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Zusammenfassung

Gegenstand dieser Arbeit ist die Untersuchung elektrischer Transporteigenschaften
einzelner dotierter Gruppe III-Nitrid Nanodrähte. Zum ersten Mal wird der Einfluss
von Germanium als flacher Donator in Galliumnitrid Nanodrähten, die mittels Moleku-
larstrahlepitaxie gewachsen wurden, untersucht.
Das Wachstum der Galliumnitrid Nanodrähte auf Silizium(111) Substraten wurde in
einer Molekularstrahlepitaxie Anlage durchgeführt und basiert auf einem selbstassemb-
lierten Prozess ohne Katalysator. Abhängig von Dotierung und Wachstumszeit haben
die Nanodrähte einen Durchmesser zwischen 30 nm und 120 nm sowie eine Länge von
1 µm bis 2 µm.
Zur elektrischen Charakterisierung einzelner Nanodrähte wurde ein Prozess zur Mikro-
und Nanostrukturierung, basierend auf einer Kombination aus Foto- und Elektronen-
strahllithographie, entwickelt, um individuell gestaltete, wenige Nanometer breite und
präzise platzierte metallische Kontakte zu realisieren. Einzelne Nanodrähte konnten
schließlich in vielfältigen Geometrien kontaktiert werden, um dem jeweiligen Anspruch
der Messung gerecht zu werden. Beispielsweise konnten Nanodrähte mit nur 1 µm
Länge mit vier und 2 µm lange Drähte sogar mit sechs individuellen Kontakten versehen
werden. Dabei konnte eine sehr hohe Überdeckungsgenauigkeit mit einer Abweichung
zwischen Layout und Ergebnis von weniger als 10 nm realisiert werden.
Einzelne kontaktierte Nanodrähte wurden auf verschiedene Weisen untersucht. Durch
Vierleitermessungen, die den Einfluss der Kontaktwiderstände ausschließen, konnte bei
bekannter Geometrie der Nanodrähte die elektrische Leitfähigkeit bestimmt werden.
Die Geometrie des untersuchten Stücks des Nanodrahts wurde durch Analyse mittels
Rasterelektronenmikroskopie bestimmt. Durch Vergleich mit Zweipunktmessungen
konnte darüber hinaus die Größe des Kontaktwiderstands ermittelt werden. Für nomi-
nell undotierte Nanodrähte wurden sowohl hoch resistive als auch leitfähige Drähte
identifiziert. Für letztere wurde eine erhöhte Leitfähigkeit an der Basis des Drahtes
festgestellt, was auf eine Diffusion von Silizium aus dem für das Wachstum verwendeten
Siliziumsubstrat in die Nanodrähte zurückgeführt wurde. Für Nanodrähte dotiert mit
Germanium konnte ein kontinuierlicher Anstieg der Leitfähigkeit mit steigender Ger-
maniumkonzentration beobachtet werden. Temperaturabhängige Messungen zeigten
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Zusammenfassung

eine schwache Aktivierung und konstante Leitfähigkeit für tiefe Temperaturen. Für
einen Nanodraht wurde sogar metallisches Verhalten beobachtet. Eine Analyse der
temperaturabhängigen thermoelektrischen Eigenschaften der Nanodrähte ermöglichte
die Bestimmung der Konzentration freier Ladungsträger. Es wurden Ladungsträger-
dichten von bis zu 5.5× 1019 cm−3 deutlich über dem Metall-Isolator-Übergang für
Galliumnitrid (etwa 2× 1018 cm−3) nachgewiesen. Photolumineszenz-Spektroskopie
an einzelnen Nanodrähten zeigte eine schwache Zunahme der Breite der Emission,
wohingegen keine spektrale Verschiebung mit steigender Ladungsträgerkonzentration
beobachtet wurde. Durch die Kombination der Ergebnisse von Leitfähigkeitsmessungen
und Ladungsträgerdichtebestimmung konnte die Beweglichkeit der Ladungsträger
abgeschätzt werden. Silizium-dotierte Nanodrähte wurden zum Vergleich untersucht.
Dabei konnte kein signifikanter Einfluss, des während dem Wachstums zusätzlich ange-
botenen Silizium auf die elektrische Leitfähigkeit, im Vergleich zu nominell undotierten
Nanodrähten, nachgewiesen werden.
Die verschiedenen Messungen stehen in Einklang miteinander und zeigen systematisch,
dass Germanium ein effektiver flacher Donator in Galliumnitrid Nanodrähten ist.
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Abstract

In this thesis a systematic characterization of the electrical transport properties of
single gallium nitride nanowires is presented. For the first time germanium as a shallow
donor in gallium nitride nanowires grown by plasma-assisted molecular beam epitaxy
is analyzed.
To access electrical measurements on a single nanowire level a process technology to
contact nanowires with a length of 1 µm was developed and established. The process
benefits from fast parallel patterning by photolithography and individual designed
nanosized structures by electron beam lithography. After optimization of all process
parameters an alignment mismatch smaller than 10 nm is achieved and single nanowires
can be contacted in different layouts to address the needs of individual measurements.
Comparative electrical transport measurements in four-point and two-point geometry
revealed a significant influence of the contact resistance. Two different types of
non-intentionally doped wires were observed: highly resistive and conductive nanowires.
The origin of the conductivity was investigated by spatially resolved conductivity
measurements and is partially attributed to diffusion of silicon from the substrate
into the non-intentionally doped nanowires. The conductivity of germanium-doped
nanowires increases continuously with increasing concentration of germanium. The
influence of the nanowire diameter on the conductivity was investigated as well. The
carrier concentration was determined by temperature-dependent analysis of the Seebeck
coefficient. Carrier concentrations above the metal insulator transition were revealed.
The almost temperature-independent conductivity can be assigned to the formation
of an impurity band and even metallic behavior, indicated by a positive temperature
coefficient of the resistivity, was found. The near band edge emission analyzed by
micro-photoluminescence spectroscopy showed only a small increase of the peak width
and no spectral shift with increasing carrier concentration. The latter is attributed
to the simultaneous influence of band filling, band gap renormalization, and strain.
For the investigated Si-doped NWs no significant influence of increasing Si supply
during growth on the conductivity, in comparison to non-intentionally doped NWs,
was observed.
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Chapter 1

Motivation

Today’s modern life is dominated by electronic devices. Personal computers, smart-
phones and a variety of other instruments influence our private lives. But even if the
private consumer sector is excluded, a life without electronic devices is hardly imaginable.
ATMs, cars, medical devices, or even the supply chain of food in supermarkets would
not be operated without electronics. The present information age is often called „silicon
age“ in the media. This naming is of course referenced to the currently dominant
complementary metal-oxide-semiconductor (CMOS) technology based on silicon (Si),
but various other modern achievements of material research are acknowledged as well.
As an example, gallium arsenide based high-frequency electronics or gallium nitride
based light emitting diodes are mentioned.
Driven by Moore’s Law, the semiconductor industry has been working by all means
to achieve continuous down-scaling of devices. Moore noted that the complexity
of minimum cost semiconductor components had doubled per year since the first
prototype microchip was produced in 1959. This exponential increase in the number
of components on a chip is known as Moore’s Law. Its interpretation changed during
the following years [1]. In the 1980s, Moore’s Law started describing the doubling
of number of transistors on a chip every 18 months. At the beginning of the 1990s,
Moore’s Law became commonly interpreted as the doubling of microprocessor power
every 18 months. Later it became widely associated with the claim that computing
power at fixed cost is doubling every 18 months. In any case, the end of Moore’s Law
was seen close at hand several times, but technical sophistication and new ideas have
opened doors for further development and progress. The International Technology
Roadmap for Semiconductors (ITRS) sets the standards for continued progress in this
industry for years. Due to the fact that further down-scaling, called „More Moore“,
lead to immense costs and financial risk and certainly will reach the ultimate limit set
by the laws of thermodynamics some day, a second strategy was developed. Referring
to Moore’s law the strategy is called „More than Moore“ [2]. It means that instead of

1



Chapter 1: Motivation

Figure 1.1.: The combined need for digital and non-digital functionality in an inte-
grated system is translated as a dual trend in the International Tech-
nology Roadmap for Semiconductors. NWs has the potential to be a
key technology for both miniaturization called �More Moore� and diver-
si�cation named �More than Moore�. Figure taken from ref. [2]

smaller structures more features and non-digital functionality should be migrated from
the system board-level into the package (SiP) or onto the chip (SoC) as depicted in
Figure 1.1. The terms SiP and SoC or lab-on-a-chip describe the combination of
sensors and actuators or optoelectronic components with logic electronics in one unit.
Less power consumption and lower cost compared to the conventional combination is
the advantage.
In particular, NWs could be a key technology to serve both strategies. Instead of
sophisticated, very expensive and complex top-down-approaches the bottom-up growth
of NWs could lead to advantageous nano-sized structures to fulfill Moore’s law in the
„More Moore“ sense. In addition, NWs have been proven to be excellent sensors for a
variety of applications and open up an enormous field for lab-on-a-chip applications
in the sense of „More than Moore“ [3]. On-chip combination of silicon-based logic
and group III-V NW based optoelectronics could be a solution for future optical
computation. A sticking point for the success of hybrid systems is the reliability and
scalability of NW integration processes.
NWs are officially included in the ITRS since more than 10 years as a solution for
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the technology of the day after tomorrow, the „beyond CMOS“ age. The ITRS of
2013 says in the section „Emerging Research Devices (ERD)“: „III-V nanowires offer
the potential advantages of higher mobility, on-off current ratio, and subthreshold
swing than can be achieved with conventional silicon circuitry. The ease with which
the band structure can be engineered also opens the possibility for transistors that
use two-dimensional electron gas conduction for even higher mobility than can be
achieved in the homojunctions, or for devices based on tunneling through epitaxial
barrier layers made from semiconductor layers with higher band gap“1, but still a long
way of research and development is ahead. Scientists and companies all over the world
study the potential and feasibility of nanowires made of various materials.
The European Union had funded the project „NANOFUNCTION“2 from 2010 to
2013 with EUR 3 million to explore nano-devices for adding functionality to CMOS.
Within the „HORIZON 2020“ framework the European Commission proposes a new
European strategic industrial research and innovation program „Innovation for the
future of Europe: Nano-electronics beyond 2020“ with a total investment of EUR 100
billion up to 2020. The project „Electronic Components and Systems for European
Leadership“ (ECSEL) will start 2014 and is funded with EUR 5 billion for ten years.3

Today just the tip of the iceberg of NW based technology is discovered. As a
fundamental requirement for any kind of application using NWs precise knowledge
and control of doping is needed. Therefore, to add a small piece to the puzzle of
future NW electronics, the investigation of the influence of doping on the electrical
properties of gallium nitride nanowires is the focus of research in this thesis.

1http://www.itrs.net/Links/2013ITRS/2013Chapters/2013ERM.pdf
2FP7-ICT, 257375, http://cordis.europa.eu/result/brief/rcn/11809_de.html
3http://europa.eu/rapid/press-release_MEMO-13-673_en.htm

3





Chapter 2

Introduction

Group III-nitrides have been considered as a promising material base for semiconductor
device applications since 1970. The group III-nitrides, with the binary compounds
aluminum nitride (AlN), gallium nitride (GaN), and indium nitride (InN) are excellent
candidates for optoelectronic applications such as blue-, UV- and IR-light emitting
diodes, because they form a continuous alloy system (InGaN, InAlN, and AlGaN)
whose direct optical bandgap for the hexagonal wurtzite phase ranges from 0.7 eV for
InN over 3.4 eV for GaN to 6.2 eV for AlN [4, 5] as depicted in Figure 2.1. The wide
band gap with large breakdown electric fields makes the material suitable for high
power applications as well. Heterostructures with a discontinuity in total polarization
are used to build high electron mobility transistors (HEMT) based on a 2-dimensional
electron gas [4, 6].
Due to the fact that GaN substrates suited for homo-epitaxy are small and very
expensive GaN thin films are most often grown by hetero-epitaxy on substrates as
sapphire, Si(111), and SiC. The large lattice mismatch leads to a high density of
defects, lowering the achievable device performance.
Due to lattice mismatch compensation by strain relaxation at lateral surfaces in the
region closed to the interface to the substrate [8] nanowires exhibit excellent crystalline
and optical quality being superior to thin films. Suitable reported substrates beside
silicon(111), that is used for the growth of the NWs investigated in this thesis [9, 10],
are diamond [11] and sapphire [12]. Consequently, wide and direct band gap GaN NWs
attracted a lot of research and commercial interest for nanoscaled (opto)-electronic
devices [13]. Big effort is expended in solid state lighting [14] and photovoltaics based
on group-III-nitride NWs as well.
In addition to the outstanding structural and optical properties, the high surface
to volume ratio of NWs make them suitable for applications as chemical sensors
[15, 16, 17, 18, 19, 20, 21, 22, 23], photo detectors [24] and field effect transistors
[25, 26].
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Chapter 2: Introduction

Figure 2.1.: In-plane lattice parameter and band gap for wurtzite GaN and its related
alloys InGaN, InAlN, and AlGaN, covering the whole visible spectrum.
Figure taken from ref. [7].

Even though the growth of III-nitride NWs is well-studied and complex axial hetero-
structures can be realized [27, 28, 29, 30], a systematic study of doping is necessary
for a fundamental understanding and the development of different types of devices,
since low resistive current injection is needed for many applications. At present, Si is
used as a donor in n-type GaN NWs grown by plasma-assisted molecular beam epitaxy
(PAMBE) and the influence of Si-doping on the optical and electrical properties has
been studied by different techniques [9, 31, 32, 33, 34]. Quantitative analysis of the
resistance in four-point probing geometry or determination of carrier concentration by
thermoelectric characterization is only reported for typically longer and thicker Si-doped
microwires grown by MOCVD revealing a conductivity and carrier concentration up to
2700 S/cm and 2.6× 1020 cm−3, respectively [35, 36].
Germanium (Ge), as a shallow donor in GaN, has theoretically been predicted to have
an ionization energy of 31.1meV, which is close to the calculated value for silicon
30.8meV [37] while the experimentally determined values for Si in GaN range between
17meV and 28meV [38, 39, 40] and for Ge in GaN an activation energy of 19meV
was reported [38]. Being the neighboring element of Ga in the periodic table, Ge
atoms have a similar size and hence can be expected to be incorporated into the
GaN lattice without significant lattice distortion. In fact, the bond length to nitrogen
changes only by 1.4% compared to 5.5% for Si [41], resulting in substantially smaller
lattice deformations and the absence of structural degradation in thin GaN:Ge films
even for very high carrier concentrations of 4× 1020 cm−3, as reported in ref. [42].
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Recently, efficient electrostatic screening of polarization-induced internal electric fields
in AlN/GaN:Ge NW heterostructure superlattices due to Ge-doping with very high
carrier concentrations up to 3× 1020 cm−3 without structural and optical degradation
was observed as well [30, 43]. Therefore, Ge is studied as an alternative donor for
GaN NWs grown by PAMBE on Si(111) substrates in the present work [10].
The proper determination of the carrier density is challenging for single NWs. Hall
measurements on a single NW level have recently been demonstrated but require high
processing effort [44, 45, 46]. Furthermore, the deduced carrier concentration can
easily be overestimated by two orders of magnitude since the standard Hall theory is
not applicable without corrections for NWs due to the nanosized geometry [47]. Hall
measurements additionally are more difficult for highly doped semiconductors since
the Hall voltage is anti-proportional to the carrier concentration. Common top gate
[48, 34] and back gate [25, 49, 50, 51, 34] field-effect transistor measurements are
often queried because of uncertainties determining the gate capacitance and hysteresis
effects caused by interface charging [32, 52]. Another method to determine the free
charge carrier density for degenerate NWs is the temperature-dependent analysis of
the Seebeck coefficient, as reported in ref. [53] and [36] and will be pursued in this
work.
Since no systematic relation between the concentration of incorporated Ge or Si and
the conductivity of GaN NWs has been reported up to the present a systematic analysis
of the influence of Ge-doping on the electrical properties of single GaN NWs will be
presented in comparison to non-intentionally and Si-doped NWs in this thesis.
Following this introduction details on the growth and properties of the NWs will
be presented in Chapter 3. The sample preparation to get access to electrical
characterization on single NW level based on a process for micro- and nano-fabrication
of metal contacts, established and optimized within this thesis, will be described in
Chapter 4. Results of electrical characterization will be given in Chapter 5. The
electrical conductivity is determined by current voltage characteristics measured in four-
point geometry and the influence of the contact resistance is studied by comparative
measurements in two-point geometry. An influence of the NW diameter on the
conductivity and temperature dependent transport will be discussed as well. The
free carrier concentration in single NWs is evaluated by analysis of the temperature-
dependent Seebeck coefficient. The combination of the results allows to give an
estimate of the carrier mobilities. The influence of doping on the photoluminescence
properties of single NWs is also studied. In Chapter 6 a summary of this work will
be given.
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Chapter 3

Gallium Nitride Nanowires

3.1. Growth and Morphology

The GaN NWs studied in this thesis were grown by plasma-assisted molecular beam
epitaxy (PAMBE). For the self-assembled growth of NWs on Si(111) substrates high
substrate temperatures of about 800 ◦C and nitrogen-rich conditions were applied
[9, 54]. Doping during growth was carried out with Si and Ge.
The investigated NWs exhibit wurtzite structure and a typical length of 1 µm to 2 µm.
The cross section is of hexagonal shape with diameters in the range of 30 nm to
120 nm depending on total growth time and doping concentration. A known problem
related to Si-doping is the conical widening of the NWs along the growth axis for
high doping concentrations [9, 31] that may result in coalescence of neighboring NWs
and thus a change in electronic and optical properties. For Si- and Ge-doped samples
studied in this thesis only a weak conical widening with increasing doping concentration
was observed. For the Ge-doped samples, additionally a slightly increasing lateral
growth rate from 3.7% to 6.8% with increasing Ge-concentration compared to 3.3% for
non-intentionally doped (n.i.d.) NWs was observed [10, 54]. Due to this lateral growth,
the length of the NWs is limited to avoid coalescence of the NWs. For n.i.d., Si- and
Ge-doped samples a length of 2 µm could be realized. In addition, the NW density is
an important parameter to control the amount of coalescence and can be influenced by
the substrate temperature [54]. Since the temperature was not homogeneous across
a sample during growth, areas with different degree of coalescence were be found.
For electrical measurements an area with many single NWs was chosen by scanning
electron microscope (SEM) analysis. Exemplarily top and side view SEM micrographs
for GaN:Ge NWs with a germanium concentration1 [Ge]= 1.4× 1020 cm−3 are shown
in Figure 3.1. Besides coalesced NWs several single wires with hexagonal shape are

1The determination of [Ge] is described in Section 3.2.
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Chapter 3: Gallium Nitride Nanowires

(a) Top view. (b) Side view.

Figure 3.1.: SEM micrographs in (a) top and (b) side view of 2 µm long Ge-doped
GaN NWs with [Ge]= 1.4× 1020 cm−3. Besides coalesced NWs several
single wires with hexagonal shape are present.

present.
The NWs exhibit a very low density of structural defects, as proven by transmission
electron microscopy (TEM) analysis and a line width of the near band edge (NBE)
emission as small as 2meV and 4meV for n.i.d. and highly Ge-doped samples, respec-
tively, determined by photo luminescence spectroscopy (PL) at a temperature of 4K
[10]. These superior structural and optical properties in comparison to thin films are a
consequence of efficient strain relaxation at lateral surfaces, as discussed above [8].

3.2. Concentration of Donors

Beside n.i.d. NWs also Ge- and Si-doped GaN NWs were grown. The average Ge-
concentrations [Ge] of the NW ensembles were determined by a combination of
time-of-flight secondary ion mass spectrometry (ToF-SIMS) and energy dispersive
X-ray spectroscopy in a transmission electron microscope (TEM-EDX) as reported in
ref. [10]. In general, for a quantitative analysis by SIMS the knowledge of the relative
sensitivity factors (RSF) is needed. As the latter are unknown for GaN:Ge and espe-
cially the NW geometry the SIMS data was calibrated based on the Ge-concentrations
determined by EDX in TEM configuration for two samples.
In Figure 3.2 the depth profile of the SIMS analysis of a NW ensemble with
BEPGe= 2.5× 10−10 mbar is exemplarily shown. Since the Ge−-signal is constant
within the NW it proves homogeneous incorporation of Ge along the NW axis. The
signal vanishes at the interface to the Si substrate, which is indicated by the gray area.
At the interface the SiN−-signal reaches its maximum value and is attributed to a
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3.2 Concentration of Donors

nitridation of the substrate at the beginning of the NW-growth [9]. The increase of
the Si−-signal in the region of the wires close to the substrate is due to the increasingly
exposed Si substrate and to diffused Si from the substrate into the NW. The influence
of Si-diffusion on the electrical properties of the NWs is discussed in Chapter 5. It
should be noted that the intensities shown in Figure 3.2 are raw data not corrected
by RSFs and do represent concentrations.
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Figure 3.2.: ToF-SIMS depth-pro�le of a Ge-doped GaN NW ensemble. The BEPGe

during growth was 2.5× 10−10 mbar and the signals of SiN−, Ge−,
GaN−, and Si− are plotted versus the sputter-depth. The gray area
indicates the region of the NW/Si substrate interface. A constant Ge−-
signal is present in the NW region. The increase of the Si−-signal in
the region of the wires is due to the increasingly exposed Si substrate
and di�used Si from the substrate into the base of the NWs. Figure
based on data of ref. [10].

To get access to the real [Ge] the SIMS data was calibrated with the concentrations
determined by EDX. Due to the limited resolution in EDX, only two of the highest
doped samples with BEPGe larger than 5× 10−10 mbar could be measured. Four
single wires of each of these two samples grown at BEPGe= 5× 10−10 mbar and
BEPGe= 1× 10−9 mbar were analyzed and the Ge peak-area was normalized to the
Ga peak. The results were averaged exhibiting an error of about 10%. For the two
investigated samples, a Ge-concentration of 1.0× 1020 cm−3 and 1.6× 1020 cm−3

were extracted, respectively. The results are shown in Figure 3.3. Due to the lower
Ge-detection limit of SIMS compared to EDX also for the samples grown with a BEPGe
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Figure 3.3.: Ge-concentration [Ge] determined by TEM-EDX measurements (�lled
circles) together with values of SIMS measurements after calibration
(open circles) as a function of the BEPGe used during growth of the
NW ensembles. The Ge-concentration increases linearly with increasing
BEPGe. For comparison, the ratio of BEPGa and BEPGe is plotted as a
line. Figure based on data of ref. [10].

down to 1.5× 10−11 mbar information could be obtained, also shown in Figure 3.3.
The Ge-concentration [Ge] increases linearly with increasing BEPGe. The filled circles
represent the results of the two samples analyzed by TEM-EDX, the open circles
represent the [Ge] determined from SIMS measurements after calibration. The ratio
of BEPGa and BEPGe plotted as a red line fits well to the experimental results.
The Si-concentration of n.i.d., Ge-doped, and even highly Si-doped NWs could not be
determined by TEM-EDX since the Ga-peak masks the Si-peak.

3.3. Influence of the Diameter

In NWs a surface band bending and a depleted region due to charge trap states at
the surface occurs and has impact on the electrical and optical properties. Due to the
small diameter of NWs the space charge regions can overlap and complete depletion
of the NW is possible [56, 57, 58]. A scheme of the resulting lateral band profiles
was suggested in ref. [55] (Figure 3.4). The occurrence of a conductive channel
depends on the NW diameter and on the doping concentration. A radius larger than
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3.3 Influence of the Diameter

Figure 3.4.: Surface depletion layer in NWs. In the case of a NW (a) thicker than
a critical diameter dcrit a conductive channel is present. If the diameter
is (b) equal or (c) smaller than dcrit the NW is completely depleted.
Figure taken from ref. [55].

the depletion width and an increasing donor concentration which leads to a decreasing
space charge region can both result in the formation of a conductive channel inside
the NW [56, 31, 57]. Consequently, the electrical properties of GaN NWs are strongly
affected by surface band bending and a strong dependence of the conductance on the
NW diameter is expected for undoped or moderately doped NWs. For high doping
concentrations, when a conductive channel is present, only a weak influence of the
NW diameter is expected.
Different groups have reported complete depletion of GaN NWs with a diameter d
below the critical diameter dcrit of 80 nm for n.i.d. NWs with n ≈ 6× 1017 cm−3

and 50 nm for Si-doped NWs with n ≈ 2× 1018 cm−3 grown by MBE [31]. For
n.i.d. NWs with n ≈ 5× 1018 cm−3 to 5× 1019 cm−3 grown by CVD the critical
diameter was (35± 5) nm [57]. The variation of the critical diameter for n.i.d. NWs
can be attributed to different residual doping concentrations depending on the specific
growth method. Therefore, it is important to gain control of the NW properties by
controlling the NW diameter, possibly by selective-area growth [59] using different
wide openings in the mask or by changing the III/V ratio to influence the lateral
growth rate or by increasing the doping concentration above the needed critical value
[31, 10]. Due to the self-assembled growth of the NWs investigated here only the
latter approach was followed and will be studied within this thesis.
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Chapter 4

Experimental

A mandatory and challenging task of this thesis was the development, establishment
and continuous improvement of an adequate processing technology for electrical
contact formation on single NWs with a length of approximately 1 µm. A „mix-and-
match“ process was chosen, combining photo- and electron beam lithography to
achieve fast parallel patterning of large contact pads with hard masks on the one
hand and well defined, exactly aligned, and individually designed nanostructures on
the other hand.
This micro- and nanofabrication process chain was used to contact single NWs in
different contact geometries to address the needs of the specific measurement for
characterization of electrical and thermoelectrical transport properties of individual
NWs.
Additionally, the establishment of different measurement setups for the electrical
characterization was achieved within this work, taking the critical vulnerability of NWs
to electrostatic discharges (ESD) due to their nanosized geometries into account.

4.1. Sample Preparation

The sample preparation and processing technology was carried out at the cleanroom
facility „Micro- and Nanofabrication Laboratory“ (MiNa-Lab), an institution within
the „Laboratory for Materials Science“ (LaMa) of Justus-Liebig-Universität Gießen.
The cleanroom has a floor space1 of 41m2 and is equipped with a Karl Suss MA 56
mask aligner for photolithography, a JEOL JSM 7001F thermal Schottky field emission
scanning electron microscope (SEM), converted to an electron beam lithography (EBL)
machine by a XENOS XeDraw2 writing system. Additionally, thermal and electron
beam evaporation coating systems and equipment for pattern transfer by ion beam
1white room: 23m2, ISO 14644 class 7 | yellow room: 18m2, ISO 14644 class 6
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Chapter 4: Experimental

dry etching and wet chemical etching are available.
For the sample preparation in this thesis photolithography and metallization was carried
out using standard parameters. The identification of process parameters for the EBL
and the proper alignment of the structures to obtain high overlay accuracy between
NW and metal contacts, was part of the experimental challenge.
In the following a summary of the process flow will be given. Details on different steps
are presented in subsequent chapters and the appendix.
A wet oxidized (insulating) 2-inch Si(100) wafer is patterned by photolithography to
realize large contact pads and a set of alignment markers to maintain the requirements
for an aligned EBL in a following step. After development a metal layer stack consisting
of 5 nm chromium and 100 nm gold is deposited by thermal evaporation. Chromium is
used as adhesion agent for the gold layer allowing bonding. Ultrasonic assisted removal
of unwanted metal and resist (lift-off) is carried out in acetone. In Figure 4.1 a
patterned 2-inch wafer with 4 x 6 chips is shown. Each square chip has an edge length
of 7mm. A magnification of one chip and the centered writing field is presented in
the schemes.

Figure 4.1.: 2-inch wafer patterned by photolithography. Each chip is 7mm x 7mm
in size. The scheme on the left shows one chip and the centered writing
�eld for EBL.

Subsequently, the center of each chip of the complete wafer is structured by aligned
EBL, metallization (5 nm Cr / 40 nm Au) and lift-off, resulting in a finder grid with
repetitive structures and labeling of every second sector for proper localization and
alignment of subsequent structures. For further processing the wafer is cleaved into
6 smaller pieces, each consisting of 4 chips (2 x 2). The NWs are detached from
the growth substrate by ultrasonication in isopropyl alcohol, and dispersed on the
cleaved pieces. Single NWs are localized in the SEM allowing the design of individual
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4.2 Electron Beam Lithography

contacts based on the exact position of the NW in the grid-system. By means of a
second aligned EBL, the layout for the contacts is transferred. For the metallization
a metal layer stack consisting of 25 nm titanium and 250 nm gold is used, since this
combination is known to form good Ohmic contacts to n-type GaN [60]. Single NWs
contacted in different geometries are shown in Figure 4.3 and Figure 4.4 of the
following sections. Finally the sample is cleaved to obtain single chips. After annealing
for 60 s at 600 ◦C in vacuum (1× 10−6 mbar) the contacts show Ohmic behavior and
the samples are ready for electrical characterization.

4.2. Electron Beam Lithography

The JEOL JSM 7001F scanning electron microscope with its thermal Schottky field
emission gun is a suitable tol for electron beam writing because of the combination of
both high electron beam currents and high resolution.
The JEOL SEM is equipped with an electron beam writing system by XENOS Semicon-
ductor Technologies GmbH. The writing system consists of the high speed 10MHz pat-
tern generator XeDraw2, the beam blanking and current measurement unit XeSwitch,
and the XeMove stage monitored by a laser diffraction encoder. XeSwitch and XeMove
are connected with the control unit XeBaSe and a control pad. XeSwitch additionally
is connected to a Keithley 6485 PICOAMMETER to measure the electron beam
current. The main components of the hardware are shown in Figure 4.2.

(a) SEM / EBL workplace. (b) XENOS hardware.

Figure 4.2.: SEM and EBL workplace with JEOL JSM 7001F SEM in (a) and de-
tailed view of XENOS hardware for EBL in (b).

While for microscopy the acceleration voltage can be changed from 1 kV to 30 kV, EBL
is carried out at 15 kV to reduce the „proximity effect“ (explained in the appendix)
due to electron scattering.
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EBL can be carried out on samples mounted to holders for the ordinary SEM stage
provided by JEOL or mounted to the XeMove stage depending on the user’s demands
on stitching of several writing fields to realize the desired structure. Both stages allow
writing in an area of (55mm)2 and 2-inch wafers can be mounted.
For the work in this thesis most often the JEOL stage was used since only one writing
field on a single chip and no stitching was needed. The XeMove stage was used to
pattern the finder grid in an automated way without operator intervention.

4.3. Electrical Measurement Techniques

The characterization of electrical transport properties is based on measurements using
metallic electrical contacts to the single NW. While processing of metal contacts was
described in the previous sections, the measurement techniques to determine different
material properties are described in the following.
The resistance of the metal contacts contributes to the total measured resistance, in
addition the contribution of the contact resistance from the metal to semiconductor
junction has to be considered. Especially for NWs the area of the metal contacts
is small and hence high contact resistances can be expected, particularly for non-
intentionally doped NWs. In order to exclude the influence of the contact resistance,
measurements in four-point geometry were carried out as shown in Figure 4.3 for
a single NW with four contacts. Current I is injected through the outer contacts
and the potential drop V between the inner two contacts is measured with a high
impedance voltage meter to assure a zero-current voltage measurement. In order to
exclude offsets due to thermoelectric voltages the resistance of a NW is deduced from
an I-V curve.

4.3.1. Transport Measurements at Room Temperature

Measurements to characterize electrical transport properties at room temperature
were carried out on a self made probe station equipped with four probe heads PH100
from Cascade Microtech2 and tungsten probes from American Probe & Technologies
with a tip radius of 2 µm. The probe station is placed inside a metal box acting as a
Faraday cage and is equipped with an optical microscope.
Current-voltage characteristics in two-point and four-point geometry were carried
out with a Keithley 2400 source measure unit (SMU). For the determination of the
resistance a current sweep in a range from −1 µA to 1 µA was applied. To compare
2Formerly known as Karl SUSS MicroTec.
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Figure 4.3.: 2 µm long single NW contacted by four individual terminals. The four-
point geometry allows the measurement of the voltage V between the
inner terminals caused by a current I forced through the outer contacts
to determine the resistance without the in�uence of contact-resistances.

measurements in two- and four-point geometry the voltage was measured in both
geometries. The resistance was deduced from the resulting I-V curve in order to
exclude an offset due to thermoelectric voltages.
With the knowledge of the resistance R and the geometry of the analyzed segment of
the NW, determined by SEM imaging, the conductivity σ was calculated according to
equation 4.1 assuming a homogeneously conducting NW with a cylindrical shape with
length l and diameter d.

σ = 4× l
R× π × d2 (4.1)

4.3.2. Low Temperature Transport Measurements

Transport measurements in a temperature range from 1.6K to room temperature were
carried out in an bath cryostat from Oxford Instruments cooled with liquid helium.
The transport measurement setup is equipped with a superconducting magnet system
generating magnetic field strengths of up to 10T. The sample is mounted on an IC
socket carrier and the pads of a chip are connected to the pins of the socket either by
ball bonding or using conductive silver paint and thin metal wires. The setup consists
of a stabilized DC current source (Keithley 220), picoammeter (Keithley 6485) and
a nanovoltmeter (Keithley 2182). To apply different contact geometries, the setup
uses a Hall matrix switching card 7065 in a switching unit 7100 (both from Keithley).
A specially designed software based on National Instruments LabVIEW is used for
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measurement control and data acquisition. The measurement devices were shortened
during initialization and change of measuring range in order to prevent damage of
the NW. The setup additionally contains a Keithley 2000 multimeter to determine
the temperature of different resistive thermometers in the cryostat. A temperature
control unit (ITC 4 from Oxford Instruments) is used to stabilize the temperature in
the cryostat.
Temperature-dependent evaluation of the current-voltage characteristics allows an
analysis of the thermal activation of free charge carriers. The Fermi distribution
function f0(E), given in equation 4.2, determines the probability that an electron
state of energy E is occupied as a function of temperature T .

f0(E) = 1
exp

(
E−EF

kBT

)
+ 1

(4.2)

The quantity EF at which the Fermi distribution function is equal to 1
2 is known as

the Fermi energy, kB is Boltzman’s constant.
The density of electrons n, given in equation 4.3, additionally depends on the density
of available electron states in the energy range between E and E + dE which is
represented by g(E)dE. g(E) is the density of states and is given in in equation 4.4
for the three dimensional case and for parabolic bands. Here, m∗ is the effective mass
of a charge carrier and h is Plancks’s constant.

n =
∫ ∞
EC

f0(E)g(E) dE (4.3)

g(E) = 4π(2m∗)3/2

h3

√
E − EC (4.4)

Consequently n can be written as:

n = 4π(2m∗)3/2

h3

∫ ∞
0

f0(E)×
√
E − EC dE (4.5)

With the Fermi integral F1/2 given in equation 4.6 the carrier density n can be written
as in equation 4.7

F1/2(xf ) =
∫ ∞

0

x1/2 dx
1 + exp(x− xf )

(4.6)

n = 2
(

2πm∗kBT
h2

)3/2 2√
π
F1/2

(
EF − EC
kBT

)
(4.7)

Since the Fermi integral can not be solved analytically, often the Boltzmann approx-
imation given in equation 4.8 is used, which is only valid if EV < EF < EC and
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EC − EF > 3kBT .

n = 2
(

2πm∗kBT
h2

)3/2

exp
(
−EC − EF

kBT

)
(4.8)

According to equation 4.8 the density of free carriers depends on the temperature and
the activation energy EA as the difference between the energy of the conduction band
minimum EC and the Fermi energy EF . The resulting resistance can be written as:

R(T ) ∝ exp
(
EC − EF
kBT

)
∝ exp

(
EA
kBT

)
(4.9)

R(T ) is evaluated using an Arrhenius plot, i.e. ln( R
R0

) vs. inverse temperature. The
slope of a linear fit to the values directly reveals the activation energy EA over kB.
For n-type semiconductors and low compensation the Fermi energy is between the
donor ionization energy ED and the conduction band minimum. Accordingly EA in
equation 4.9 musst be replaced by ED/2.
NWs doped with Ge were analyzed in this way to study the influence of different
doping concentrations on the thermal activation of charge carriers. The extracted
activation energy is not necessarily equal to the ionization energy of the donor, since
a high doping concentration shifts the Fermi energy towards the conduction band
minimum and the ionization energy decreases with increasing impurity concentration
as reported in ref. [61]. The lowering of the activation energy is proportional to the
distance between ionized donors and is attributed to overlap of the coulomb potentials
of the donors and screening of the coulomb potentials by a high concentration of free
carriers. The actual donor ionization energy ED depending on the donor concentration
ND can be described with equation 4.10. Here, S is the material specific screening
factor and E0

D the extrapolated donor ionization energy at the donor concentration
ND=0 [62].

ED = E0
D − S ×N

1/3
D (4.10)

4.3.3. Thermoelectric Measurements

To determine the charge carrier density from analysis of the temperature-dependent
Seebeck coefficient, samples with a layout as shown in Figure 4.4 were fabricated.
The meandered micro-heater placed in the vicinity of the NW can be used to apply a
thermal gradient along the NW. To measure the thermoelectric voltage along the NW
it is contacted by two metal leads each serving as a four-point resistive thermometer.
The latter were calibrated at different temperatures stabilized in the cryostat and
used to determine the temperature difference along the NW. The resistances of the
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Figure 4.4.: 2 µm long NW contacted by two resistive thermometers. Each ther-
mometer is contacted in four-point geometry. The micro heater in the
vicinity is used to apply a thermal gradient along the NW.

thermometers were measured consecutively to the measurement of the thermovoltage
applying the same power to the micro heater.
Usually thermocouples are used to connect macroscopic samples to determine the
Seebeck coefficient in order to completely exclude the contribution of the cables to the
thermovoltage. Due to the nanosized geometry of NWs this approach is not possible
and therefore the thermovoltage along the gold leads connecting the hot and cold part
of the NW to thermal equilibrium can not be excluded. Since the Seebeck coefficient
of gold is in the order of 1.8 µV/K at room temperature and 0.8 µV/K at 80K the
influence should be small compared to the Seebeck coefficient of the NW itself with a
Seebeck coefficient in the range of 120 µV/K to 20 µV/K, respectively (and it should
be the same for all samples). Furthermore, if the Seebeck coefficients for different
temperatures are fitted and the interest is only in the slope to determine the carrier
concentration the small influence of the gold leads should be excluded.
Thermoelectric transport measurements were performed in an Oxford Instruments
MicroStatHiResII flow cryostat. The temperature could be changed in a range of
5K or 80K to 280K using liquid helium or nitrogen, respectively and is stabilized by
an Oxford Instruments intelligent temperature control (ITC) unit. The cryostat is
equipped with a ten pin electrical feed-through. The sample is glued on the sample
holder using an adhesive rubber cement providing good thermal coupling to the
cryostat. Electrical connections from the contact pads of the chip to the pins were
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made either by ball bonding using thin gold wires or conductive silver paint and thin
copper cords. For both methods the wires are connected to the pins with conductive
silver paint. In Figure 4.5 a contacted chip in the cryostat is shown.

Figure 4.5.: Chip in the cryostat contacted by thin copper wires and conductive
silver paint.

After contacting of the sample the cryostat is closed and evacuated to prevent heat
transfer by conduction or convection. Since the cryostat is equipped with a window,
which allows optical measurements, the cryostat including the window is additionally
covered with aluminum foil to exclude irradiative heat transfer and guarantee constant
temperature conditions during the entire thermoelectric measurements. To power
the heater and measure the thermometers two Keithley 2400 SMUs are used. The
thermoelectric voltage is measured with a Keithley nanovoltmeter 2182A.
The temperature-dependent measurements of the Seebeck coefficient are performed
to determine the free carrier concentration n inside the NWs as described for GaN
NWs in ref. [53]. The Seebeck coefficient Q is given in equation 4.11 with q as the
carrier charge, in case of electrons it is the negative elementary charge −e.

Q = π2k2
BT

3qEF (T = 0)

(
d ln g(E)

d lnE + d ln v2(E)
d lnE + d ln τ(E)

d lnE

)
(4.11)
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Since the density of states is g(E) ∝ E1/2 in the parabolic band approximation and
the velocity of carriers is v2 ∝ E equation 4.11 can be simplified to:

Q = π2k2
BT

3qEF (T = 0)

(
1
2 + 1 + d ln τ(E)

d lnE

)
(4.12)

If furthermore an energy independent scattering time τ is assumed, the last term
vanishes. Since the parabolic band approximation is assumed EF = h2

8m∗

(
3n
π

)2/3
can

be inserted in equation 4.12 and Q can be written as:

Q = 8π
(
π

3

)5/3 k2
Bm

∗

qh2
T

n2/3 ×
3
2 (4.13)

Finally, the carrier concentration n can be deduced if the Seebeck coefficient Q is
known for a certain temperature T .

4.4. Photoluminescence Spectroscopy

The influence of doping on the optical properties was additionally analyzed by micro
photoluminescence (µPL) spectroscopy using a Renishaw Raman-microscope. µPL
was performed on single NW level in an Oxford MicroStatHiResII flow cryostat and a
temperature of 4K using liquid helium. The 325 nm excitation light from a HeCd laser
was focused by a 20 fold UV objective (NA of 0.4 ) onto the NW, and the emitted
PL was collected with the same objective, dispersed using a 3600 lines/mm grating
in a 250mm spectrometer, and detected with a cooled charge coupled device (CCD)
camera.
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Chapter 5

Results

In this chapter the results of the different electrical transport and micro photolu-
minescence spectroscopy measurements are presented and the influence of doping
concentration on the determined properties is discussed.

5.1. Electrical Transport at Room Temperature

5.1.1. Highly Resistive Nanowires

The two-point resistance of different single non-intentionally doped (n.i.d.) NWs is
shown in Figure 5.1. Strong variations, even for different single NWs from the same
ensemble are observed. Highly resistive NWs (type 1) with a resistance above 1MW
(triangles) as well as conductive NWs (type 2) with a resistance in the range of 40 kW
to 200 kW (squares) are found, both comparable to reported values for n.i.d. GaN
NWs [56, 31, 32].
In general, the electrical properties of NWs are strongly affected by the presence of
depletion layer due to surface band bending [56, 57], as discussed in Chapter 3.3. An
increase of the donor concentration leads to a decreasing depletion width and, above
a critical value, to the formation of a conductive channel inside the NW [31, 57]. As
type 2 n.i.d. NWs show a measurable conductivity already for a diameter of 50 nm, a
residual carrier concentration above 2.8× 1018 cm−3 can be estimated according to
the model proposed in ref. [56], which is significantly higher than the Mott density of
1.6× 1018 cm−3 for bulk GaN [62]. The actual carrier concentration of 9.1× 1018 cm−3

for another conductive n.i.d. NW from the same ensemble, deduced from temperature-
dependent Seebeck coefficient measurements, reported in Chapter 5.3, was higher
than this estimation for a lower limit.
The origin of the unexpected high carrier concentration can be attributed to oxygen
impurities and to diffusion of silicon from the substrate into the NWs. Furtmayr et al.
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Figure 5.1.: Two point resistance of highly resistive (triangles) and conductive
(squares) n.i.d. NWs as a function of their diameter.

observed a high concentration of some percent of Si due to diffusion very close to
the interface between NW base and Si growth substrate by electron energy loss
spectroscopy (EELS) [9], cf. Figure 5.2. Due to the limited resolution of EELS
to Si concentrations above 1% a determination of very low Si concentrations in the
NW, comparable to typical doping concentrations, was not possible far away from the
interface.

Figure 5.2.: Relative composition of atoms at the NW interface to the Si substrate
determined by electron energy loss spectroscopy (EELS). Figure taken
from ref. [63].
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5.1 Electrical Transport at Room Temperature

Figure 5.3.: Single 2 µm long n.i.d. NW contacted with six terminals to measure the
resistance at three segments A, B, and C in four-point geometry.

As presented in Chapter 3.2 the determination of the germanium concentration [Ge]
in doped NWs was carried out by ToF-SIMS calibrated by TEM-EDX. For doped
and n.i.d. NWs a high Si−-signal rising even 500 nm before the interface to the
substrate was observed (cf. Figure 3.2). Possibly a part of this Si−-signal could be a
measurement artifact related to the NW morphology, i.e. the exposed Si substrate
between the NWs, or can be attributed to Si diffusion out of the substrate into the
NW.
In order to clarify the occurrence of Si diffusion samples with 2 µm long n.i.d. NWs
contacted by six individual terminals were prepared, as shown in Figure 5.3. This
layout allows four-point measurements at three different segments A, B, and C along
one NW. In Figure 5.4 the obtained conductivity for nine different NWs (each NW
is represented by one type of symbol) depending on the distance of the measured
NW segment’s center to the NW base is shown on a logarithmic scale. A decrease
of the conductivity over one decade from 81 S/cm to 9S/cm when the distance to
the NW base is doubled from approximately 600 nm to 1300 nm is observed. The
measured conductivities for different NWs at the same segments, i.e. similar distances
to the base, show only small variations compared to the change of conductivity for the
individual segments A, B, and C, thus different distances to the NW base. Because
the diameter is almost constant along the NW (not shown here for all, cf. Figure 5.3)
such a change of conductivity cannot be explained by the NW geometry. Furthermore,
a conical widening of the NW from the base to the top would have a contrary effect.
Therefore the increased conductivity at the base can be attributed to diffusion of

27



Chapter 5: Results

6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0

1 0

1 0 0

 C   B  

co
nd

uc
tivi

ty 
σ [

Sc
m−1

]

d i s t a n c e  t o  N W  b a s e  [ n m ]

 A  

Figure 5.4.: Conductivity as a function of the distance of the respective NW segment
to the NW base for nine di�erent single n.i.d. NWs. Each NW is
resembled by one type of symbol. The three individual segments are
marked by A, B, and C in accordance with Figure 5.3

Si from the Si(111) substrate into the NW. The gradual Si-doping in addition to a
doping of impurities as oxygen explains conductive n.i.d. NWs down to a diameter of
50 nm, as reported above.
In the case of PAMBE grown GaN n.i.d. NWs on Si(111) substrates a comparison of
the electrical properties to other groups is questionable since the measured distance
to the NW base is not known. Furthermore different growth temperatures can result
in different diffusion profiles, thus conductivity and carrier concentration might also
differ.
Since even at a distance of 600 nm to the base of the n.i.d. NWs the conductivity of
about 60 S/cm is significantly smaller than the conductivity of the lowest Ge-doped
NWs (142 S/cm) at the center of the NW (1000 nm to the base), the effect of Si
diffusion should not have a significant effect of co-doping for the Ge-doped NWs. In
fact the average conductivity of n.i.d. NWs is one order of magnitude smaller than
the conductivity of Ge-doped NWs, as reported in Chapter 5.1.3.
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5.1.2. Influence of Contact Resistance

To analyze the contact resistance of individually contacted NWs current voltage (I-V)
measurements in two-point and four-point geometry were compared for n.i.d. and
Ge-doped NWs. Figure 5.5 shows the deduced resistances of the middle segment of
in total 36 conductive single NWs in two-point (R2P, open symbols) and four-point
geometry (R4P, filled symbols) on a logarithmic scale. The measurement error is
smaller than the size of the symbols. For clarity, the x-axis is divided into five sectors
representing the different Ge-concentrations [Ge] from 0 (n.i.d.) to 3.3× 1020 cm−3

of the respective NW ensemble obtained by ToF-SIMS as reported in Chapter 3.2.
Highly resistive n.i.d. NWs (type 1) are not included, since their resistance measured
in four-point geometry is almost the same as in two-point geometry. For these NWs
the influence of the contacts to the resistance can not be determined.
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Figure 5.5.: Resistance of middle segments in individual NWs measured in two-point
(R2P: open symbols) and four-point (R4P: �lled symbols) geometry for
36 conductive NWs with di�erent Ge-concentrations. The x-axis is
divided into �ve sectors corresponding to the Ge-concentration of the
respective NW ensemble. Vertically aligned R2P and R4P values of
equal color correspond to the same NW. Dashed (solid) lines show the
average value of R2P (R4P).

The values for R2P show strong wire-to-wire variations and an overall decrease by
more than two orders of magnitude with increasing [Ge]. However, the average values
(dashed lines) do not exhibit a clear trend. In contrast, the results for R4P show
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significantly less variations and the mean values (solid lines) decrease systematically
over two decades from 41 kW to 552 W with increasing [Ge]. Hence, the strong
fluctuations of R2P are caused by variations in the contact resistance. The latter
was calculated from the data in Figure 5.5 and turned out to be in the same order
of magnitude as the four-point resistance of the middle segment of each NW itself,
as shown in Figure 5.6. Hence, four-point measurements are inevitable for reliable
electric characterization of single NWs.
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Figure 5.6.: Contact resistance as half di�erence of two-point (R2P) and four-point
(R4P) resistances. The x-axis is divided into �ve sectors corresponding
to the Ge-concentration of the respective NW ensemble.
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5.1.3. Influence of Ge-Doping on the Conductivity

As presented above, a higher Ge-concentration in the NW leads to significantly lower
resistance compared to n.i.d. NWs. To obtain the electrical conductivity σ, which
excludes the geometry of the NW, the NWs have been approximated to be of cylindrical
shape. The individual diameter and length of the electrically measured middle segment
of the NW was determined by SEM analysis.
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Figure 5.7.: Conductivity of 36 NWs as a function of the Ge-concentration of the
respective NW ensemble. The conductivity was obtained from the four-
point resistance considering the individual NW geometry. The error
bars are dominantly caused by the uncertainties in the NW geometry
determined from SEM images. The line is a guide to the eye.

The results in Figure 5.7 show a continuous increase of the conductivity from
35S/cm to 400S/cm for an increasing [Ge] up to 1.6× 1020 cm−3. For higher doping
concentrations up to [Ge]= 3.3× 1020 cm−3 the conductivity saturates at an average
value around 450 S/cm. Possible reasons for the saturation are a decreasing carrier
mobility caused by a high density of ionized donors, self-compensation, or electrically
inactive incorporation of Ge. A maximum conductivity of 625S/cm for one NW of
the highest doped ensemble was observed. The large error bars are dominantly caused
by the uncertainties determining the NW geometry from the SEM images.
The wire-to-wire fluctuation can be caused by variations in the concentration of active
Ge donors, as suggested also in ref. [10] or by mobility variations due to different
densities of structural defects. Since the diameter of the NW was used to calculate
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the conductivity and an influence of a possible depletion region was neglected the
values represent a lower limit. Nevertheless, the obtained values are in very good
agreement with reports about Ge-doped thin films with conductivities is the range from
30 S/cm to 1500S/cm for carrier concentrations of 2× 1018 cm−3 to 2× 1020 cm−3,
respectively [42, 64].

5.1.4. Influence of the Diameter on the NW Conductivity

The dependence of the conductivity on the NW diameter for different Ge-concentrations
is shown in Figure 5.8. For n.i.d. NWs of type 2 a systematic increase of the
conductivity with increasing diameter is observed, in agreement with the results
reported in refs. [56] and [57]. An increase of the donor concentration above a critical
value leads to a decreasing depletion width and the formation of a conductive channel
inside the NW [31, 57]. Hence, a strong dependence of the conductivity on the NW’s
diameter is expected for undoped or moderately doped NWs while for high doping
concentrations only a weak dependence is expected. Accordingly, for all Ge-doped
NWs investigated here the influence of the depletion region on the conductivity can be
neglected. Furthermore, as type 2 n.i.d. NWs show a measurable conductivity already
for a diameter of 50 nm, a residual carrier concentration above 2.8× 1018 cm−3 can
be estimated, as reported in Chapter 5.1.1. For thick n.i.d. NWs, when the depletion
region can be neglected in respect to the conductive channel, a saturation of the
conductivity around 100S/cm can be expected at a diameter above 90 nm as indicated
by the tapered gray shaded area in Figure 5.8.
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Figure 5.8.: Conductivity for NWs with di�erent Ge-concentration as a function of
the NW diameter. The gray shaded area depicts the region spanned by
n.i.d. NWs.
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5.2 Temperature-dependent Transport

5.2. Temperature-dependent Transport

To investigate the donor ionization energy temperature-dependent resistivity mea-
surements between 1.6K to 280K were carried out. Selected NWs with different
conductivities of the NW ensembles with no intended doping, a [Ge] of 1.4× 1020 cm−3

and 1.6× 1020 cm−3 were analyzed. For all investigated NWs only a weak influence
of the temperature and an almost constant resistivity at temperatures below 10K was
found, as exemplarily presented in Figure 5.9. The extracted activation energy be-
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Figure 5.9.: Arrhenius plot of normalized four-point resistance (R(T )/R0(280K))
for three NWs with di�erent conductivities.

tween 80K and 280K for the NW with the conductivity of 310 S/cm is approximately
5meV. This value is significantly lower than the ionization energy of Ge in the case
of low doping concentrations (19meV for n= 3× 1017 cm−3 [38]) and indicates the
formation of an impurity band due to high concentrations of incorporated Ge atoms
[61, 65]. As introduced in Chapter 4.3.2 the lowering of the activation energy is
attributed to an overlap of the coulomb potentials of the donors and screening of the
coulomb potentials by a high concentration of free carriers. Based on the ionization
energy of 19meV for n= 3× 1017 cm−3 observed by Götz et al. [38] and a screening
factor S= 2.1× 10−5 meVcm [66] the carrier concentration in the NWs can be roughly
estimated to 2.4× 1018 cm−3 using equation 4.10. This value is almost the same
as the lower limit deduced in Chapter 5.1.1 but significantly lower than the carrier
concentrations determined in Chapter 5.3. Associated with this estimation, it should
be noted that the determination of the activation energy is rather sensitive to the
evaluated temperature range. Therefore this technique is inappropriate to determine
quantitatively reliable values for the charge carrier concentration.

33



Chapter 5: Results

For the investigated NW with the highest conductivity, a positive temperature coef-
ficient of the resistivity was observed, i.e. metallic behavior, further confirming the
high donor concentration in Ge-doped GaN NWs.
Overall, the temperature-dependent measurements confirm the high doping concen-
trations indicated by the independence of the conductivity of GaN:Ge NWs on the
NW diameter.

5.3. Carrier Concentration

To determine the charge carrier concentration of individual GaN NWs the approach
reported for degenerate n.i.d. GaN NWs with a carrier concentration of 6.6× 1019 cm−3

in ref. [53] and Si-doped GaN microwires with a carrier concentration of 6× 1019 cm−3

and 2.6× 1020 cm−3 [36] based on temperature-dependent measurements of the
Seebeck coefficient was pursued. Using the test structures presented in Figure 4.4
the transient thermoelectric voltage of individual NWs was measured, as described in
Chapter 4.3.3. The voltage instantaneously increases with the heating power steps
as exemplarily shown for a temperature of 282K and a NW of the ensemble with
[Ge]= 1.0× 1020 cm−3 in Figure 5.10.
The evaluation of the steps in the thermoelectric voltage reveals a linear increase from
−40 µV to 250 µV for heater powers up to 5mW and a corresponding temperature
difference up to 3.5K along the NW as depicted in Figure 5.11. The offset at ∆T =0
is caused by thermoelectric voltage in the cables. As only the slope of the linear
relation is evaluated it does not interfere with the extracted results for the Seebeck
coefficient. Evaluation of the slope yields a Seebeck coefficient of Q=−82.3 µV/K
at the average temperature of 282K. This Seebeck coefficient is comparable to
results reported for n-type GaN wires [53, 36] and GaN thin films [67] with carrier
concentrations above 1× 1019 cm−3.
Following this method the Seebeck coefficients for one type 2 n.i.d. NW and two Ge-
doped NWs from ensembles with [Ge]= 1.0× 1020 cm−3 and [Ge]= 1.6× 1020 cm−3,
respectively, were determined at different temperatures in the range of 80K to 280K, as
presented in Figure 5.12. A linear decrease of the Seebeck coefficients with increasing
temperature was observed. The negative sign of Q indicates that the carrier transport
in all investigated GaN NWs is contributed by electron diffusion, reflecting that the
NWs are n-type semiconductors. The absolute value of the extracted slope decreases
with increasing [Ge] as expected for higher carrier concentrations. The linearity is
maintained for temperatures down to 5K, as exemplarily shown for the n.i.d. NW in
Figure 5.12. This further confirms a degenerate doping level of all investigated NWs

34



5.3 Carrier Concentration

[ G e ]  =  1 . 0 ×1 0 2 0  c m − 3

T  =  2 8 2  K

5.0
5 m

W

0 1 2 0 2 4 0 3 6 0

0

1 0 0

2 0 0

0 m
W 0.3

2 m
W 1.2

7 m
W

2.8
6 m

W

the
rm

oe
lec

tric
 vo

lta
ge

 [µ
V]

t i m e  [ s ]

Figure 5.10.: Transient thermoelectric voltage for di�erent stepwise increased heat-
ing powers for a NW with [Ge]= 1.0× 1020 cm−3 at T = 282K.

due to doping concentrations above the Mott density in accordance with the results of
the temperature-dependent resistivity measurements (cf.Chapter 5.2) and the weak
dependence of the conductivity on the NW diameter (cf.Chapter 5.1.4).
Hence, assuming parabolic bands and a constant effective mass, which is valid for carrier
concentrations up to 1× 1020 cm−3 [68, 69], and an energy-independent scattering
time a lower limit for the carrier concentration n can be estimated adapting equation
5.1 derived from semi-classical Mott relation [53].

n =

√√√√( π2k2
Bm

∗

(3π2)2/3q~2
T

Q

)3

(5.1)

Here, kB is the Boltzmann constant, q the elementary charge, ~ reduced Planck’s
constant, m∗ = 0.231×me the electron density of states effective mass [68, 69], T
the temperature, and Q the Seebeck coefficient.
Using this equation carrier concentrations between 9.1× 1018 cm−3 and 5.5× 1019 cm−3

were obtained for the five different NWs as summarized in Table 5.1. The used
method to evaluate the slope (linear regression with intercept) instead of analyzing just
one Seebeck coefficient at a certain temperature, as carried out in ref. [36], benefits
from the exclusion of uncertainties in the determination of the absolute temperature,
since the temperature T as a parameter in equation 5.1 has a significant influence
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Figure 5.11.: Thermoelectric voltage as a function of heater power and result-
ing temperature di�erence for a NW with [Ge]= 1.0× 1020 cm−3 at
T = 282K.

on the calculation. The error in the determination of the slope is small and can be
neglected in comparison to the uncertainty in the effective mass, which has a more
significant influence on the results. The corrections suggested in ref. [36] to address the
energy-dependent relaxation time can be neglected in comparison to the uncertainties
in the temperature and effective mass.

NW BEPGe [Ge] slope n
[10−9 mbar] [1020 cm−3] [µV/K2] [1019 cm−3]

1 0 (n.i.d.) 0 (n.i.d.) −0.53 0.91

2 0.5 1.0 −0.31 2.05

3 0.5 1.0 −0.27 2.57

4 1.0 1.6 −0.20 4.11

5 1.0 1.6 −0.16 5.53

Table 5.1.: Beam equivalent pressure BEPGe and Ge-concentration [Ge] of the re-
spective NW ensemble, slope deduced from graph in Figure 5.12 and
calculated carrier concentration n for �ve di�erent doped single GaN
NWs.

The extracted values for n systematically increase with increasing Ge-concentration.
They also reflect the wire-to-wire variations observed in conductivity, since the ratio of
n and [Ge] varies in the range of 20% to 35% for the investigated single NWs in relation
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Figure 5.12.: Seebeck coe�cient as a function of temperature for one n.i.d. and
four Ge-doped GaN NWs. The n.i.d. NW was measured down to a
temperature of 5K using liquid helium.

to the respective ensemble. The extracted carrier concentrations and the conductivities
obtained for single NW of the same ensembles are in very good agreement with data
reported in literature [57, 42, 64]. The high carrier concentration of the n.i.d. NW
can be attributed to residual oxygen and Si donors [9] as discussed in Chapter 5.1.1.
All carrier concentrations exceed the Mott density, which is in accordance with the
prior results of the diameter-independence and weak temperature-dependence of the
conductivity discussed above.

5.4. Carrier Mobility

Based on the results obtained for the conductivity in Chapter 5.1.3 and the charge
carrier density in Chapter 5.3 the electron mobility µe can be estimated. Since
both measurement techniques were carried out on different single NWs of the same
ensemble, for the calculation every single conductivity from Figure 5.7 for NWs with
[Ge]= 1.0× 1020 cm−3 and [Ge]= 1.6× 1020 cm−3 was combined with both corre-
sponding charge carrier concentrations from Table 5.1 of the respective NW ensemble
with the same [Ge]. The results are presented in Figure 5.13.
The mobility varies in the range from 10 cm2/Vs to 43 cm2/Vs for the n.i.d. NWs,
34 cm2/Vs to 81 cm2/Vs for NWs with [Ge]= 1.0× 1020 cm−3, and 40 cm2/Vs to
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Figure 5.13.: Electron mobility as a function of the charge carrier concentration.

86 cm2/Vs for NWs with [Ge]= 1.6× 1020 cm−3 being reasonable compared to re-
ported values for NWs and thin films [70, 25, 42, 50, 71, 72, 51, 57, 64, 36]. By first
excluding the n.i.d. NWs, the conductivity seems to be constant around 50 S/cm, inde-
pendent on the charge carrier concentration, whereas a slight decrease with increasing
carrier concentration is expected [73]. The smaller mobility for the n.i.d. NWs can
be explained by the fact, that the conductivity was calculated with the NW diame-
ter neglecting an influence of the depletion region, as discussed in Chapter 5.1.4.
Therefore, a higher conductivity and mobility for n.i.d. NWs can be expected in
comparison to this calculated lower limit. Furthermore, the carrier concentration was
determined for a whole n.i.d. NW, contacted on base and top of the NW, whereas
the conductivities were determined for the middle segments of the NWs due to the
four-point geometry, but as reported in Chapter 5.1.1 a significant change of the
conductivity is observed along n.i.d. NWs.
Only combined measurements of both properties on a specific segment of the same
single NW will result in reliable values for the carrier mobility.

5.5. Photoluminescence Spectroscopy

The five single NWs that were analyzed by Seebeck coefficient measurements, with
carrier concentrations from 9.1× 1018 cm−3 to 5.5× 1019 cm−3 were analyzed by µPL
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at T = 4K.
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Figure 5.14.: Micro photoluminescence spectra of �ve single NWs at T = 4K
with di�erent carrier concentrations (determined by temperature-
dependent analysis of the Seebeck coe�cient). The spectra are nor-
malized and vertically shifted for clarity. Experimental data are plotted
in black, the modelled luminescence line shapes in red. The verti-
cal green and blue lines mark the positions of Egap + ∆EBGR and
Egap + ∆EBGR + ∆EBMS, respectively.

The spectra of all NWs, shown in Figure 5.14, are dominated by a sharp near band
edge emission around 3.485 eV. While the full width of half maximum (FWHM) of
the emission broadens only slightly from 35meV to 70meV with increasing carrier
concentration, no spectral shift is observable even for the highest doped sample. This
is remarkable since for similar Ge-doped NW ensembles the near band edge emission
was observed at 3.472 eV [10]. Furthermore, in single NW µPL Schoermann et al.
observed emissions in a range from 3.46 eV to 4.90 eV for various wires. All single NWs
analyzed here seems to correspond to category D introduced in ref. [10]. Whether it
is coincidence or that the sample preparation, or the temperature cycling during the
temperature-dependent measurements of the Seebeck coefficient has an influence on
the optical properties, can not be clarified.
Anyhow, the observed behavior of a constant peak position independent on the carrier
concentration, can be explained by a compensation of a blue shift due to band filling
effects known as Burstein-Moss shift (BMS) by band gap renormalization (BGR) due
to many body effects as recently reported in ref. [69] for GaN:Si and GaN:Ge samples
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with carrier concentrations up to 1× 1019 cm−3. A lowering of the fundamental band
gap energy of the semiconductor is expected to be dominated by electron electron
and electron ion interaction.
Fits to the experimental line shapes according to the model used in ref. [69] are
plotted in red in Figure 5.14. The position of the renormalized band gap given
by Egap + ∆EBGR and the Fermi energy represented by Egap + ∆EBGR + ∆EBMS

are marked by green and blue vertical lines, respectively. The carrier concentration
obtained from the Seebeck coefficient measurement was used as fixed input parameter
for the fitting procedure. In order to obtain modelled line shapes in accordance
with the measurements a rigid shift of the spectra due to strain had to be assumed
changing the value of Egap. If the strain in the NWs is assumed to be of biaxial
type, it ranges from compressive (εxx=−5.3× 10−4 ) for the NW with a carrier
concentration of 9.1× 1018 cm−3 to tensile (εxx= 2.1× 10−3 ) for the highest doped
NW with n= 5.53× 1019 cm−3. While this increase in tensile strain as a function of
increasing germanium incorporation is in agreement with the findings of ref. [74] for
Ge-doped GaN thin films, its microscopic origin is not clear at the moment.

5.6. Influence of Si-Doping on the Conductivity

In order to compare the results obtained for Ge-doped GaN NWs, which has proven Ge
to be a very efficient donor, NWs with different Si-concentrations were analyzed as well.
Since the Ga-peak masks the Si-peak, as described in Chapter 3.2, the Si-concentration
could not be determined by TEM-EDX even for highly Si-doped NWs. Consequently
the Si beam equivalent pressure BEPSi adjusted during growth of the NWs must be
used as a measure for the amount of supplied Si.
Single NWs of different doped ensembles were analyzed in the same way as described
for Ge-doped NWs above. In Figure 5.15 the conductivities for individually Si-doped
GaN NWs are shown.
While the BEPSi is increased from 1.5× 10−11 mbar to 1.25× 10−9 mbar no system-
atic change of the conductivity could be observed. The variations of the conductivity
within NWs of the same ensemble are as large as the difference for different Si-doped
samples. For comparison the values for n.i.d. NWs (determined in Chapter 5.1.3)
are shown as well. Since the values of all Si-doped NWs varies in the same way as
the n.i.d. wires, no significant influence of the increased BEPSi on the conductivity is
observed. A possible explanation could be a dominant contribution of Si-incorporation
due to diffusion of Si from the substrate into the NW base, as discussed in Chap-
ter 5.1.1, electrically inactive incorporated Si or structural degradation as reported

40



5.6 Influence of Si-Doping on the Conductivity

1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0

0

2 0

4 0

6 0

8 0

1 0 0

co
nd

uc
tivi

ty 
σ [

Sc
m−1

]

N W  d i a m e t e r  [ n m ]

B E P S i  [ m b a r ]
 0  ( n . i . d . )
 1 . 5 0 ×1 0 − 1 1

 7 . 5 0 ×1 0 − 1 0

 1 . 0 0 ×1 0 − 9

 1 . 2 5 ×1 0 − 9

Figure 5.15.: Conductivity of several single NWs doped with silicon as a function of
the NW diameter. Values for n.i.d. NWs are shown for comparison.

for NWs with increasing Si-concentration [10, 31, 75], which could cause a lowering of
the electron mobility and charge carrier density. Furthermore, even for the ensemble
with the highest BEPSi supplied during growth several Si-doped NWs with very high
resistances are present, as discussed for the n.i.d. NWs in Chapter 5.1.1.
Since the BEPSi are comparable to the BEPGe used for the growth of Ge-doped NWs,
a very ineffective or electrical inactive incorporation of Si in comparison to Ge, or a
significant decrease of the mobility or carrier concentration must be present. A further
increase of the BEPSi could not be achieved, since the operation temperature of the
Knudsen cell used for the effusion of silicon during growth was already at its limits.
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Chapter 6

Conclusion

Within this thesis a systematic characterization of the electrical transport properties
of single gallium nitride nanowires is presented. For the first time germanium as a
shallow donor in gallium nitride nanowires grown by plasma-assisted molecular beam
epitaxy is analyzed.
To access electrical measurements on a single nanowire level a state of the art nano-
fabrication process was established and continuously improved to achieve high overlay
precision and yield. Due to a „mix-and-match“ of two processing technologies the
fabrication benefits from fast and parallel processing by photolithography with hard
masks for coarse patterns and structuring by electron beam lithography for individual
nanosized geometries. The process is very flexible and allows to adopt the geometry
depending on the need of the intended measurement. With the final process parameters
every NW was matched and the overlay accuracy was improved to less than 10 nm
mismatch. Even NWs with a lengths of 1 µm could be contacted with four individual
contacts, facilitating electrical measurements in four-point geometry.
For n.i.d. NWs highly resistive NWs with resistances above several MW and conductive
NWs with a resistance in the range of 40 kW to 200 kW were observed. The conductivity
of the latter can be partially attributed to Si-impurities due to Si-diffusion from the
substrate into the NW base, which was determined by spatially resolved conductivity
measurements revealing a decreasing conductivity from 81S/cm to 9S/cm with
increasing distance to the NW base.
A comparative investigation of the resistance measured in two-point and four-point
geometry revealed a significant influence of the contact resistances. The latter
decreased with increasing germanium concentration and were in the same order of
magnitude (10 kW) as the resistance of the NW itself evidencing the importance of
four-point measurements for single NW characterization.
By elimination of the contact resistances the conductivity was determined taking the
NW geometry into account. A continuous increases of the conductivity to an average
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of 411 S/cm with increasing [Ge] up to 1.6× 1020 cm−3 and a maximum conductivity
of 625S/cm for the sample with the highest [Ge] of 3.3× 1020 cm−3 was observed.
The conductivity of Ge-doped NWs was independent of the NW diameter whereas for
n.i.d. NWs a significant dependence was observed.
The temperature-dependent analysis of the resistance revealed a constant resistance
at low temperatures and a small activation energy of 5meV for temperatures in the
range of 80K to 280K was observed. The results are attributed to activation from an
impurity band formed due to high doping concentrations. Emerging metallic behavior
for a NW with a conductivity of 436S/cm further confirms that Ge is an efficient
donor in GaN NWs.
From analysis of the temperature-dependent Seebeck coefficient the charge carrier
concentrations could be determined. The values in the range of 9.1× 1018 cm−3 to
5.5× 1019 cm−3 for a n.i.d. and the highest Ge-doped NW analyzed by this technique
were all above the Mott limit and in agreement with the prior results. For these
measurements a special sample layout with a meandered micro heater in the vicinity
of the NW was used to apply a thermal gradient along the NW.
The carrier mobilities could be estimated by combining both measurement techniques
and were almost constant in the range of 10 cm2/Vs to 86 cm2/Vs, independent on
the carrier concentration.
Photoluminescence spectroscopy of single NWs revealed a clear near band edge emission
at 3.485 eV and a slight increase of the FWHM from 35meV to 70meV with increasing
carrier concentration. In contrast, no significant spectral shift was observable even for
the highest doped sample, which could be attributed to a compensation of a blue shift
due to band filling effects by a band gap renormalization due to many body effects.
In order to obtain modelled line shapes in accordance with the measurements a rigid
shift of the spectra due to strain had to be assumed.
Intentional Si-doping showed no significant influence on the transport properties. The
variations of the conductivity within NWs of the same ensemble were as large as the
difference for different Si-doped samples. The observed conductivities were all below
90 S/cm. In comparison to n.i.d. NWs no significant influence of increased BEPSi

during growth was observed. Also highly resitive Si-doped NWs were observed. These
results can be attributed to ineffective incorporation of Si or electrically inactive Si.
The unintentional background doping due to Si-diffusion from the substrate further
masks the intended but weak Si-doping.
The presented systematic quantitative analysis of the electrical transport properties
determined by different measurement techniques revealed very conclusive results. The
results are in good agreement with reports for GaN thin films and n.i.d. and Si-doped
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GaN NWs. For the first time germanium has been proven to be a very efficient
donor in GaN NWs grown by PAMBE. Germanium doping enables high charge carrier
concentrations without structural degradation and should be considered as primary
technology for GaN NW based electronics.
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Appendix A

Details on Micro- and

Nanofabrication

A.1. Transfer of Nanowires

In order to analyze single nanowires they were removed from the substrate and
transferred to patterned chips. Due to a temperature gradient on the substrate during
growth the degree of coalescence is not homogeneous across the sample. By SEM
analysis an area with least coalescence is selected to provide mostly single NWs for
the electrical measurements. For this a small piece with an area of 1mm2 to 4mm2

of a NW ensemble was cleaved, properly cleaned and put into a small glass flask filled
with isopropyl alcohol. Then the nanowires were harvested from the Si substrate using
an ultrasonic bath. Subsequently the suspended NWs were dispersed on the chip by
transfer of several small drops of the suspension using a pipette. After deposition of
the NWs the samples were rinsed with isopropyl alcohol and dried in a nitrogen flow.

A.2. Layout Design

The design of the layout was carried out with the CAD software „LayoutEditor“ by
juspertor UG1. For patterning of the finder grid on the total wafer by a 1st EBL the
desired layout was designed straight away. One of the 10 µm× 10 µm sectors of the
grid is shown in Figure A.1 (a).
For the fabrication of individual contacts to a single NW by a 2nd EBL a high overlay
accuracy had to be achieved. Therefore, a single NW was identified by SEM imaging
in one of the sectors of the finder grid, as shown in Figure A.1 (b). The SEM
micrograph was superimposed to the layout of the finder grid and consequently the
1www.layouteditor.net
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desired contacts were drawn as shown in Figure A.1 (c). The final result after EBL,
metallization and lift-off is shown in Figure A.1 (d).

(a) Layout of one sector of the �nder grid. (b) SEM micrograph of single NWs located in
sector D5.

(c) Superimposed layout and SEM micrograph. (d) SEM micrograph of the �nal structure.

Figure A.1.: The layout of one sector of the �nder grid is shown in (a). Single
NWs localized in sector D5 are shown in (b). Both layout (a) and
SEM micrograph (b) are superimposed as shown in (c) and individual
contacts to the NW can be designed. The �nal structure after EBL,
metallization and lift-o� is shown in (d).

A.3. Details on Aligned EBL

As outlined above, a proper alignment is the key technology to contact single NWs.
The alignment is based on a hierarchical detection of several alignment markers. An
example for the needed code of a control file for ECP is given in Listing A.1.
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Listing A.1: Code example for aligned EBL.
1 o r i g i n = 0 , 0
2 c u r r e n t = 200
3 f s i z e = 200
4 a u t o r o t
5 gmcoord = 0 , 0
6 gmcoord = 0 , 2500
7 gmcoord = 3000 , 2500
8 g m f i l e = g l o b a l m a r k s e t
9 gmark (AUTO)

10 x = 1500
11 y = 1250
12 s t a g e
13 cmcoord = 2500 , 8750
14 cmcoord = 2500 , 41250
15 cmcoord = 47500 , 41250
16 cmcoord = 47500 , 8750
17 c m f i l e = c h i pm a r k s e t
18 cmark
19 cmark
20 cmark
21 s f i l e = p a t t e r n f i l e
22 draw ( c r i t i c a l p a t t e r n , 5 , 4000)
23 draw ( no rma lpa t t e rn , 5 , 4000)
24 draw ( u n c r i t i c a l p a t t e r n , 5 , 4000)
25 x = 0
26 y = 0
27 s t a g e
28 end

In general the sample is rotated in respect to the axis of the stage. Therefore, at the
beginning of a lithography the rotation is compensated by the procedure autorot. To
use autorot two reference points on the sample that are on a vertical or horizontal
line must be defined. The rotation of the sample is calculated with a trigonometrical
function. Consequently the coordinates of the globalmarks (in µm) defined in the
ECP coordinate system are corrected to match the sample coordinate system prior to
the detection of the globalmarks. If the JEOL SEM sample holder is used one should
rather adjust a rotation of the sample by rotating the stage before the exposure is
started than making use of autorot. For the usage of the XENOS XeMove stage,
which provides no possibility of rotation, the automatic correction is beneficial, often
essential.
Each chip processed by photolithography has three large crosses called globalmarks
located at the corners and a set of eight small crosses called chipmarks in the center
of the chip. SEM micrographs are given in Figure A.2, in (a) a complete chip is
shown and the globalmarks are marked by circles (compare scheme in Figure 4.1). In
Figure A.2 (b) a magnified view of the EBL writing field with eight chipmarks at the
center of the chip is presented. At the beginning of the EBL the lower left cross of
the globalmarks has to be searched manually and set as origin. All three globalmarks
are used to properly map the coordinate system of the sample on the stage to the
coordinate system of ECP using the gmark function. After that a precise movement
to the center of the chip where the chipmarks are located is ensured.
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(a) Single Chip. (b) Centered EBL writing �eld.

Figure A.2.: SEM micrographs of (a) a single chip with three globalmarks and (b)
the centered writing �eld for EBL (200 µm x 200 µm) with eight chip-
marks. The used marks are marked by circles.

After complete detection of the globalmarks and movement to the center of the chip
the chipmarks (coordinates defined in pixel) are detected without any movement of the
stage as they are all located inside the 200 µm x 200 µm (corresponds to 50000 pixel
x 50000 pixel) EBL writing field. The electron beam is deflected to the defined areas
to detect the marks without exposure of the rest of the field. The defined coordinates
of the chipmarks and the real detected ones are compared and the deviation is used
to transform the coordinate system in order to realize a high overlay accuracy of the
defined strucutres in respect to the sample. To improve the accuracy the detection of
the chipmarks is repeated several times.

Thermal Drift:
Since the sample moves due to thermal drift it is an important step to write critical
patterns that have to match the NW directly after the detection of the chipmarks.
These structures have a small area and only a short writing time. Consequently larger
patterns which need more writing time and are less important for optimum overlay
accuracy should be written later. It is essential to design patterns with a certain
overlap to compensate the drift. In Figure A.3 (a) a small drift with respect to the
layout in Figure A.3 (b) is visible but was compensated due to sufficient overlap in
the design. Only on very rare occasions the drift was so pronounced that short circuits
or open circuits occurred as shown in Figure A.4.

Systematic error:
Even for ideal conditions a systematic misalignment was present. The average shift
over several samples, all written after detection of the chipmarks with the same
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(a) SEM micrograph. (b) Designed layout.

Figure A.3.: Illustration of the in�uence of the thermal drift. (a) SEM micrograph
and (b) designed layout do not perfectly match for the later written
structures due to a small thermal drift. To guide the eye one spot is
marked with a circle.

(a) Short circuit. (b) Open circuit.

Figure A.4.: On rare occasions the thermal drift was so pronounced that (a) short
circuits or (b) open circuits occured. To guide the eye exemplarily
spots are marked with a circle.
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parameter set, were determined2 to approximately x= 50 nm and y= 100 nm. If the
pattern was moved by the same amount in the CAD layout beforehand, the final
result matches almost perfectly with the NW. Figure A.5 (a) shows the intentionally
shifted layout and (b) the resulting high overlay accuracy to the NW with less than
10 nm shift.

(a) Layout. (b) SEM micrograph.

Figure A.5.: To compensate the systematic shift the layout of the designed contacts
(a) was intentionally translated by x= 50 nm and y= 100 nm with re-
spect to the NW. Consequently the overlay accuracy between metal
contacts and NW (b) is better than 10 nm.

The strategy of writing critical structures directly after the alignment additionally
enables very fast processing. No waiting time for thermalization of sample, holder and
stage is needed. A sample set consisting of four chips can be processed in less than
one hour including the time for loading and unloading.

A.4. Proximity Effect

A common problem in EBL is the proximity effect. As the electrons penetrate through
the resist into the substrate, they occasionally undergo large angle scattering and back
scattered electrons increase the effective dose of a feature nearby the intentionally
exposed area. Consequently, the dose delivered by the electron beam tool is not
confined to the writing areas resulting in pattern-specific line width variations known
as the proximity effect. Since the exposure control program (ECP) of the XENOS
EBL system has no computational proximity correction3 the correction must be carried
2The amount of the systematic error depends on the parameters forthe mark detection. If param-
eters are changed, for example the dwell time, it will in�uence the systematic shift.

3SCELETON� or PROXECCO� by Synopsys are suited software packages for calculation of the
right dose depending on the shape of a structure. E.g. to write a rectangle the dose will be
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out either by manual dose adjustments for specific parts of the pattern or by layout
modification in the CAD file. The impact of the proximity effect depends on the
substrate [76], acceleration voltage, resist material and thickness.

A.5. Dose Optimization and Calculation

To transfer the target structures from the layout to the sample the right dose D
defined as charge per area for the exposure should be determined by a dose test. The
dose roughly scales with the acceleration voltage and for the used EBL setup with
15 keV electrons a dose of 200 µC/cm2 was determined to be optimum. The dose can
be changed by the beam current I, the dwell time tdwell which determines how long
an area Aexpo is exposed and by Aexpo itself. Depending on the length of the field size
L�eld it might happen that the dwell time has to be smaller than 100 ns to match the
right dose. Since 100 ns is the lower limit for the 10MHz pattern generator one has
to consolidate a certain amount N of pixels with the length Lpix in both directions
and expose those together accordingly for a longer time. The parameter determining
how many pixels are consolidated is called increment N . The electron beam is moved
in pixels and L�eld corresponds to 50000 pixels. Depending on these parameters4 the
dose can be calculated according to equation A.1.

D = I × tdwell
Aexpo

= I × tdwell
(N × Lpix)2 = I × tdwell

(N × L�eld

50000)2
= I × tdwell × 25× 108

N2 × L2
�eld

(A.1)

In general the best resolution is achieved for small current, increment and dwell time
but additionally the limited operation frequency of the EBL system also has to be
be taken into account. Very good parameters for a field size length of 200 µm and
a beam current of 200 pA were increment 5 and dwell time 4000 ns. With the latter
parameters, compared to increment 1 and a dwell time of 160 ns, the actual operation
frequency of the pattern generator is decreased to 250 kHz compared to 6.25MHz
which leads to more reliable operation.

A.6. Focus

For the precise reproduction of structures the adjustment of the electron beam focus
is of essential importance. Due to parasitic exposure during manual focusing it is not

increased at the sides and especially at the corners in comparison to the internal of the pattern.
4In Xenos syntax for the description of a pattern �le, the parameters have di�erent names:

I = N (increment), C = tdwell (dwell time), FSIZE = L�eld (�eld size)
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possible to focus inside the writing field. Consequently two different approaches can
be pursued.
The first approach is called „working distance correction“ and uses the command
setfocus(*) of ECP. The focus is manually set at three spots surrounding the target
writing area and the corresponding z values are submitted to ECP. With the coordinates
of these three points ECP calculates a plane across the sample. Consequently, ECP
automatically sets the focus for every writing field depending on the actual x and y
coordinates during the exposure. This approach gives good results and is suitable if
many fields are written. Occasionally the sample is bowed by the clamp fixing it to
the sample holder. In that case this approach will not lead to good results.

Figure A.6.: SEM micrograph of the center of a chip with the �nder grid already
pattered by the �rst EBL. The parasitic exposure due to manual focus-
ing is marked with a circle on the left. In comparison on the right the
unexposed structure is marked. It can be used for the second EBL.

The second approach is based on manually focusing in the immediate vicinity of
every single writing field. For the samples processed in this thesis this approach was
practicable as on each chip only one field in the center was written. For this purpose
a modified mask for photolithography with small structures useable for focusing very
close to the writing field was designed. Figure A.6 illustrates the parasitic exposure
of the marker used for focusing in comparison to the unexposed marker that could be
used for the second EBL. With this method the best results were obtained.
To implement the second approach to the workflow the code snippet given in List-
ing A.2 should be inserted between line 9 and 10 of the code example given in
Listing A.1. The command fsize changes the magnification of the SEM to a higher
value to reduce the parasitic exposed area when the beam is not blanked. Since the
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code follows the detection of the globalmarks the stage can be moved exactly to
the location of the focus mark and parasitic exposure is minimized. The followed
command pause allows to cancel the exposure and the operator can manually set the
focus. Then the exposure is started again from the beginning and can be continued
as the command pause is reached again.

Listing A.2: Code snippet for semi manual focusing. It has to be inserted between
line 9 and 10 of the code example given in Listing A.1

1 f s i z e = 10
2 x = 1330
3 y = 1202
4 s t a g e
5 pause
6 f s i z e = 200

To illustrate the importance of focusing a structure written with wrong focus5 is shown
in Figure A.7 (a). In contrast, a structure that was written when the focus was set
well in the vicinity to the writing field is shown in Figure A.7 (b).

(a) Bad focus. (b) Good focus.

Figure A.7.: SEM micrograph of (a) a chip written with focus set wrong and (b)
focused well in the vicinity to the centered writing �eld. In (a) small
features could not be transferred and squares became circles in com-
parison to precise transferred structures in (b).

A.7. Lift-off Process

The process described in the following, known as lift-off, was reported in 1969 by
Hatzakis et al. [77] for Poly(methyl methacrylate) (PMMA) as one of the first materials
for e-beam lithography. Today PMMA is still the standard positive e-beam resist,
5The focus was set at another chip 7mm away.
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since it remains as one of the highest resolution but soluble and light insensitive resists
available. During exposure the high energy electrons of the beam cracks the polymer
into fragments that are afterwards preferentially dissolved by a developer such as a
2:1 mixture of isopropyl alcohol (IPA) and water (H2O). When exposed to more than
the tenfold of the optimal dose, PMMA will cross-link, forming a negative resist. This
effect can be easily observed after focusing or scanning on a mark for an extended
time. The center of the spot will be cross-linked, leaving resist on the substrate, while
the surrounding area is exposed positively and is washed away by the developer.
After development in the resist a undercut profile is present, as shown in the scheme
in the inset of Figure A.8 (a). Due to this undercut profile a discontinuity between
metal in the developed gap and on top of the resist remains after metallization. This
gap allows the solvent to access the unexposed PMMA and remove it together with
the metal layer on to of it.

(a) Cross section and undercut pro�le. (b) Magni�ed cross section.

Figure A.8.: Cross section of a cleaved sample. Di�erent layers can clearly be dis-
tinguished. The inset in (a) shows a scheme of the undercut pro�le.
Scheme taken from ref. [77].

In this thesis the positive resists PMMA with a molecular weight of 950K, 4% solids
dissolved in anisol, was used for EBL. The thickness was adjusted from 200 nm to
400 nm by choosing different rotational speeds from 4000 rpm to 2000 rpm (revolutions
per minute) for spin coating depending on whether high resolution or thick metal
layers should be realized.
A scheme of the undercut profile and a cross-section of a cleaved sample after
metallization is shown in Figure A.8. The undercut in the PMMA can be identified by
the T-shaped structure. The interface between silicon and silicon dioxide can be seen,
with a oxide thickness of 490 nm. Also the titanium layer can clearly be distinguished
between substrate and gold layer. The thickness of the complete metal layer differs in

XVI



A.7 Lift-off Process

the gap and on top of the PMMA. The film has a thickness of 287 nm (Ti 53 nm, Au
234 nm) on the silicon oxide in the gap and 335 nm (Ti 60 nm, Au 275 nm) on top of
the PMMA, which can be attributed to a shadowing effect. The determination of the
thickness of the PMMA layer is difficult by SEM due to a deformation of the PMMA
by electron beam exposure. The deformation is shown before and after electron beam
exposure in Figure A.9 (a) and (b), respectively. The thickness of the PMMA layer
decreases from 300 nm to 182 nm and a clear bowing of the metal layer is visible.
To verify the PMMA layer thickness samples were processed with exactly the same
parameters and analyzed by atomic force microscopy. One sample was measured after
development and the second after metallization and lift-off. The thickness of the layers
could be determined to (300± 10) nm and (265± 10) nm for PMMA and metal film,
respectively. These values are comparable to the results obtained by SEM analysis.
The error of ±10 nm is correlated to local variations of the thickness.

(a) Cross section before... (b) ..and after extended e-beam exposure.

Figure A.9.: Cross section of a cleaved sample. A deformation of the PMMA can be
observed due to e-beam exposure. The deformation leads to a bowing
of the metal layer. The white line at the interface between PMMA and
metal guides the eye to notice the bowing.

The maximum thickness of deposited metal is limited by the undercut profile depending
on the PMMA layer thickness. If the metal layer is too thick and the gap is covered
no solvent can reach the resist and no lift-off is possible. In general a thicker layer
of resists allows a thicker metal layer. On the other hand the resolution of EBL is
decreased with increasing resist thickness. Therefore, a minimum resist thickness has
to be determined to realize high resolution structures. In this work the diameter of the
nanowires determined the needed thickness of the metal layer. To obtain complete
wrapping and good electrical contacts the metal layer thickness was chosen to be
approximately twice the NW diameter.

XVII



Chapter A: Details on Micro- and Nanofabrication

(a) SEM micrograph. (b) Magni�ed view.

Figure A.10.: SEM micrograph of a sample (a) with high aspect ratio structures.
The thinnest lines shown on the right of the magni�ed view in (b)
have a aspect ratio of 3, since the width of the line is (85± 15) nm
and the metal layer has a thickness of 290 nm.

The line width of the structure shown in Figure A.8 is approximately 120 nm on the
top and 250 nm on the bottom, since the thickness of the metal is approximately
290 nm the structure has a aspect ratio larger than one. A sample with thinner lines
and a metal layer with the same thickness is shown in Figure A.10. In that case the
line has a width of (70± 5) nm on the top and (100± 5) nm on the bottom and the
aspect ratio is in the order of 3. For all prepared samples in this thesis only single
resist layer technology was used.
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