a full 3D
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Figure 7.7: PL of four GaN/AlN NWs with different well thicknesses as given
in the plot. The nanodisks related emission is indicated by arrows. The vertical
lines at 3.47 eV and 3.2 eV mark emission from the GaN base. Curves are shifted
vertically for clarity.

simulation. However, it allows comparison with a well-known model system and

fitting of the data with an effective electrical field as the only parameter.

The energy eigenstates can be calculated by numerically solving the equation

√

S − y2

y
= tan(y) (7.1)

with the dimensionless variables

S = −
2m∗

eV0L

4~2
and y =

q · L

2
(7.2)

with m∗
e the effective electron mass (m∗

e,GaN = 0.2 ·m0), V0 the depth and L the

length (i.e. ND height) of the potential well [Fli00]. The wave vector q for the

bound state is connected with the ground state energy by the following relation

E0 =
~
2q2

2m∗
e

(7.3)

For calculating the electron (and hole) wave functions one has to know the

band alignment, i.e. the bandgap discontinuities between the conductions (va-
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Figure 7.8: Evolution of emission energy with well thickness for samples with
AlN barriers (full circles) and AlxGax−1N (x = 0.14) barriers (full squares). Thin
lines are calculations for rectangular quantum wells, and thick lines for the same
wells with additional electrical field present. For comparison, also data of GaN
NDs inside AlN barriers from Ref. [Ren09] (open triangles) and from AlN/GaN
quantum well layers [Ade03] (open circles) is shown.

lence) bands. A conduction (valence) band discontinuity of 75% (25%) of the

GaN to AlGaN bandgap difference was selected [Kin98, Mar96, Wes06]. The

ground state energy is given by the GaN bandgap plus the energies of the first

bound state in the conduction and valence band quantum well. Additionally an

effective electrical field Veff was assumed (E0,field = E0−Veff ·L) and its value fitted

to the PL data points.

For our AlN samples, the PL data could be reproduced with an effective field of

2.7 MV/cm, showing that polarization effects (either due to strain or the difference

in spontaneous polarization between AlN and GaN) play an important role in

this case. The data for the AlxGax−1N (x = 0.14) samples, however, could be

well reproduced without an electric field. For comparison, the calculation for an

effective field of 0.1 MV/cm is also shown. For GaN/AlGaN thin film quantum

well layers with x = 0.17, Grandjean et al. [Gra99] reported a much stronger built-

in electric field of 0.71 MV/cm. An apparent reduction of the electric field in NWs

compared to thin films is also reported in Ref. [Zam05], where for NDs embedded

in AlxGax−1N (x = 0.28) barriers, an electric field of 0.4 MV/cm was extracted,
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which is only one third of the value that has been calculated for pseudomorphically

grown GaN/AlGaN quantum well layers with the same Al concentration [Fio99].

7.3.2. Influence of barrier composition

The PL emission energy from the NDs can also be influenced by variation of

the Al content in the barrier, i.e. the Al flux during growth (see Fig. 7.9). An

increase of the Al concentration from 8% to 34% resulted in an increase of the

emission energy from 3.53 eV to 3.73 eV, which is due to a stronger confinement.

The emission intensity exceeded the emission from the GaN NW itself (3.40 eV –

3.47 eV) by a factor of 7± 2 for the samples up to x = 0.34.

However, a further increase of the Al concentration lead to a decrease of the

emission energy to 3.66 eV for the sample with 41% Al and 3.63 eV for the sample

with AlN barriers, respectively. For these Al concentrations, the ND emission

intensity was strongly reduced. This is caused by the quantum-confined Stark

effect (QCSE) and shows the presence of large electric fields which originate from

the differences in the spontaneous polarization between well and barrier material

and the piezoelectric polarization due to strain. The QCSE also leads to a spatial

separation of photo-generated holes and electrons, quenching the light emission

intensity.

A steady increase of the full width at half maximum (FHWM) throughout the

whole composition range was observed (open symbols in Fig. 7.10). The FWHM

was as low as 18 meV (at 4K) for the sample with the smallest Al concentration

and increased with increasing Al concentration up to 100 meV (Fig. 7.10) for the

sample with x = 0.34. For the AlGaN sample with the highest Al concentration

investigated (x = 0.41), a more pronounced increase of the FWHM to 180 meV was

found. The FWHM of the AlN barrier sample was 260 meV.

Measurements on single NWs (or a bundle of a few coalesced NWs) exhibit sev-

eral narrow lines distributed over an energy interval that corresponds to emission

distribution of the ensemble measurements [Rig10d, Rig10c, Rig10b]. These lines

can be attributed to the emission of individual NDs within one NW. For com-

parison, reference samples containing only one ND instead of the 9-fold multi ND

stack were grown. Only one sharp ND-related PL emission line is recorded for a

single NW (Fig. 7.11).

7.3.3. Temperature dependence

For samples with low Al content, the emission intensity strongly decreases when

increasing the temperature from 4K to RT. However, the temperature stability
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Figure 7.9: PL spectra (at 4K) of samples with AlGaN barriers with Al content
varying from 8% to 41%. The vertical line at 3.47 eV marks the position of the
excitonic recombination in pure GaN NWs. Curves are shifted vertically for clarity.
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Figure 7.10: PL peak position and corresponding FHWM of the nanodisk peak
as a function of the Al content in the barrier in samples with 1.7 nm thick GaN
NDs (Fig. 7.9).
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Figure 7.11: PL spectra of a NW ensemble (black line) and a single NW (red
line) from the same sample. The green line corresponds to a single NW with only
one ND grown at the same parameters [Rig10d]. Only one sharp emission line is
recorded (FWHM 7 meV).

continuously increases with increased Al content up to x = 0.26 (Fig. 7.12). The

room temperature (300 K) intensity of the sample with x = 0.26 (x = 0.14) was 23%

(0.3%) of the 3.3 K intensity, respectively. Whereas for the x = 0.14 sample the

temperature dependence is comparable to GaN quantum wells in thin AlN films,

it is comparable to GaN quantum dots in AlN matrix [Gui06] for the sample with

x = 0.26.

7.4. Discussion and comparison with 3D

simulations

The key factor to understand the observed behavior is the presence of the Al(Ga)N

shell. It influences the strain state of the individual NDs. To simulate the struc-

tures(1), the axial and lateral dimensions obtained from TEM analysis were used

as input parameters for a 3-dimensional simulation using NextNano(2). Fig. 7.13a

shows the strain distribution (ezz component of the strain tensor) within a 9-fold

GaN ND stack embedded in AlGaN barriers. Due to lateral barrier growth, the

thickness of the AlN shell increases from the topmost to the lowest ND. Therefore

the strain state of the individual NDs exhibits a strong variation withing the ND

(1)The simulations were performed by Dr. Jörg Teubert at the University of Gießen
(2)See www.nextnano.de for information and tutorials
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Figure 7.12: (a) Normalized PL emission intensity as function of the tempera-
ture for ND samples with different Al content in the barriers. Comparison with
quantum dots and quantum wells according to Ref. [Gui06]. (b) PL curves for the
x=0.26 sample.

stack. While the first ND (close to the base part) is strongly influenced by the GaN

base part and a thick AlN shell, resulting in moderate in-plane compressive strain,

the top ND is highly compressively strained due to the AlN cap layer combined

with a small shell thickness. Fig. 7.13b shows the ezz strain component along the

NW growth axis for four different Al contents in the barrier. The higher the Al

content, the more pronounced is the strain variation. In particular, the c-lattice

parameter in the GaN base decreases considerably due to the vertical compression

induced by the surrounding shell. This can be regarded as the main reason for

the GaN PL emission broadening with increasing [Al], i.e. with increasing shell

thickness (compare Fig. 7.10).

121



7. GaN nanodisks embedded in AlGaN/GaN NWs

-20 0 20 40 60 80 100

20

10

0

-10

-20

e
z
z

/
1

0
0

0

la
te

ra
l
p

o
s
it
io

n
[n

m
]

a)

-20

-15

-10

-5

0

20

10

0

-10

-20

-20 0 20 40 60 80 100

10

8

6

4

2

0

b)

-20 0 20 40 60 80 100

-20

-16

-12

-8

-4

0

4

8

12

[Al]
barr

:

0.1

0.3

0.6

1.0 strain e
zz

e
z
z

/
1

0
0

0

z-position [nm]

z-position [nm]

Figure 7.13: (a) Cross-sectional view of the ezz component of the strain tensor
for a NW with AlN barriers (z axis ‖ growth direction). Both parts of the image
show the same data set. For contrast enhancement, the color scale in each part
was restricted to show the negative (upper part) and positive (lower part) values
of ezz, respectively. White dotted lines indicate the outer boundaries of the NW.
(b) Distribution of the ezz component of the strain tensor along the NW growth
axis for four different [Al] in the barrier.

122



7.4. Discussion and comparison with 3D simulations

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

reduced shell

Experiment (error bars: FWHM)

3D-sim: Variable AlGaN shell, individual NDs

3D-sim: No shell

tr
a

n
s

it
io

n
e

n
e

rg
ie

s
[e

V
]

Al-content in barriers

sample with

Figure 7.14: Comparison of the PL emission energy (open circles) and FWHMs
(error bars) of the GaN/AlGaN ND samples with 3-dimensional simulations with
(full circles) or without (full squares) shell. The eigenstates for several disks in
the 9-fold nanodisk stack (disk number 2, 5, 7, and 9) were calculated, showing
that the individual disks emit at different energies.

Additionally to strain effects, the surface band bending at the GaN sidewalls (see

Sec. 6.1, p. 85) is altered due to the Al(Ga)N shell. While for a thin lateral shell

([Al] < 0.3) the lateral confinement potential for electrons shows a minimum at

the NW center [Riv07, Fur11], the curvature becomes non-monotonous for higher

[Al] with a ring-shaped minimum relatively close to the NW sidewall (see [Fur11]

for further details, esp. Fig. 8 therein). This band bending leads to a lateral field

gradient inside the NDs. Earlier publications took a lateral strain gradient into

account (“strain confinement”), however no shell was considered [Ris05b, Riv07].

The variation of the PL emission energy with Al content could be well repro-

duced (Fig. 7.14). The calculations were performed for several NDs in the 9-fold

ND stack (number 2,5,7,9). The higher the Al content, the stronger were the

differences between the individual NDs, explaining the continuous increase of the

FWHM of the PL emission. The emission energy maximum was found at x = 0.35 –

0.4, which is in good agreement with the PL data. For this Al concentration, the

lateral strain gradient is minimized, leading to almost flat-band conditions. Fur-

thermore, the dispersion along the NW axis is minimized. This leads to an ideal

overlap of the electron and hole wave function not only for one individual ND,

but for all NDs within the multi ND stack.

In contrast to this, calculations for structures without shell revealed a contin-
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7. GaN nanodisks embedded in AlGaN/GaN NWs

uous decrease of the PL emission energy with rising Al content (full squares in

Fig. 7.14). For a sample with reduced shell and x = 0.72 (see p. 105), a PL emis-

sion energy of 3.22 eV was found. This is close to the calculated value for a sample

without shell.

7.5. Conclusions

In conclusion, we have successfully grown GaN/AlGaN and GaN/AlN nanowires

with embedded GaN nanodisks. Lateral growth of the AlN part (and AlGaN

with high Al content) was observed, leading to the formation of core-shell wires,

whereas there was no lateral GaN growth. This directly reflects the different

adatom kinetics between Ga and Al. Thickness inhomogeneities of this Al(Ga)N

shell (mainly caused by shadowing effects due to the high NW density) give rise to

strain inhomogeneities which are the most likely the reason for PL emission line

broadening. The presence of the shell strongly influences the strain and the emis-

sion properties. The emission energy can be controlled by the nanodisk thickness

or the Al concentration in the barriers. It could be shown that for low Al content

in the barrier (x≤ 0.34) the ND emission energy rises with increasing Al content,

showing that the energetic position is dominated by the confinement, whereas for

higher Al content the ND emission energy decreases, indicating the influence of

the quantum-confined Stark effect (QCSE). Samples with an Al content around

x = 0.26 exhibited the highest temperature stability of the PL emission, which is

similar to GaN quantum dots. For this Al concentration, the simulations revealed

practically flat-band conditions and thereby an optimum overlap between electron

and hole wave functions.
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8. InGaN nanodisks embedded in
GaN NWs

In this chapter the growth conditions for InGaN/GaN nanowire heterostructures

are evaluated and results from structural (TEM, SEM) and optical (PL) character-

izations are discussed. The structures were designed in analogy to the GaN/AlGaN

heterostructures (cf. Chapter 7). Changing the active material from GaN to In-

GaN allows a reduction of PL emission and excitation energies. This is favored for

the application of these structures as a DOTSENSE sensor as it avoids the need

for deep UV excitation sources, which still suffer from low output power, limited

lifetime, and high costs(1).

The structures were mainly grown on Si(111). Additional samples were grown

on Si-buffered sapphire wafers (cf. Sec. 3.3, p. 45) to allow illumination and emis-

sion detection from the backside for compliance with the DOTSENSE specifica-

tions (p. 15).

Reports on MBE growth of GaN/InGaN nanowires with embedded NDs and

their emission properties were to our knowledge first presented by the group

of K. Kishino, which has shown NWs with tunable emission in the range of

530 nm to 645 nm (2.34 eV – 1.92 eV) [Kik04]. A more recent publication [Kik06]

demonstrates that the accessible wavelength regime can be expanded from 436 nm

(2.85 eV, blue) to 614 nm (2.02 eV, red). Additionally, InGaN NDs with high In

content emitting in the infrared range of 1500 nm to 1920 nm (0.83 eV – 0.65 eV)

were reported [Kou06]. However, in all these reports no structural characterization

was presented, leaving the question of the actual shape of the InGaN inclusions

unanswered.

Before 2002, a value for the InN bandgap of 1.8 eV was generally accepted.

However, later it could be shown that the measured bandgap in thin films depends

(1)Commercially available 245 nm LEDs cost around 360 EUR (optical output power 0.07 mW
at 150 mW electrical power consumption, typical lifetime 50 h). Compare this with 375 nm
LEDs (32 EUR, optical output power 200 mW, electrical power consumption 1 W, lifetime
of more than 10’000 h) or 440 nm LEDs (12 EUR, optical output power 380 mW, electrical
power consumption 1 W). Prices and data from Roithner Laser (www.roithner-laser.com), as
of Aug. 2013.
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8. InGaN nanodisks embedded in GaN NWs

strongly on the carrier concentration. This is due to the low electron effective

mass leading to rapid filling of the conduction band (low density of states) for high

charge carrier concentrations which are often present in InN due to defects [Dav02].

Additionally, structural characterization of InN/InGaN by TEM is difficult since

typically used e-beam intensities already induce damage (like Indium clustering)

in the material [Sme03, Sme06].

There is also a tendency for phase separation (limited miscibility) for InxGax−1N

during growth or at a later annealing step [Ho96, Sin97, Gan08] or interdiffusion

at the GaN/InGaN interface, which was also observed in the samples in this work

(cf. Sec. 8.2.2). These effects depend strongly on the applied growth conditions

(substrate temperature, fluxes) and make it difficult to control the In content and

the homogeneity of the samples.

8.1. Design of the samples and growth parameters

The main challenge for the growth of GaN/InGaN heterostructures is the large

difference in growth temperatures between the two materials. InGaN decompo-

sition can occur at the optimum GaN nanowire growth temperature of 770◦C –

780◦C. For pure InN (GaN), decomposition is reported for temperatures above

630◦C (850◦C) [Amb96]. Therefore, the GaN base region of the structures inves-

tigated here was grown at 772◦C, whereas for the nanodisk part (both for the

InGaN NDs and the GaN spacers) a reduced growth temperature was chosen (see

Tab. 8.1 for details). This reduction of temperature leads to degraded quality of

the GaN spacers (high density of stacking faults, cf. Sec. 8.2.2).

Nanowires with multiple thin InGaN inclusions (“nanodisks”(1)) between GaN

barriers (Fig. 8.2a) and additional nanowires with a single thick InGaN top part

were grown (Fig. 8.2b) as reference samples. To analyze the influence of reduced

substrate temperatures on the growth of GaN, GaN NWs with a low-temperature

GaN top part were also grown (Fig. 8.2c).

The nanodisk stack consists of nine periods of InGaN with constant nominal

thickness embedded into GaN spacers (thickness 5 nm to 10 nm). The InGaN ND

height was varied from 1.3 nm to 4 nm. The cap layer consisted of 20 nm GaN.

First, GaN NWs were grown as base part for the heterostructures at a substrate

temperature of Tsub,1 = 772◦C for 55 min. The growth was then interrupted to re-

(1)We call them nanodisks in analogy to the previous chapter. However, as it is shown in the
following, their shape differs from the GaN nanodisks in the GaN/AlGaN samples presented
in the previous chapter.
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500 nm
GaN

InGaN

Figure 8.1: SEM image of GaN/InGaN NWs (sample 040609) grown on Si(111)
taken at 45◦ inclination. The transition between GaN base and InGaN part is
exemplary marked with dashed lines for some NWs. The upper part (InGaN) is
slightly widened.

Si(111) substrate

GaN

low T-GaNGaN barrier (7 nm)

InGaN ND (1.3 - 4 nm)

GaN base

GaN cap

[0001]
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InGaN

a) b) c)

Figure 8.2: Schematic of view the different NW designs. (a) GaN NW with
InGaN nanodisks (b) GaN NW with thick InGaN top part (c) GaN NW with
low-temperature top part.

duce the substrate temperature for the heterostructure part (temperature ramp

15◦C/min). The heterostructure part was grown at a constant substrate temper-

ature of Tsub,2 which was in the range of 530◦C – 595◦C (see Tab. 8.1 for data of

the individual samples).

Ga was supplied by a standard effusion cell operating at TGa = 1012◦C (beam

equivalent pressure BEPGa = 3.9 × 10−7 mbar) both for the GaN and the InGaN

regions. Nitrogen background pressure and plasma source operation power was

2.7× 10−5 mbar and 425 W, respectively. For the InGaN regions, the In flux was

additionally provided by an In effusion cell operating between TIn = 660◦C and

TIn = 780◦C (BEPIn = 1.1× 10−8 mbar to BEPIn = 1.6× 10−7 mbar). A change of

30◦C changes the In flux by a factor of 2.

Additionally, samples with reduced Ga flux were grown, since for samples grown

with a relatively high In flux widening of the NW diameter at the beginning of

the heterostructure part was observed (Fig. 8.1). Therefore, the Ga flux was

reduced by a factor of two to 1.8× 10−7 mbar during growth of the InGaN section
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8. InGaN nanodisks embedded in GaN NWs

Table 8.1: Growth parameters for the samples discussed in this chapter. The
substrate temperature, In and Ga effusion cell temperatures during growth of the
heterostructure part are given. Sample No. 100610 was grown on sapphire with
Si nitride buffer, all other samples on Si(111). ND thicknesses are nominal values.

Tsub,2

[◦C]
TIn

[◦C]
TGa,2

[◦C]
base part du-
ration

InGaN part sample No.

595 780 1012 75 min GaN 30 min InGaN 040609
595 750 1012 75 min GaN 30 min InGaN 090609
530 780 1012 70 min GaN 9× 4 nm InGaN 020709
590 720 1012 40 min GaN 30 min InGaN 220909
565 692 973 55 min GaN 30 min InGaN

+ 9× 2 nm InGaN
110210

565 692 973 55 min GaN 30 min InGaN 100310
565 692 973 55 min GaN 9× 2 nm InGaN 150310
565 780 1012 55 min GaN 9× 4 nm InGaN 010410
595 695 1012 55 min GaN 9× 4 nm InGaN 070410
595 780 1012 55 min GaN 9× 4 nm InGaN 090410
625 780 1012 55 min GaN 9× 4 nm InGaN 120410
565 780 1012 55 min GaN 9× 3 nm InGaN 150410
565 780 1012 55 min GaN 9× 2 nm InGaN 190410
565 780 1012 55 min GaN 9× 1.3 nm InGaN 260410
555 755 982 60 min GaN 9× 4 nm InGaN 100610

by lowering the Ga effusion cell temperature from 1012◦C to 973◦C. This avoids

metal-rich (or less N-rich) growth conditions. The respective growth parameters

are also listed in Tab. 8.1.

8.2. Morphological properties

8.2.1. Morphology and defects of low-temperature GaN

To asses the influence of the lowered substrate temperature on GaN growth (i.e.

the formation of stacking faults), test structures consisting of the GaN base part,

followed by a low temperature GaN top were grown (Fig. 8.2c). They can be

regarded as GaN/InGaN heterostructures without InGaN disks. These samples

were analyzed by SEM and PL. The growth duration was 55 min for the base

part, and 25 min for the low-temperature GaN part plus an interruption for the

temperature ramp. The Ga flux and the N flux were kept constant (TGa = 1012◦C,
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Table 8.2: Growth parameters for the low-temperature GaN NWs and compa-
rable GaN/InGaN heterostructures with 9-fold InGaN NDs with 4 nm nominal
thickness. The substrate temperatures (Tsub) and the substrate heater setpoints
(Th) are given for the base (,1) and top part (,2), respectively.

Tsub,1

[◦C]
Tsub,2

[◦C]
Th,1

[◦C]
Th,2

[◦C]
TIn

[◦C]
sample No.

772 560 863 580 — 231110
772 595 860 630 — 021210
772 630 860 680 — 151210
772 560 859 580 780 010410
772 595 859 630 780 090410

b)

a

400 nm

b

400 nm

c d

400 nm 400 nm

e

400 nm

T =sub,2 560°C 595°C 630°C

GaN/
InGaN

GaN/
lT-GaN

Figure 8.3: SEM images of GaN/InGaN heterostructures (a: 010410, b: 090410)
and low-temperature GaN NWs (c: 231110, d: 021210, e: 151210) taken under
45◦ inclination. See Table 8.2 for sample details.

pMBE = 2.7 × 10−5 mbar, i.e. the same values as for the GaN/InGaN samples).

The growth parameters are listed in Tab. 8.2.

Abrupt widening of the NW diameter is observed for the GaN samples at the

onset of the low-temperature region. It is more pronounced for lower Tsub,2, but

still present at the highest substrate temperature of Tsub,2 = 630◦C (Fig. 8.3c-e).

In contrast, the GaN/InGaN NWs exhibit a much lower degree of widening. It

is only visible in the sample grown at Tsub,2 = 560◦C (Fig. 8.3a). The presence
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Figure 8.4: Room-temperature PL of three GaN/low-temperature GaN NW
samples (see Table 8.2) and one GaN reference sample grown under optimized
conditions (010710). Curves are vertically shifted for clarity.

of In enhances the Ga adatom mobility. This surfactant effect is described in the

literature (see [Neu03] and references herein). The actual effect strongly depends

on the specific growth conditions (i.e. V-III ratio, In flux, etc.). For high In

flux and at N-rich conditions, an instability of the c-plane surface and faceting

(especially the formation of In-covered GaN {1101} surfaces) was calculated by

first-principle methods [Neu03, Nor99]. This might explain the faceting of the

InGaN nanodisks that was observed in TEM analysis (see Sec. 8.2.2).

The room-temperature PL intensity of the 3.41 eV emission increases monoton-

ically when Tsub,2 is raised. This is accompanied by a decrease of the 3.21 eV

emission. A reference sample (growth of 90 min n.i.d. GaN at Tsub,1) does not

emit in this region (Fig. 8.4). The 3.21 eV room temperature PL emission is

present in pure GaN samples when the growth is carried out at too low sub-

strate temperatures. This energy corresponds to the bandgap of cubic GaN

[Lei92, Rin08, RF94]. Basal plane stacking faults leading to cubic inclusions were

observed in the GaN/InGaN samples by HRTEM (see Sec. 8.2.2). Recently, it

was reported that a strong reduction of the substrate temperature from 850◦C to

580◦C during growth of undoped GaN NWs has promoted the change from the

hexagonal phase to the cubic phase, with the two phases separated by a transition

zone containing stacking faults [Ren10].
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Figure 8.5: Schematic diagram of the InGaN nanodisk shape. Filled areas:
Bottom of nanodisk, {101n} surfaces in dark gray, (0001) surface in light gray.
Wire frame structure: Nanodisk, the sidewalls are {1010} planes.

8.2.2. Structural characterization of nanodisk samples

In the GaN/AlGaN nanostructures, flat GaN disks with sharp interfaces and

constant thickness along the NW radius were observed throughout the whole

AlxGax−1N concentration range with only slight faceting. The morphology of

the InGaN inclusions is different. Faceted ND top surfaces lead to a truncated

pyramidal shape and dome-like morphology (Fig. 8.5). Additionally, indium dif-

fusion into the GaN barriers was found by EELS. A similar shape was recently

reported for 7 nm high InGaN nanodisks with approx. 15% to 25% In [Cha10].

Indium distribution profiles obtained from HRTEM images from these samples

revealed the formation of In-rich clusters inside the NDs.

For high In contents, the NDs could be clearly resolved by TEM (Fig. 8.6).

The measured heights of the NWs (sample 010410) were 330 − 380 nm, with the

majority reaching a height of (356±16) nm. The height of the GaN base part was

(255± 17) nm. The NW diameter increased from the bottom (20± 5) nm to the

top (44± 8) nm. The heights of the NDs and the spacers are constant throughout

the 9-fold stack. The measured ND heights were (3± 0.7) nm, and the ND-to-ND

distance (11.5± 0.2) nm, leading to a GaN spacer height of 8.5 nm. The cap layer

was 14 nm. This is slightly lower than the nominal values given in Tab. 8.1. A

growth rate of 6.0 nm/min was calculated for the InGaN disks (5.1 nm/min for the

GaN spacer; 4.5 nm/min GaN cap) by using the measured heights and the growth

durations of 30 sec for each InGaN disk (100 sec for each GaN spacer; 180 sec for

the GaN cap). Since In was added to a constant Ga flux during ND growth, a

higher growth rate for the NDs is expected.

Basal stacking faults (BSFs) were observed in the majority of the NWs (Fig. 8.6c),

residing in the InGaN ND/GaN structure rather than in the GaN base part. Their

typical density was 7.8× 105cm−1. The stacking fault formation can be explained

by the low growth temperature for the GaN spacers (see Sec. 8.2.1).

Based on the ELNES (energy loss near edge structure [Mai09]) spectra from
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Figure 8.6: TEM images of sample 010410 taken along the
[

1120
]

GaN zone
axis. (a) HAADF Z-contrast STEM showing the overall morphology with bright
layers corresponding to InGaN NDs. (b) Detail view of ND region from image a.
(c) Cross-section TEM showing stacking faults (some are marked with arrows).
(d), (e) HRTEM images with InGaN in dark.

the CK- absorption edge, NK-edge, InM4,5-edge, and GaL2,3-edge of the GaN NWs,

the ratio of the GaL2,3/NK edge was calculated at 0.7755 ± 0.0006 indicating an

indium content of 22% in the ND for sample 010410. Additionally, an analysis

of the strain / interatomic distances in HRTEM images of this sample reveals an

average strain of the InGaN NDs of (4.0 ± 0.7)%, taking the GaN base part as

zero strain reference. No misfit dislocations were observed. This can be converted

into an In content of 28%. Both techniques lead to quite good agreement.

In comparison to sample 010410, sample 090410 was grown at a higher substrate

temperature (∆Tsub,2 = 30◦C). The heterostructure part started with the first

InGaN ND, whereas it started with a low-temperature GaN barrier in 010410.

The omission of a first low-temperature GaN barrier might be the reason why

faceting of the sidewalls is not detectable for the first ND in contrast to sample

010410 (Fig. 8.6d). Bulging out started after the first InGaN disk, whereas it

could be detected below the first InGaN disk in sample 010410 (see Fig. 8.6b),
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8.2. Morphological properties

Figure 8.7: HRTEM images of sample 090410 taken along
[

1120
]

GaN zone axis.

exactly at the beginning of the low-temperature GaN part. Undoped GaN NWs

grown at a high substrate temperature (as the GaN base part) normally do not

show faceted top surfaces. In sample 090410, the degree of faceting gradually

increases from the lowest to the topmost ND. In the lower part of the ND stack,

the nanowire diameter widens when going to the NW top. The lateral growth

reduces the GaN spacer height from 14.5 nm between ND 1 and 2 (see Fig. 8.7)

to 11 nm between ND 4 and 5. Whereas the interface between a GaN spacer and

the InGaN ND above is relatively sharp, the interface between an InGaN ND

and GaN spacer above is blurred. This is due to In diffusion as the effect of the

substrate temperature which is too high for InGaN but relatively cold for GaN

(i.e. no Ga diffusion into InGaN NDs). The diffusion is stronger than in sample

010410 which can be directly attributed to the higher substrate temperature.

A growth rate of 5.8 nm/min was calculated for the InGaN disks (5.5 nm/min

for the GaN spacers; 4.6 nm/min GaN cap) by using the measured heights and

the growth durations of 30 sec for each InGaN disk (100 sec for each GaN spacer;

180 sec for the GaN cap). These values are similar to those of the 010410 sample.

However, they are lower compared to the GaN growth rates for the GaN/AlGaN

samples (see p. 110) grown with the same Ga effusion cell temperature, but at a

higher substrate temperature. This points to a contribution to the axial growth

rate from diffusion, which is reduced for the InGaN/GaN samples due to a lower

substrate temperature.

Samples with low In content For samples with lower In content, no NDs could

be resolved in TEM analysis. Three samples grown at TIn = 720◦C and different

substrate temperatures (Tsub,2 = 565◦C − 610◦C) were examined. This can be

attributed to a insufficient material contrast for this low In content. The samples,
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In Ga N
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10 nm

Figure 8.8: TEM images of a sample grown at a relatively low substrate tem-
perature of Tsub,2 = 530◦C (sample 020709). InGaN parts appear in bright. (a)
View along the [1100] GaN zone axis (b) View along the [1120] GaN zone axis (c)
View along the [1100] GaN zone axis plus EDX maps for In and Ga. Diffusion of
In into the GaN spacers is observed.

however, exhibit InGaN-related PL emission peaked in the range of 2.4 eV to 2.5 eV

at 4K. For a sample with thick InGaN part (Tsub,2 = 565◦C, TIn = 720◦C), EDX

mapping proved the presence of In and allowed a quantification to approx. 3%.

This sample (011209) showed intense room temperature PL emission at 2.28 eV

(FWHM 230 meV). Using the standard bowing equation (Eq. 1.1, p. 11), the peak

energy corresponds to an In content of 26% in thin films, pointing to the presence

of In-rich clusters.

Influence of low substrate temperature For a lower substrate temperature

of Tsub,2 = 530◦C, abrupt widening of the NW diameter with beginning of the

heterostructure part was observed (sample 020709). For this sample, the het-

erostructure part was started with InGaN (28 sec), followed by 60 sec GaN. This

widening lead to increased coalescence (Fig. 8.8b). EDX analysis revealed that

even at this low substrate temperature In diffusion into the GaN spacer could not

be avoided (Fig. 8.8c). As observed before, the shape of the NDs changes from

flat disks to dome-like inclusions from the lowest to the topmost ND.
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Ga In N

20 nm

Figure 8.9: Cross-section TEM images of a GaN/InGaN ND sample grown on
c-plane sapphire taken along the GaN [1120] axis. Top: Overall morphology.
Bottom: EDX maps of different elements.

GaN/InGaN NWs on sapphire A different ND morphology was observed for

the GaN/InGaN NWs (sample 100610) grown on sapphire with a SixNy interlayer

(see Section 3.3, p. 45 for details of the substrates and the SixNy interlayer)(1).

TEM images revealed flat disks. Compared to the samples shown before (010410,

090410), this sample was grown at a reduced Ga flux (60% of the standard Ga flux

both for the GaN base and for the heterostructure part), to suppress the tendency

of coalescence which is more pronounced for growth on sapphire substrates. Ac-

cordingly, the In flux was reduced from Tsub = 780◦C to Tsub = 755◦C to keep the

impinging flux ratio constant. As for the other samples, In diffusion into the GaN

spacers was observed (Fig. 8.9). The ND height is 1.85 nm, the ND-to-ND dis-

tance 5.5 nm, leading to a growth rate of 3.7 nm/min (2.2 nm/min) for the InGaN

NDs (GaN spacer). The average NW diameter is in the range of 50 nm to 90 nm,

which is larger than for NWs on Si(111). Possibly, the lower metal flux rate (i.e.

a higher III-V ratio, since the N flux was kept constant) avoids the formation of

inclined side facets. However, more structural analysis is needed for clarification.

(1)Note that due to the radiation heating of the substrates during growth (see Section 2.2, p. 22)
the substrate temperatures differ between different substrate materials due to different heat
absorption. The substrate heater temperature was raised by 20◦C during growth of the
GaN base part of sample 100610 to compensate fot the lower thermal absorption of sapphire
compared to Si, however it is not guaranteed that this was sufficient.
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Figure 8.10: Room-temperature PL spectra of samples grown at the same In flux
and substrate temperature, but with different sample designs (samples 110210,
100310, 150310).

8.3. Optical investigation

Single heterostructures vs. nanodisks Intense RT PL emission was observed

for samples with a single thick InGaN top part (i.e. without NDs). The emission

intensity exceeded that of similar samples with InGaN NDs by two orders of

magnitude. Samples with thick InGaN part plus ND part exhibited similar PL

properties in peak position and intensity compared to the samples with thick In-

GaN only, showing that this part dominates the emission properties in compound

structures (Fig. 8.10).

PL emission of heterostructures with single long InGaN part In the 4K PL

spectra of a InGaN/GaN heterostructure sample without NDs (220909), several

bands could be identified. At 3.42 eV the near band edge contribution of the GaN

base is visible. Its intensity is strongly suppressed compared to pure GaN NWs

(Fig. 8.11).

The intensity of the region around 3.0 eV to 3.3 eV is higher than those of the

near band edge. In contrast to the GaN reference, there is not only the 3.27 eV

DAP peak plus its LO phonon replica (with redshift of 92 meV, see Sec. 5.2.3,

p. 80) visible, but also a second contribution. This peak is centered at 3.16 eV

and exhibits a higher intensity than the 3.26 eV emission, which rules out that it
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Figure 8.11: PL spectra of a InGaN/GaN NW heterostructure (single thick
InGaN part, sample No. 220909) compared to reference GaN NWs (010710).

arises from a phonon replica alone. These emissions were found in all InGaN/GaN

heterostructure samples, both with thick InGaN as well as with NDs. The position

did not shift with In content. It could not be detected in the room temperature

spectra. The InGaN-related emission is found at 2.32 eV (FWHM 190 meV) at

4K. This emission exhibits a high temperature stability. The GaN reference has

no emission in this region.

The emission energy of the InGaN-related emission can be lowered by increasing

the In flux. In Fig. 8.12, the PL spectrum of the above mentioned sample is

compared to two other samples grown with the same conditions except a higher

In flux. The position of the emission peak is shifted from 2.32 eV to 1.78 eV by

increasing the In flux by a factor of 3.2. The peak positions allow to calculate the

In concentration by using Eq. 1.1 (p. 11). A bowing parameter of b = 2.5 eV, and

bandgap energies of Egap(In) = 0.7 eV and Egap(Ga) = 3.478 eV were used. The

results compared with an estimation of the In concentration via the Ga/In flux

ratio

[In] =
BEPIn

BEPIn + BEPGa

are presented in Tab. 8.3. The emission peak energy decreases monotonically

with increased In flux. However, the resulting In concentrations are systematically

higher than those calculated by the flux ratios.
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erostructures with single InGaN top part grown with different In fluxes (samples
040609, 090609, 220909).

Table 8.3: Comparison of 4K PL peak position and In flux for NW samples with
thick InGaN top part. BEPGa is 3.9× 10−7 mbar for all samples.

TIn PL peak pos. BEPIn [In] [In] sample No.
[◦C] [eV] [mbar] from PL from flux ratio

720 2.32 5× 10−8 0.25 0.11 220909
750 2.09 9× 10−8 0.31 0.18 090609
780 1.78 1.6× 10−7 0.40 0.29 040609

Influence of the substrate temperature The PL emission peak energy varies

not only with the Indium flux, but also with the substrate temperature during

growth of the InGaN part. A higher substrate temperature leads to higher In

desorption and therefore to a reduced In content.

Room temperature PL spectra of three different NW samples with InGaN NDs

(nominal thickness 4 nm) grown at different substrate temperatures Tsub,2 and the

same In flux of 1.7 × 10−7 mbar (TIn=780◦C) are compared in Fig. 8.13. An

increase of the substrate temperature leads to an increase of the emission peak

energy. For the sample grown at Tsub,2 = 565◦C, the emission peak is centered

at 2.32 eV (534 nm) with a full width at half maximum (FWHM) of 440 meV.

The emission was blueshifted to 2.54 eV (488 nm) (FWHM 390 meV) when the
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Figure 8.13: Room temperature PL spectra for three samples containing nine
nominal 4 nm thick NDs grown at the same In cell temperature (TIn = 780◦C)
but different substrate temperatures (010410, 090410, 120410). The intensity of
the sample with the highest Tsub,2 was multiplied by 10 for better visibility. The
peak at 3.41 eV originates from the GaN base part. See Figs. 8.6 and 8.7 for TEM
images of sample 010410 and 090410, respectively.

substrate temperature was increased by 35◦C. For both samples, a shoulder was

observed on the low energy side in the range of 2.0 eV to 1.7 eV (2.2 eV to 1.8 eV)

for the first (the latter) sample. This can be interpreted as a sign of phase separa-

tion with the formation of In-rich regions. This effect becomes more pronounced

for the sample with the highest substrate temperature, where only a weak and

broad emission centered at 2.37 eV was detected. However, a faint high energy

contribution at 2.78 eV is still present. The overall intensity was decreasing with

increased substrate temperature.

Influence of ND thickness When reducing the ND thickness from 4 nm to

2 nm, the emission energy at RT is raised from 2.32 eV (543 nm) to 2.42 eV (512 nm)

and the FWHM is reduced from 420 meV to 240 meV (Fig. 8.14). For the sample

with the thinnest NDs (1.3 nm) the peak energy is further increased to 2.44 eV

(508 nm). The FWHM increases again to 390 nm, which can be attributed to the

pronounced relative influence of monolayer thickness fluctuations for such thin

NDs. The spectra are broadened on the low energy side which could originate from

phase separation but also from strain inhomogeneities. TEM images (cf. Fig. 8.7

and Fig. 8.8) suggest a different In concentration between the top and the bottom
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Figure 8.14: Left: PL spectra (at RT) for four samples with different ND heights
grown at Tsub,2 = 565◦C (sample No. 260410, 190410, 150410, 010410). Right:
Corresponding emission peak positions and FWHMs.
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Figure 8.15: PL spectra (at 7K) for four different samples (same as in Fig. 8.14)
with different ND heights grown at Tsub,2 = 565◦C. Measurements were performed
at the JLU Gießen.

of the NDs. PL spectra recorded at 7K are presented in Fig. 8.15. Here, the same

trend for the influence of the ND thickness is observed. Additionally, the 3.45 eV

emission originating from the GaN base part and the 3.18 eV/3.27 eV emission

band is detected. These contributions show a pronounced quenching with raised

temperature and are, therefore, not detectable in the RT measurements.

The energy shift is less pronounced than it is expected for quantum wells along

the polar direction, where normally a strong influence of the quantum-confined

Stark effect is expected. For comparable InGaN/GaN nanowire structures with

single quantum wells with thicknesses between 2 nm and 9 nm, no evidence for

QCSE was recently reported [Arm10]. Time-resolved PL on ensemble and sin-
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8.3. Optical investigation

gle InGaN quantum disks also indicated the absence of an internal electric field

[Bar09].

Temperature dependence For the sample with 4 nm NDs (010410), the tem-

perature dependence of the emission is shown in Fig. 8.16. When raising the

temperature from 7 K to room temperature, the emission peak is redshifted by

100 meV. This trend is followed monotonically for temperatures from 50K to room

temperature without the often observed S-shape behavior, which is a sign for alloy

fluctuations and carrier localization (see e.g. Ref. [Hol00] for MBE and MOCVD

grown InGaN quantum wells). The emission intensity exhibits a high tempera-

ture stability: at 200 K (300 K), the intensity of the ND peak is still 25% (8%)

of the 7 K value, which does give evidence for localization effects. The activation

energy (determined in the temperature range of 150K to 300K) is 45± 4meV. A

similar monotonous temperature dependence was recently reported by Chang et

al. [Cha10] for comparable samples with 7 nm high InGaN nanodisks.

This temperature behavior is significantly different for samples with a single

thick InGaN part (Fig. 8.16). Here, first a blueshift of 28 meV with increasing

temperature from 10 K up to 200 K was found. Further increase of the temperature

results in a redshift. However, the peak position at 300 K is still blueshifted

by 20 meV compared to the 10 K value. The inhomogeneity of the peak shape

(broadening at the high energy side) points to several contributions that differ in

their temperature behavior.

The peak intensity at 200 K (300 K) is 20% (8%) of the 10 K intensity, giving

these structures a temperature stability which is comparable to the intentionally

grown NDs. One possible explanation for this behavior is the formation of In-rich

clusters due to alloy fluctuations in the InGaN base part. Spontaneous formation

of In rich clusters or quantum dot-like inclusions was reported in the literature: In

Ref. [Nis00] quantum dot formation (sizes in the range of 1.5 nm to 3 nm) in InGaN

films with 22% In by HRTEM is shown and attributed to a phase separation

process. However, it is not clear whether these clusters were generated during

TEM observation, since the high intensity electron beam of a TEM is known to

introduce In clustering [Sme06]. Local strain inhomogeneities are proposed as

a different process that can lead to exciton localization in InGaN films [Sou07].

The activation energy (determined in the temperature range of 120K to 300K) is

25± 4meV, which is lower than for the ND sample.

Samples on sapphire In general, InGaN/GaN NWs grown on sapphire exhib-

ited a weaker PL intensity. This is mainly caused by the not fully optimized buffer
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Figure 8.16: Temperature-dependent PL measurements of two InGaN/GaN
samples. Left column: sample with 4 nm thick NDs (010410). Right column:
sample with long InGaN top part (100310). From top to bottom row: PL curves,
peak position as a function of temperature, peak intensity as a function of tem-
perature. Whereas the peak position decreases monotonically with temperature
for the ND sample, there is an increase for temperatures up to 200K for the sam-
ple with a long InGaN part. The reduction of intensity between 15K and 300K
is similar for both samples, however, as also indicated by the different activation
energies, the ND sample exhibits a higher temperature stability for temperatures
up to 250K.
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layer and substrate temperatures. Due to the less effective heating of the sapphire

substrates compared to Si substrates during growth (see Section 3.3, p. 45 for

details), the NWs on sapphire suffer from a high density of basal plane stacking

faults (BSFs). These BSFs drastically reduce the luminescence intensity.

Most suitable for utilization as DOTSENSE sensors were GaN/InGaN NW sam-

ples with thick InGaN top part, since they exhibit a higher PL emission intensity

than the nanodisk samples. These samples were grown on 2" sapphire wafers with

a nitridated Si interlayer as described on p. 49. The substrate temperature for

the GaN part was 695◦C as measured by pyrometer, which is equivalent to a sub-

strate heater temperature of 888◦C. Low-temperature PL spectroscopy of later

grown GaN NWs on sapphire (see Fig. 3.18, p. 53) shows a clear increase of the

near band edge (NBE) emission intensity with substrate temperature. Only the

sample grown at the highest investigated heater temperature of 1000◦C exhibits

emission properties comparable to GaN NWs on Si.

In Fig. 8.17, the room temperature photoluminescence of four GaN/InGaN

single heterostructure samples grown on sapphire is presented. These samples

were grown at different In fluxes and substrate temperatures for the In top part

as indicated in the graph. The PL peak emission energy exhibited the same

dependence on the In flux and the substrate temperature which were found for

the samples grown on Si(111) substrates. An emission range of 1.8 eV – 2.7 eV

(690 nm – 460 nm) can be covered with these samples. The maximum intensity

was achieved around 2.2 eV (565 nm), as observed in the case of NWs grown on

Si(111).

8.4. Conclusions

In summary, GaN/InGaN nanowire heterostructures were grown on Si(111) and

sapphire wafers. Two concepts for the active InGaN region, one comprising of thin

InGaN nanodisks separated by GaN barriers, the other comprising of a single thick

InGaN top part were analyzed. The peak position of the PL emission is influenced

by the substrate temperature and the In flux. The optimum in emission intensity

was achieved around 2.2 eV – 2.4 eV (565 nm – 515 nm). This energy range is in

agreement with the results recently presented in Ref. [Wöl12].

Both nanowire designs exhibited a high temperature stability of the PL emis-

sion, which can be attributed to localization effects. The PL emission energy

is redshifted with increased ND height. However, the decrease of PL emission

peak position with increasing ND thickness is relatively small, which rules out a
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Figure 8.17: Room temperature photoluminescence of four GaN/InGaN single
heterostructure samples grown on sapphire with different In fluxes and substrate
temperatures Tsub, 2 for the In top part. The substrate temperature for the GaN
NW base part was 695◦C for all samples.

strong influence of electrical fields in these polar structures. HRTEM observations

exhibited the formation of dot-like nanodisks with faceted sidewalls.

The strongest PL emission intensity was recorded for GaN/InGaN single het-

erostructure nanowires without intentionally grown NDs. The temperature de-

pendence, i.e. high temperature stability and the “S-shaped” behavior of the PL

peak position point to the formation of In-rich clusters inside these nanowires.

Growth of GaN/InGaN nanowires on sapphire was achieved using a thin Si

interlayer (5 nm – 20 nm), which is practically transparent ensuring their applica-

bility as sensors in the DOTSENSE device.

Diffusion of In into the GaN spacer above was observed for all substrate tem-

peratures, leading to a blurred upper interface of each ND, whereas the lower

interface was relatively sharp. The effect became more pronounced for higher

substrate temperatures. The NW diameter increased at the beginning of the

heterostructure part. This effect was more pronounced for high In fluxes and

low substrate temperatures. The comparison with samples with low-temperature

GaN top part instead of InGaN showed that this widening is strongly enhanced

for lower substrate temperatures, and reduced by the presence of In. In atoms

were shown to have a surfactant effect for InGaN growth.
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What makes nitride nanowires fascinating is the fact that they are both an ideal

system for fundamental research concerning the group III-nitride growth and ma-

terial properties as well as that they are promising for various applications.

The nucleation and growth of GaN nanowires by MBE was studied in detail.

The main focus was put on Si(111) as the substrate material. Under optimized

parameters, GaN NWs with high structural quality and no wetting layer could be

grown. These structures provide sharp and intense near band edge PL emission

with a typical FWHM of 1.5 meV at 4K for n.i.d. NWs. High Mg doping levels

lead to the formation of stacking faults. These were independently detected by PL

and HRTEM. No sign for lateral growth was present for n.i.d. GaN NWs, whereas

the NW morphology is characteristically changed upon doping with Si or Mg.

The growth process was transferred to other substrates than Si(111), namely

sapphire and diamond. By employing a thin Si buffer layer, GaN NWs can be

grown on sapphire in similar quality as on Si(111). Sapphire is of great interest

for sensing applications since it allows PL excitation and readout through the

substrate making these structures suitable for operation in harsh environments.

Nanowire heterostructures (NWHs) containing GaN nanodisks embedded in Al-

GaN and AlN NWs were grown. The PL emission wavelength could be controlled

by the ND thickness and Al concentration. For Al concentrations in the range of

25% - 35% a high temperature stability of the emission intensity was observed.

The difference in adatom kinetics between Ga and Al was directly reflected by

the formation of an Al(Ga)N shell for GaN/Al(Ga)N NWs. The characteristics

of this shell were shown to have strong influence on the PL emission properties of

these GaN NDs. Additionally GaN/InGaN NWHs were grown and analyzed with

respect to their PL emission and morphological properties.

By combining the observations made regarding axial/lateral growth rates and

NW morphology within the different NWs and nanowire heterostructures, ad-

ditional insight in the growth kinetics was provided (see Section 3.5, p. 57 for

details). A superposition of adatom desorption, diffusion and geometrical effects
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is present, its quantification depending on the type of adatom, the impurity con-

centration and on the growth temperature.

Single NWs were electrically contacted by photolithography and e-beam-assisted

Pt deposition. Special masks for photolithography were developed to allow con-

tacting random-oriented NWs. The conductivity can be adjusted over several

orders of magnitude by controlling the doping level. However, it is currently tech-

nologically not feasible to contact individual NWs in a reproducible and efficient

way. The utilization of single NWs in electronic devices needs the development of

a specific new technology.

In this work, several questions about nucleation and growth of GaN NWs and

the formation of nanodisks could be resolved. However, there is plenty of room for

future research. The parameters for NW growth on sapphire and diamond need

further optimization.

Especially for InGaN, many issues like defect formation, In segregation, the

range of achievable and controllable In content needs further studies. InGaN is

the ternary III-nitride compound with the largest commercial relevance since it is

used for white LEDs.

The idea of Nanowire LEDs seems quite obvious [Kik06]. However, a comparison

to conventional LEDs or a proof of advantages of nanowire LEDs is still missing

[Waa11]. Electrical contacting will remain a big problem. Devices where indi-

vidual contacts to the NWs are necessary are difficult to realize. More promising

seems the utilization of NWs as sensors with purely optical detection of changes in

photoluminescence as shown in the DOTSENSE project. For commercialization,

questions like the long term stability need to be answered.
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A.1. Sample processing for single NW contacts

In the following, the procedure to contact NWs individually as presented in Chap-

ter 6 is explained step-by-step.

Steps for photolithographic contacts:

Nanowire suspension As first step, a suspension of the NWs in a solvent is

made. A 5 mm× 5 mm piece of the as-grown sample is put in a beaker together

with 15 ml of acetone. The NWs are removed from the substrate by ultrasonic agi-

tation and (if necessary) scratching with a single-use glass pipette. The suspension

is bottled and can be stored for further use.

Substrates An insulating substrate is needed. In most cases, sapphire wafers

(c-plane, single-sided polished) were used. Additionally, also Si wafers with 100 nm

thermal oxide were used. Pieces of 8 mm× 8 mm were cleaved and cleaned with

a Q-tip under acetone, followed by two further cleaning steps with acetone and

isopropanol in the ultrasonic bath. The samples are blown dry by nitrogen.

Dispersion of NW suspension The bottled NW suspension is put shortly into

an ultrasonic bath. With a single-use glass pipette typically 2 to 3 drops are put

onto one substrate. Each drop is allowed to dry before the next one is applied. If

the solvent does not fully evaporate, the sample is blown dry using nitrogen.

The samples are then cleaned on a photo-resist spinner to remove unwanted

debris. The NW adhesion is strong enough to prevent their unintentional removal.

The used parameter are: Ramp acceleration 1, rotation speed 4000 rpm, duration

40 sec, ramp decelerating 0. During the rotation, the samples are uninterruptedly

sprinkled with acetone and isopropanol, and then blown dry.

Fig. A.1a to f show images of the different steps that will be explained in the

following.
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A. Appendix

Spin-on photoresist The sample is not removed from the spinner. While not

rotating, the photoresist Shipley Microposit S1805 is dropped on the sample. This

photoresist is designed to produce an approx. 0.5 µm thick layer (hence the 05

in the name) and is capable of a minimum structure size of 0.48µm according to

the manufacturer. Rotation parameters are the same as above. To improve the

contact between substrate and mask during the exposure, the photoresist can be

removed at the edges of the substrate. (The photoresist can form bulges at the

substrate edges which hinder a close contact to the mask and reduce the quality

(sharpness) of the exposure.) With a piece of lint-free cloth coiled around a Q-tip

and soaked with acetone the substrate edges are carefully wiped clean. A softbake

in the oven at 90◦C for 45 min is performed to prepare the resist for exposure.

Mask exposure and developing The samples are transferred to the mask-

aligner (Karl Suss MJB3) and put in position under the mask. The mask layout

is shown in Fig. A.2. The mask-to-substrate surface distance must be carefully

adjusted to achieve a sharp image. Exposure is done in contact-mode for typ.

2.8 sec for sapphire substrates or 3.3 sec for Si substrates. The actual exposure time

has to be tested since it varies with the lamp power (typ. 330 W) and completed

operating hours (lamp service life).

Developing is done in the diluted developer (5 parts DI-water : 1 part developer)

at room temperature for typ. 5.5 sec for Si substrates and 7.5 sec for sapphire

substrates. The developing process is stopped by putting the samples in DI water.

The quality is checked under a optical microscope.

Metallization and Lift-off The samples are glued on to an object glass plate

with a small amount of photoresist Shipley Microposit S1818 and baked by 90◦C

for 30 min. Alternatively the samples can be glued on a copper plate for better heat

dissipation during evaporation. This can facilitate lift-off when evaporating metals

at high temperature (e.g. Pt), since the photoresist polymerizes when exposed to

high temperatures. The photoresist is then hard to remove.

Metals are evaporated using a e-beam evaporator: The metalization scheme

is 20 nm Ti, followed by 20 nm Pt and 70 nm Au. Titanium is the most suitable

metal to form ohmic contacts on n-type GaN, gold has a high conductivity to allow

thin low-resistivity circuit paths. The platinum intermediate layer was introduced

to prevent Au and Ti intermixing during annealing.

The excess metal and the photoresist is removed under acetone in the ultrasonic

bath. The ultrasonic bath is driven with a low voltage (typ. 70 V to 90 V instead

of 230 V) to prevent damage of the structures.
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A.1. Sample processing for single NW contacts

The samples are now ready for measurement. However, in most cases annealing

is necessary to achieve good contacts. For that, the samples are heated under

vacuum as stated in the respective measurement section.

Steps for e-beam-assisted Pt deposition:

For this work, NWs were not only contacted by photolithography, but also by

e-beam-assisted platinum deposition. This technique allows to contact individual

NWs which were dispersed on Si wafers with a 100 nm SiO2 insulating layer.

Since it would be too time-consuming to write all contacts including the large

contact pads with the e-beam system a special photolithography mask with con-

tact pads and open contact terminals is used (see Fig. A.3). The processing steps

are the same as for the photolithographically contacted NWs with the difference

that the NW suspension is applied onto the samples after the lithography and

metalization process.

The samples were transferred into a scanning electron microscope (SEM) and fo-

cused ion beam (FIB) system (manufacturer: Carl Zeiss; model: Gemini, NVision

40) system with an add-on that allows to introduce a metal-organic Pt compound

gas trough a thin nozzle which can be placed in close vicinity to the sample surface.

The e-beam(1) dissociates the gas and metallic Pt is deposited on the desired spots

on the sample. Individual contacts have to be drawn for each NW limiting the

overall throughput. The percentage of successfully contacted wires was between

30% and 40%.

(1)An alternative attempt of contacting NWs by focused Ga ion beam (FIB)-assisted Pt deposi-
tion proved unsuccessful since leakage current paths through the SiO2 insulating layer were
introduced. Consequently, the recorded I-V curves were determined by current through the
Si substrate, which was much higher than through the individual NWs.
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A. Appendix

Figure A.1: (a) Photolithography mask for contacting single NWs. 1 mm by 1
mm crop (measured form the centers of the big alignment crosses at the edges).
The whole mask layout is shown in Fig. A.2. (b) Detail from (a) showing the 1µm
wide terminals in the center. (c) and (d) Optical microscope images: (c) Developed
structure. (d) Sample after metalization and lift-off. One NW is marked with a
circle. (e) SEM image of NW bundle and (f) a single NW.
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A.1. Sample processing for single NW contacts

Figure A.2: Photolithography mask layout for contacting single NW by pho-
tolithography only. The whole area is 4 mm by 4 mm (excluding the big rectangle
in the upper right that determines the mask orientation). Sixteen equal areas
with 19 contact pads each are present, allowing a high number of NWs to be
addressed on one sample. Every contact pad can be identified by the row and
column number grid. Compare also Fig. A.1.
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Figure A.3: Photolithography mask layout for contacting single NW in a later e-
beam-assisted step. Here, the contact terminals are brought close together leaving
gaps between 1µm and 2.2µm (see inscription in the topmost or lowest line of
the mask). This gap will be bridged by a single NW plus contacts that will be
written by e-beam-assisted Pt deposition in a later step. The whole area is 4 mm
by 4 mm (measured from the centers of the four large alignment crosses in the
corners. Note: This mask was initially designed for dielectrophoretic alignment of
NWs as presented in [Sta08] but proved useful for e-beam-assisted contacting too.
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