
  



 

  



Abstract 

Highly-doped semiconductor nanowires represent a promising class of nanostructures with 

prospective applications in electronics, optoelectronics or bio-sensing. This thesis is focused on 

the growth and in-depth characterization of germanium and zinc oxide nanowires, with the aim 

of acquiring high doping levels. 

The first part of the thesis deals with the growth of germanium nanowires via the vapourςliquidς

solid (VLS) process. Several factors impacting the nanowire growth and morphology are 

described ς the composition of the catalytic particle, the role of surface adsorbates and the 

incorporation of atoms from the catalyst into the nanowire. The nanowires are grown from gold 

nanoparticles either in ultra-high vacuum (the MBE-like process) or in the presence of atomic-

hydrogen vapour (mimicking the CVD process), resulting in dissimilar nanowire morphology and 

growth direction. The combined effect of atomic hydrogen adsorption and gold catalyst 

spreading is revealed ς being the key element explaining the difference in nanowire morphology 

when MBE and CVD growth techniques are utilised. 

Further, the Ge nanowire growth from group-III-containing catalysts is studied, with the intention 

of doping the nanowires via the incorporation of atoms from the catalyst droplet. The in-situ 

prepared alloyed AuςGa catalyst is found to be applicable for germanium out-of-plane nanowire 

growth ς although the catalyst stability is lower than for pure Au. Despite a high dopant 

concentration in the catalyst, no gallium incorporation into the nanowire is observed. Hence, this 

method of nanowire doping is proved unsuitable for the material system selected. 

The third part of the thesis covers the characterization of ZnO nanowires and the development of 

a protocol for their diffusional doping with gallium. The impact of nanowire annealing on the 

concentration of oxygen vacancies (VO) is demonstrated ς annealing in H2O2 gas decreases the VO 

concentration, compared with annealing in high vacuum. Further, Ga incorporation into ZnO 

nanowires is documented with in-situ SEM when annealed above 350 ϲ/. Moreover, gallium-

induced decomposition of ZnO nanowires is observed above 450 ϲ/Φ The concentration and 

spatial distribution of Ga within the nanowires is assessed using STEM EDS and a theoretical 

model for Ga diffusion. The correlation between the VO concentration and the Ga incorporation 

into ZnO is found. Gallium concentration in the order of 1021 cm-3 is reached in the nanowires ς 

demonstrating the suitability of the presented diffusional-doping method for achieving high Ga 

doping levels needed for prospective bio-sensing applications in the IR region. 
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Abstrakt 

±ȅǎƻŎŜ ŘƻǇƻǾŀƴł ǇƻƭƻǾƻŘƛőƻǾł ƴŀƴƻǾƭłƪƴŀ ǇǌŜŘǎǘŀǾǳƧƝ ƴŀŘŠƧƴƻǳ ǘǌƝŘǳ ƴŀƴƻǎǘǊǳƪǘǳǊ ǇǊƻ ōǳŘƻǳŎƝ 

aplikace v elektronice, optoelektronice nebo bio-ǎŜƴȊƻǊƛŎŜΦ ¢ŀǘƻ ǇǊłŎŜ ǎŜ ȊŀƳŠǌǳƧŜ ƴŀ ǇǌƝǇǊŀǾǳ 

a ŎƘŀǊŀƪǘŜǊƛȊŀŎƛ ƴŀƴƻǾƭłƪŜƴ ƎŜǊƳŀƴƛŀ ŀ ƻȄƛŘǳ ȊƛƴŜőƴŀǘŞƘƻ ǎ ŎƝƭŜƳ ŘƻǎłƘƴƻǳǘ ǾȅǎƻƪŞ ǵǊƻǾƴŠ 

ŘƻǇƻǾłƴƝΦ 

¨ǾƻŘƴƝ őłǎǘ ŘƛȊŜǊǘŀőƴƝ ǇǊłŎŜ ǎŜ ȊŀōȇǾł ǇǌƝǇǊŀǾƻǳ ƎŜǊƳŀƴƛƻǾȇŎƘ ƴŀƴƻǾƭłƪŜƴ ƳŜǘƻŘƻǳ ±[{ όǇłǊŀ ς 

kapalina ς ǇŜǾƴł ƭłǘƪŀύΦ bŜƧǇǊǾŜ Ƨǎƻǳ ǇƻǇǎłƴȅ ŦŀƪǘƻǊȅ ƻǾƭƛǾƶǳƧƝŎƝ Ǌǻǎǘ ƴŀƴƻǾƭłƪŜƴ ŀ ƧŜƧƛŎƘ 

morfologii ς ǎƭƻȌŜƴƝ ƪŀǘŀƭȅǘƛŎƪŞ őłǎǘƛŎŜΣ ǾƭƛǾ ŀŘǎƻǊōƻǾŀƴȇŎƘ ŀǘƻƳǻ őƛ ƳƻƭŜƪǳƭ ŀ ǇƻǘŜƴŎƛłƭƴƝ 

ƛƴƪƻǊǇƻǊŀŎŜ ŀǘƻƳǻ ƪŀǘŀƭȅȊłǘƻǊǳ Řƻ ƻōƧŜƳǳ ƴŀƴƻǾƭłƪŜƴΦ bŀƴƻǾƭłƪƴŀ ǇǌƛǇǊŀǾŜƴł ȊŜ ȊƭŀǘȇŎƘ 

ƪŀǘŀƭȅǘƛŎƪȇŎƘ ƴŀƴƻőłǎǘƛŎ Ǿ ǇƻŘƳƝƴƪłŎƘ ǳƭǘǊŀǾȅǎƻƪŞƘƻ Ǿŀƪǳŀ όǘȊǾΦ a.9 ƳŜǘƻŘƻǳύ ŀ Ȋŀ ǇǌƝǘƻƳƴƻǎǘƛ 

ŀǘƻƳłǊƴƝƘƻ ǾƻŘƝƪǳ όǇǊƻŎŜǎ ƴŀǇƻŘƻōǳƧƝŎƝ ǇƻŘƳƝƴƪȅ /±5 ƳŜǘƻŘύ ǾȅƪŀȊǳƧƝ ƻŘƭƛǑƴƻǳ ƳƻǊŦƻƭƻƎƛƛ 

a ǎƳŠǊ ǊǻǎǘǳΦ ¢ȅǘƻ ǊƻȊŘƝƭȅ ƻŘƘŀƭǳƧƝ ƪƻƳōƛƴƻǾŀƴȇ ǵőƛƴŜƪ ŀŘǎƻǊǇŎŜ ŀǘƻƳłǊƴƝƘƻ ǾƻŘƝƪǳ ŀ ǑƝǌŜƴƝ 

ȊƭŀǘŞƘƻ ƪŀǘŀƭȅȊłǘƻǊǳ ƴŀ ǎǘŠƴȅ ƴŀƴƻǾƭłƪŜƴΦ ¢Ŝƴǘƻ ŜŦŜƪǘ ƧŜ ƪƭƝőƻǾȇ ǇǊƻ ǾȅǎǾŠǘƭŜƴƝ ǊƻȊŘƝƭǻ ǾŜ 

ǾȇǎƭŜŘƴŞ ƳƻǊŦƻƭƻƎƛƛ ƴŀƴƻǾƭłƪŜƴ ǇǌƛǇǊŀǾŜƴȇŎƘ a.9 ŀ /±5 ƳŜǘƻŘŀƳƛΦ 

5ŀƭǑƝ őłǎǘ ǇǊłŎŜ ǎŜ ǾŠƴǳƧŜ ǇǌƝǇǊŀǾŠ DŜ ƴŀƴƻǾƭłƪŜƴ Ȋ ƪŀǘŀƭȅȊłǘƻǊǻ ƻōǎŀƘǳƧƝŎƝŎƘ ǇǊǾƪȅ LLLΦ ǎƪǳǇƛƴȅ 

a ǎǘǳŘƛǳ ƧŜƧƛŎƘ ǇǌƝǇŀŘƴŞ ƛƴƪƻǊǇƻǊŀŎŜΣ ƪǘŜǊł ōȅ ƳƻƘƭŀ ǾŞǎǘ ƪ ŘƻǇƻǾłƴƝ ƴŀƴƻǾƭłƪŜƴΦ .ȅƭƻ ȊƧƛǑǘŠƴƻΣ 

ȌŜ ƛƴ-situ ǇǌƛǇǊŀǾŜƴŞ ǎƳŠǎƴŞ !ǳςDŀ ƴŀƴƻőłǎǘƛŎŜ ƭȊŜ ǵǎǇŠǑƴŠ ǾȅǳȌƝǘ ǇǊƻ Ǌǻǎǘ ƎŜǊƳŀƴƛƻǾȇŎƘ 

ƴŀƴƻǾƭłƪŜƴΣ ǇǌŜǎǘƻȌŜ ǎǘŀōƛƭƛǘŀ ƪŀǘŀƭȅȊłǘƻǊǳ ƧŜ ƴƛȌǑƝ ƴŜȌ Ǿ ǇǌƝǇŀŘŠ őƛǎǘŞƘƻ ȊƭŀǘŀΦ L ǇǌŜǎ Ǿȅǎƻƪƻǳ 

koncentraci gallia v ƪŀǘŀƭȅǘƛŎƪŞ őłǎǘƛŎƛ ƴŜōȅƭŀ ǇƻȊƻǊƻǾłƴŀ ƛƴƪƻǊǇƻǊŀŎŜ Ǝŀƭƭƛŀ Řƻ ƻbjemu 

ƴŀƴƻǾƭłƪƴŀΦ ¢ŀǘƻ ƳŜǘƻŘŀ ŘƻǇƻǾłƴƝ ƴŀƴƻǾƭłƪŜƴ ǎŜ ǘŜŘȅ ǇǊƻ ǳǾŜŘŜƴƻǳ ƳŀǘŜǊƛłƭƻǾƻǳ ƪƻƳōƛƴŀŎƛ 

ǳƪłȊŀƭŀ Ƨŀƪƻ ƴŜǾƘƻŘƴłΦ 

±Ŝ ǘǌŜǘƝ őłǎǘƛ ǇǊłŎŜ Ƨǎƻǳ ǇƻǇǎłƴȅ ǾȇǎƭŜŘƪȅ ŎƘŀǊŀƪǘŜǊƛȊŀŎŜ ½ƴh ƴŀƴƻŘǊłǘǻ ŀ ǾȇǾƻƧ ƳŜǘƻŘȅ ƧŜƧƛŎƘ 

ŘƛŦǳȊƴƝƘƻ ŘƻǇƻǾłƴƝ ƎŀƭƭƛŜƳΦ WŜ ǇǊƻƪłȊłƴ ǾƭƛǾ ȌƝƘłƴƝ ƴŀƴƻŘǊłǘǻ ƴŀ ƪƻƴŎŜƴǘǊŀŎƛ ƪȅǎƭƝƪƻǾȇŎƘ ǾŀƪŀƴŎƝ 

(VO) ς ǾŜ ǎǊƻǾƴłƴƝ ǎ ȌƝƘłƴƝƳ Ǿ ǇƻŘƳƝƴƪłŎƘ ǾȅǎƻƪŞƘƻ Ǿŀƪǳŀ ǎŜ ƪƻƴŎŜƴǘǊŀŎŜ ±O ǎƴƛȌǳƧŜ ȌƝƘłƴƝƳ 

v ǇƭȅƴƴŞƳ ǇŜǊƻȄƛŘǳ ǾƻŘƝƪǳΦ 5łƭŜ ƧŜ ȊŘƻƪǳƳŜƴǘƻǾłƴŀ ƛƴƪƻǊǇƻǊŀŎŜ Ǝŀƭƭƛŀ Řƻ ½ƴh ƴŀƴƻŘǊłǘǻ Ǉǌƛ 

ǘŜǇƭƻǘŠ ƴŀŘ орл ϲ/ ς poȊƻǊƻǾłƴƻ ǇƻƳƻŎƝ ƛƴ-ǎƛǘǳ {9aΦ tǌƛ ǘŜǇƭƻǘŠ ƴŀŘ прл ϲ/ ŘƻŎƘłȊƝ ƪŜ ƎŀƭƭƛŜƳ 

ƛƴŘǳƪƻǾŀƴŞ ŘŜƪƻƳǇƻȊƛŎƛ ½ƴh ƴŀƴƻŘǊłǘǻΦ Y ǳǊőŜƴƝ ƪƻƴŎŜƴǘǊŀŎŜ ŀ ǇǊƻǎǘƻǊƻǾŞƘƻ ǊƻȊƭƻȌŜƴƝ Dŀ 

ŀǘƻƳǻ Ǿ ƴŀƴƻǾƭłƪƴŜŎƘ ƧŜ ǾȅǳȌƛǘƻ ǘŜƻǊŜǘƛŎƪŞƘƻ ŘƛŦǳȊƴƝƘƻ ƳƻŘŜƭǳ ŀ {¢9a 95{ ƳŠǌŜƴƝ ƴŀƴƻǾƭłƪŜƴΦ 

Byla nŀƭŜȊŜƴŀ ƪƻǊŜƭŀŎŜ ƳŜȊƛ ƪƻƴŎŜƴǘǊŀŎƝ ƪȅǎƭƝƪƻǾȇŎƘ ǾŀƪŀƴŎƝ ŀ ƛƴƪƻǊǇƻǊŀŎƝ Ǝŀƭƭƛŀ Řƻ ƻōƧŜƳǳ ½ƴh 

ƴŀƴƻǾƭłƪŜƴΦ YƻƴŎŜƴǘǊŀŎŜ Ǝŀƭƭƛŀ ŘƻǎŀƘǳƧŜ ǌłŘƻǾŠ мл21 cm-3Σ ŎƻȌ ŘƻƪŀȊǳƧŜ ǾƘƻŘƴƻǎǘ ǇƻǳȌƛǘŞ 

ƳŜǘƻŘȅ ǇǊƻ ŘƻǎŀȌŜƴƝ ǾȅǎƻƪȇŎƘ ǵǊƻǾƴƝ ŘƻǇƻǾłƴƝΣ ƪǘŜǊŞ Ƨǎƻǳ ǇƻǘǌŜōƴŞ ǇǊƻ ōǳŘƻǳŎƝ ōio-ǎŜƴȊƻǊƛŎƪŞ 

aplikace v ƛƴŦǊŀőŜǊǾŜƴŞ ƻōƭŀǎǘƛΦ 
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1 Introduction  

Semiconductor nanowires 

Growth and characterization of semiconductor nanowires is an established field of scientific 

research. Nanowires represent a new class of highly attractive materials, which are intensively 

studied for their superior functional properties being quite different from their bulk counterparts [1]. 

Together with nanotubes, they exhibit a large surface-to-volume ratio, being beneficial for 

applications such as sensing or catalysis, where intense interaction with the environment is needed. 

Furthermore, thanks to their precise geometry, they represent technologically promising building 

blocks for future electronic and optoelectronic devices. The nanowire-based architecture allows 

building three-dimensional devices, significantly outperforming conventional planar technology. 

In various state-of-the-art and prospective application areas, doped semiconductor nanowires 

represent a promising class of materials for improving the performance of present-day devices and 

also for designing novel architectures and devices-to-be. In modern electronics, semiconductor 

nanowires are already being used as conductive channels in the cutting-edge transistor fabrication, 

with a prospect of gate-all-around transistors. Another exciting concept is to utilize the nanowires as 

active sensing elements. For bio-sensing applications, doped semiconductors seem highly promising 

because their doping level and hence their electronic properties can be tuned and controlled, which 

is not possible with metals. Specifically, the plasmon resonance frequency can be tuned by the 

amount of activated dopants. Furthermore, multiple differently-doped segments can be built into 

a single nanowire, acting as separate sensing elements [2]. 

Doping of semiconductor nanowires 

For cutting-edge and prospective applications, highly-doped semiconductor nanowires are required. 

The doping levels needed are predicted to be as high as 1020 cm-3 for most semiconductors (including 

silicon and germanium [3]). This is close to or even beyond the solubility limit of known dopants; it is 

difficult to achieve such levels with conventional semiconductors and doping techniques. Therefore, 

novel strategies and processes for effective doping are being searched for. A promising class of 

semiconductor materials are the transparent conductive oxides, which can be doped to high levels 

(up to 1021 cm-3) by alloying with group-III metals [4]. A representative of such a material is e.g. zinc 

oxide (ZnO). 

Currently, the doping of thin films and nanostructures is usually done by introducing a dopant-

containing precursor gas into the chamber in CVD or by co-evaporation of dopant atoms in MBE 

during growth. According to the literature, the doping of nanowires is generally not homogeneous. 

There is a non-uniform doping profile ς the dopant incorporation is enhanced close to the nanowire 

surface. This is caused by two independent effects [5]: (i) direct vapourςsolid deposition of dopants 

onto the nanowire sidewalls [6] and (ii) preferential incorporation of dopants via VLS process close to 

the triple-phase boundary, where the liquidςsolid interface is faceted and the supersaturation is the 

highest [7]. The former process can be affected by using a different gas precursor or by altering the 

diffusion length of dopant adatoms. For the latter one, the catalystςnanowire interface is decisive, 

depending on the catalyst composition and growth kinetics. Besides the doping homogeneity, the 

crucial difficulty of nanowire doping is achieving high doping levels necessary for the aforementioned 

applications. The main obstacle is the solubility limit of dopants in conventional semiconductors (Si, 
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Ge, III-Vs). Furthermore, additional detrimental effects take place at high dopant concentrations; the 

doping efficiency decreases above a certain doping level. 

For nanowires, the incorporation of dopants is no longer ruled by thermodynamics only (even if the 

growth and doping are performed close to thermodynamic equilibrium). Instead, it is governed 

mostly by kinetic effects of atom adsorption and diffusion on different facets, thus being dependent 

on nanowire morphology and surface termination [8]. For this reason, it proves difficult to reach the 

solubility limit itself, not to mention even higher dopant concentrations. On the other hand, 

nanowires can easily accommodate a significant amount of strain originating from impurities 

(including dopants) and differences in lattice constants. This lowers the number of defects, allowing 

the nanowires to be grown even defect-free, thus allowing higher dopant concentration to be 

reached. 

Thesis objectives 

The global objective of the thesis is the preparation and extensive characterization of germanium and 

zinc oxide nanowires ς representing group-IV and II-VI classes of semiconductors ς in both undoped 

and highly-doped state. The aim correlates with the global scientific efforts to produce and 

characterize highly-doped nanowires suitable for future applications, investigating novel approaches 

to nanowire doping. The thesis focuses on three main research areas: 

(i) 

Germanium nanowires grown from Au catalyst represent a simple material system, well covered in 

the literature. However, detailed growth mechanism is still not completely understood yet ς 

regarding in particular the material transfer from the catalyst into/onto the nanowire and the impact 

of adsorbates passivating the sidewalls during growth onto nanowire growth and morphology. These 

phenomena are studied in the first part of the thesis; they are covered in section 2.2. Extensive 

characterization of the nanowire morphology is performed with transmission and scanning electron 

microscopy (SEM, TEM); surface chemistry of the nanowire is studied with spatially-resolved Auger 

electron spectroscopy (AES). 

(ii) 

Growth of germanium nanowires from dopant-containing catalysts and the possibility of 

incorporation of catalyst atoms into the nanowire are investigated in section 2.3. The process of 

catalyst incorporation ς if proved ς could be innovatively utilized for nanowire doping, provided that 

the catalyst contains proper doping elements. As the nanowire growth and material incorporation 

are non-equilibrium processes, the achievable doping level could even exceed the equilibrium 

dopant solubility in the nanowire [9; 10], thus outperforming current doping strategies. The growth 

from alloyed catalysts may well turn out to be an ideal technique for the preparation of highly-doped 

nanowires. The crystal structure and composition of such-prepared nanowires are examined by 

STEM EDS (energy-dispersive X-ray spectroscopy), investigating possible atom incorporation from the 

catalyst into the nanowire. 

(iii) 

Zinc oxide can be doped with aluminium or gallium to high concentration levels (up to 1021 cm-3) [4], 

which could lead to plasmon-resonance-frequency shift of ZnO nanostructures up to the near-

infrared region (NIR). This behaviour could be utilised e.g. for the direct detection of biomolecules. 

¢ƘŜ ǘƘŜǎƛǎΩ ǘƘƛǊŘ ƻōƧŜŎǘƛǾŜ ƛǎ ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ the nominally undoped ZnO nanowires grown via the 

aerosol-assisted CVD method at atmospheric pressure (AACVD), and then to develop a doping 
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protocol and characterization procedures for ZnO nanowires diffusionally doped with gallium. The 

results are presented and discussed in chapter 3. Methods used for characterization (of individual 

nanowires as well as nanowire ensembles) are high-resolution SEM and TEM, real-time SEM imaging, 

Raman spectroscopy, X-ray photo electron spectroscopy (XPS), photoluminescence measurements 

(PL), AES and transport measurements of individual nanowires. Dopant incorporation into the 

nanowire is monitored directly by STEM EDS. 

The reader may notice a dissimilar style of writing in chapters 2 and 3. The research subject of 

chapter 2 ς Ge nanowires, their growth and characterization ς has been well-established in the 

ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ǎǳǇŜǊǾƛǎƻǊ [11ς13]. Therefore, the focus of this chapter (and section 

2.2 in particular) is aimed at presenting the novel findings of the author in a concise form of factual 

and sober results. On the contrary, ZnO nanowires were a brand-new material system for our group. 

¢ƘŜƛǊ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǿŀǎ ǎǘŀǊǘŜŘ ōȅ ǘƘŜ ǘƘŜǎƛǎΩ ŀǳǘƘƻǊ himself, building up the necessary know-how 

ς and also instrumentation ς to be utilized by other members of our research group as well. 

Accordingly, chapter 3 is written in a more story-telling style. Besides the results obtained, it also 

presents some obstacles encountered, dead ends and the experimental planning which had to be 

rethought repeatedly based on preceding results ς as this is an integral part of scientific research as 

well. 

Further, the conclusion of the doctoral thesis is presented in chapter 4. Last but not least, a gallery in 

the bonus chapter 5 shows a glimpse of the unusable results acquired along the way. They ς despite 

being virtually unpublishable ς possess a certain aesthetical value I humbly want to share with the 

respected reader, offering them pleasure and reward after reading through the scientific work. The 

ŀǳǘƘƻǊΩǎ ǇǳōƭƛŎŀǘƛƻƴǎ ŀƴŘ ŎƻƴŦŜǊŜƴŎŜ ŎƻƴǘǊƛōǳǘƛƻƴǎ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ at the end of the thesis. 
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2 Germanium nanowires 

The growth of Ge nanowires from gold and other catalysts under various experimental conditions is 

discussed in this chapter. It is comprised of several parts: A literature review with present-day 

knowledge on the topic is given in section 2.1. The findings about the synergic effect of atomic 

hydrogen adsorption and Au catalyst spreading on the growth orientation of Ge nanowires are 

presented and discussed in section 2.2. Preparation of alloyed catalysts containing group-III elements 

for Ge nanowire growth (and potential doping) and the results of the growth itself are described in 

section 2.3. 

2.1 Literature r eview 

Vapourςliquidςsolid growth 

The most documented and widely-used technique for the growth of semiconductor nanowires is 

a vapourςliquidςsolid growth (VLS), the name of which denotes the material pathway that gives rise 

to growth [14]. First, metal nanoparticles (gold in most cases) are deposited onto the substrate. After 

that the substrate is heated up above the eutectic temperature of the metalςsemiconductor 

combination used (see the phase diagram in Fig. 1, position denoted A). Subsequently, a precursor 

gas containing the element of interest is let into the growth chamber (the case of chemical vapour 

deposition ς CVD) or vapour atoms are deposited by evaporation from a solid source (molecular 

beam epitaxy ς MBE). The metal droplet on the substrate now acts as a catalyst for thermal 

decomposition of precursor gas molecules or as a collector of diffusing adatoms, respectively [15]. 

The atoms are dissolved in the metal particle, which sooner or later reaches the near-eutectic 

composition [16] ς see position B in Fig. 1. As the material supply continues, the system is driven out 

of equilibrium as the catalyst becomes rich with the semiconductor material (position C). The only 

possibility for the catalyst to reduce the semiconductor concentration (and hence to reach 

equilibrium again) is via nucleation of the solid semiconductor below the droplet. This is feasible 

once the critical concentration (also called supersaturation) is reached. The nucleation usually occurs 

at a triple-phase boundary (where solid, liquid and vapour phase meet) [15]; after a stable nucleus is 

formed it rapidly grows in two dimensions along the solidςliquid interface until the full monolayer is 

completed (so-called step-flow growth). This behaviour has been indeed observed using in-situ 

growth in TEM [17ς20]. After the monolayer crystallization, the catalyst is depleted of the 

semiconductor material and for another monolayer to grow the critical supersaturation is to be 

reached again. Since the material is solidified below the droplet only, it grows in a form of a nanowire 

with the catalyst droplet at the tip, having roughly the same diameter as the droplet, as long as the 

catalyst stays stable on the nanowire tip (see the inset in Fig. 1). 
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Fig. 1: AuςGe phase diagram showing the temperature and composition of the catalyst particle at the very beginning of 
the growth process (indicated by the thick arrows). First, the metal particle is heated above the eutectic temperature 
(mark A). Then it gradually collects germanium atoms until it gets completely liquid (B) and eventually supersaturated 
with germanium (C), which is necessary for nanowire nucleation. In the inset: scanning electron microscopy image of 
a germanium nanowire (scale bar 100 nm) with a solidified Au catalyst droplet at the tip. Image courtesy of M. YƻƭƝōŀƭ. 

Importantly, the nanowires prepared by this method do not always grow perpendicularly to the 

substrate. Depending on the experimental conditions and materials used, the nanowire (still with the 

catalyst droplet on top) can grow along different crystallographic orientations. The growth direction 

of VLS-grown semiconductor nanowires and its control is a complex task attracting a lot of attention 

[21]. It has been demonstrated that group-IV nanowires preferentially grow in the <111> direction, 

irrespective of the substrate crystallographic orientation [22ς24]. Schmidt et al. analysed the 

nanowire growth considering surface free energies of the growth interface and nanowire sidewalls 

[25]. They realized that the nanowire growth direction is not resulting from energy minimization of 

the whole nanowireςcatalyst system, but originates from the energy balance between the catalystς

nanowire growth interface and a small nanowire segment below the catalyst where atom ordering 

during solidification takes place [26]. This concept based solely on thermodynamics introduced two 

possibilities to control the nanowire growth direction ς either by catalyst engineering (thus 

potentially changing the solidςliquid interface energy) [27; 28] or by passivating nanowire sidewalls 

with different adsorbates (thus changing the solidςvapour interface energy) [29ς31]. Another success 

ƻŦ {ŎƘƳƛŘǘΩǎ ƳƻŘŜƭ ƛǎ ǘƘŀǘ ƛǘ ŜȄǇƭŀƛƴŜŘ ŀƴ ƛƴǘǊƛƎǳƛƴƎ ŜȄǇŜrimental observation that small-diameter 

nanowires (usually less than 20 nm) prefer to grow in the <110> direction, while the larger-diameter 

ones grow in the <111> direction [32]. This behaviour has been observed in many material systems, 

including Si [25], IIIςVs [33], IIςVIs [34] and also Ge nanowires grown from molecular hydride 

precursors in CVD [35]. However, the model does not seem to reproduce well the experiments on Ge 

nanowires grown from atomic vapour in MBE, which tend to grow in the <110> growth direction for 

a wide range of diameters. 
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Gold vs. non-traditional catalysts for VLS growth 

Choice of the catalyst droplet has a profound impact on nanowire growth, as it significantly changes 

the energy balance of the system (via the surface free energy of vapourςliquid and liquidςsolid 

interfaces) as well as kinetics (via different equilibrium concentrations and semiconductor 

solubilities). Different experimental conditions to achieve nanowire growth when using different 

catalyst materials have been widely reported in the growth-related studies [36ς39]. The catalyst 

droplet affects the optimum growth temperature, the nanowireςsubstrate epitaxial relation, the 

nanowire growth direction and morphology etc. Surprisingly, different crystal phases, including those 

unseen in bulk, have been reported when different materials have been used as catalysts [40]. This is 

namely the case of III-V semiconductors, which ordinarily adopt a zinc-blend (ZB) phase; yet also 

a wurtzite (WZ) phase has been reported in the nanowires [41]. Although the impact of the catalyst 

has been demonstrated in a variety of studies, the exact explanation is still being discussed. 

However, the catalyst droplet engineering represents a promising way to meet the requirements for 

future nanowire-based applications.  

The most utilized catalyst for nanowire growth is indisputably gold. The growth of nanowires using 

Au catalyst was reported not only for group-IV and III-V semiconductors but also for ternary 

compounds [42] or even oxides, such as ZnO [43]. Along with its universality, the biggest advantages 

of gold are its chemical stability and reasonably low eutectic temperature of its compounds with the 

materials of interest (Ge, Si, IIIςVs etc.). On the other hand, gold is inappropriate for use in current 

semiconductor electronics, as it could induce undesired electronic states in semiconductors [6; 44].  

Another disadvantage is a relatively high semiconductor content in the catalyst droplet at the 

eutectic concentration (19 at.% of Si and 28 at.% of Ge as an example). This behaviour, often called 

the reservoir effect, limits gold for the growth of axial heterostructures, where a sharp interface 

(originating from negligible reservoir effect) is required. It seems that elements exhibiting low 

semiconductor solubility at eutectic concentration, such as Ga, In, Sn or Sb could represent an 

appropriate alternative to gold. Moreover, they are the proper doping elements for most of the 

semiconductors, which makes them even more intriguing for the catalyst-incorporation studies (see 

below). 

Group-IV nanowire growth using Al catalyst has already been demonstrated [9; 45ς50]. The growth 

from other group-III elements is rather difficult or unsuccessful due to the droplet instability 

(originating from their low surface free energy) [51] and low supersaturation in the droplet, which 

needs to be kept high by plasma-enhanced precursor decomposition to promote the growth [52ς56]. 

The reports on the nanowire growth from group-V catalysts are scarce [10; 57ς60], facing similar 

problems to group-III elements. Note again that the use of group-III and V elements as catalysts for 

nanowire growth has not been primarily driven by the intention of doping, but with the aim of 

utilizing the low solubility of semiconductor material in the droplet, which is promising for the 

growth of heterostructures with sharp interfaces. 

A promising approach is to use alloyed catalysts, where one of the components is a low-reservoir-

effect element (a prospective dopant) and the other is chosen to stabilize the droplet and increase 

(or otherwise manipulate) the solubility of the semiconductor material. Out of a variety of alloyed 

catalysts, only some material combinations have been reported to successfully initiate the growth of 

Si/Ge nanowires, e.g. AuςGa [61ς65], AuςSn [66; 67], AuςAl [68] or InςSn [10]. 
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Incorporation of catalyst atoms into nanowires 

The presence of a metal catalyst in the VLS growth process raises the question of catalyst-atom 

incorporation into the nanowire volume during growth. In case of gold ς the most commonly used 

catalyst ς such incorporation would represent a principal drawback for nanowire-based electronics 

due to a detrimental effect of Au-induced electronic states acting as a deep trap/acceptor or as 

a recombination centre [6]. However, the reports on the Au incorporation into the nanowire provide 

contradictory results [6; 69; 70]. Interestingly, massive catalyst-atom incorporation has been 

reported in AlςSi, In/SnςSi, SnςGe and GaςGe material systems [9; 10; 67; 71ς73]. Surprisingly 

enough, reported concentrations of catalyst atoms exceed the solubility limit by even two orders of 

magnitude. By contrast, no Sb atoms have been detected in the Sb-catalysed Ge nanowires examined 

within another study [57]. Based on existing reports, the incorporation of catalyst atoms into the 

nanowire seems to be material-dependent. 

Nonetheless, the catalyst-incorporation effect, albeit applicable to specific material combinations 

only, may become a milestone in achieving extremely high doping levels of nanowires, provided the 

catalyst particle is made of ς or contains ς the dopant itself. In that case, the original drawback would 

turn into a new and promising field of study. It is important to note that the detailed mechanism of 

atom incorporation remains unclear. According to the currently accepted step-flow growth model [9; 

10], the kinetics of catalyst atom incorporation into the growth front is dependent on critical 

supersaturation for nucleation and surface free energy of the droplet. Both quantities are primarily 

determined by the catalyst composition. 

Role of surface adsorbates 

The growth of nanowires is governed by the interplay between thermodynamics (in terms of free 

energy of the surfaces and interfaces present, droplet supersaturation and optimal growth 

temperature) and kinetics (the rate of atom adsorption and desorption, diffusion lengths, the 

incorporation of atoms into the droplet and the nanowire itself, the (non-)equilibrium concentrations 

and solubilities). Generally, for the growth of all kinds of nanowires, much effort has been made to 

find the optimal temperature and fluxes of precursor gases, to determine the proper supersaturation 

and to study the impact of the catalyst and the substrateςnanowire relation on the nanowire growth. 

However, both the energy balance and kinetics of a growing nanowire can be strongly modified by 

the presence of different surface adsorbates and induced reconstructions, thus widening the process 

diversity and enabling the growth of new nanostructure morphologies. The role of these effects is 

surprisingly disregarded in current nanowire-growth studies. The reason is presumably the dominant 

role of CVD techniques, where the precursor gas carrying the growth element acts simultaneously as 

a source of hydrogen and hydrocarbons adsorbing on nanowire sidewalls, thus potentially changing 

nanowire morphology. 

The real-time monitoring of the adsorbed species by FTIR (Fourier transform infrared spectroscopy) 

during CVD growth of Ge nanowires has been performed e.g. by Sivaram et al. [74]. They showed 

that the nanowire sidewalls are covered with adsorbed hydrogen during growth from hydride 

precursors. Gamalski et al. [75] demonstrated that the adsorbed by-products of digermane 

decomposition passivate the surface during growth and inhibit diffusion of Au on nanowire sidewalls 
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ς thus significantly affecting Ge nanowire morphology. Such studies emphasize the importance of 

adsorbed species ς hydrogen in particular ς during the growth. 

In contrast to CVD, where the effect of adsorbates is difficult to study, MBE growth allows separate 

control over the supply of the growth element and selected molecules for adsorption. The 

knowledge of how different adsorbates affect the nanowire growth and the surface free energies is 

a key to further increase the catalyst droplet stability at the tip of a nanowire by choosing 

appropriate surface chemistry (see Fig. 2). 

 

Fig. 2: According to the Nebolsin criterion
 
[76], the stability of the droplet at the tip of a nanowire is dependent on the 

ǎǳǊŦŀŎŜ ŦǊŜŜ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ǎƻƭƛŘ όˋSύΣ ƭƛǉǳƛŘ όˋLύ ŀƴŘ ǘƘŜ ŘǊƻǇƭŜǘ ŎƻƴǘŀŎǘ ŀƴƎƭŜ ʲΦ [ŜŦǘΥ ¢ƘŜ ƴŀƴƻǿƛǊŜ ƎǊƻǿǘƘ ǿƛǘƘ ŀ ǇǳǊŜ 
liquid metal catalyst often fails, resulting in nanowires crawling across the surface (SEM image, Ge nanowire grown 
utilizing Ga catalyst, scale bar 200 nm). Right: Two plausible strategies to control the droplet stability: (i) manipulation of 

L̀ ōȅ ŜƴƎƛƴŜŜǊƛƴƎ ǘƘŜ Ŏŀǘŀƭȅǎǘ ŎƻƳǇƻǎƛǘƛƻƴΣ ŀƴŘ όƛƛύ ƳŀƴƛǇǳƭŀǘƛƻƴ ƻŦ ˋS by controlled adsorption of appropriate 
molecules. Image courtesy oŦ aΦ YƻƭƝōŀƭΦ 

2.2 Revealing the synergic effect of atomic hydrogen adsorption and Au catalyst 

spreading on the growth orientation  of Ge nanowires 

As discussed in section 2.1, significant differences exist between Ge nanowires grown by vapour-

phase techniques (CVD) and by atom evaporation from a solid source (MBE); the reasons have not 

been explained in a satisfactory and thorough way yet. Specifically, while the former exhibit <111> 

growth direction irrespectively of the substrate orientation and saw-tooth faceted morphology, the 

latter grow preferentially along <110> direction with smooth facets and different overall 

morphology. During CVD growth of Au-catalysed Ge nanowires, the nanowire sidewalls are covered 

with adsorbed hydrogen coming from the hydride precursors [74]; moreover, the adsorbed hydrogen 

(or other precursor gas fragments) significantly affect Ge nanowire morphology [75]. For MBE growth 

however (in experiments where atomic vapour is utilized for NW growth), the partial pressure of 

atomic hydrogen is quite low (<< 10-3 Pa) ς this is most probably the key element making the 

difference between these two growth techniques. 

Within this section 2.2, the evaporation from a solid Ge source with the optional assistance of atomic 

hydrogen has been used. The optimal conditions for the growth of Au-catalysed Ge nanowires 

prepared under vacuum conditions and with the assistance of atomic hydrogen have been found. 

What is important, the growth direction of Ge nanowires can be changed to <111> when prepared 

with atomic hydrogen assistance, thus mimicking nanowire growth from hydride precursors in terms 

of nanowire morphology and growth direction. Furthermore, in-situ spectroscopic evidence of 

dissimilar gold presence on the nanowire sidewalls has been observed and its role in determining the 

nanowire growth direction has been demonstrated and explained. 

A detailed study presenting these findings, including also in-situ growth of the nanowires in SEM and 

a demonstration of intentional nanowire kinking, has been published based on results presented in 
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this thesis [77]. The study emphasizes and explains the key role of the synergic effect of atomic 

hydrogen adsorption and Au catalyst spreading on the growth orientation of Ge nanowires, 

especially during nanowire nucleation and initial stages of growth. In the following part of the thesis, 

a concise summary of the methods and the most important results are presented. 

Methods, instrumentation 

Ensembles of Ge nanowires were synthesized in an ultrahigh vacuum chamber (UHV, base pressure 

< 3ϊ10-7 Pa) coupled to a Scanning Auger Microscope system (SAM, Omicron). In order to obtain 

a uniform and non-conglomerate distribution of catalyst particles, Ge(111) and Ge(110) substrates 

were cleaned by ultrasonic treatment in acetone and isopropanol and subsequently covered with 

gold nanoparticles (40 nm in diameter) by dipping the sample in a 450:1 mixture of a colloidal gold 

solution with HCl (5%). After reaching the growth temperature in the UHV chamber, the growth was 

carried out by deposition from an effusion cell (Ge flux oriented олϲ ǘƻ ǘƘŜ ǎŀƳǇƭŜ ǎǳǊŦŀŎŜύ ŀǘ 

a typical operation pressure of 5ϊ10-7 Pa in case of no hydrogen gas delivery (i.e. at ultrahigh 

vacuum). Note that the same set of experiments has also been performed under high vacuum 

conditions only (operation pressure 2ϊ10-4 Pa), giving identical results with respect to the studied 

subject. For the growth in the presence of atomic hydrogen, it was generated by cracking molecular 

hydrogen (introduced to the chamber by a leak valve, pH2 = 2ϊ10-3 Pa) on a heated tungsten wire, 

placed in the vicinity of the sample (~ 2ς3 cm). 

Based on the knowledge of substrate orientation and crystal structure of the nanowire material, the 

information about the crystal orientation of the sidewalls and nanowire growth direction can be 

derived from SEM imaging. Its significant advantage is the possibility of changing the viewing angle in 

a wide range, thus allowing to focus on different features of the nanowire (e.g. top view, side view, 

alignment with different nanowire facets). Multiple examples on the use of SEM for determining the 

nanowire growth mode and morphology are presented hereafter. 

Another technique used is Auger electron spectroscopy (AES), which can provide spatially resolved 

information on the chemical composition of a nanowire surface. Due to the very short mean free 

path of Auger electrons in the material [78], this method is extremely surface-sensitive, which makes 

it ideal for studying the processes on nanowire surface, such as catalyst spreading along the 

sidewalls. On the other hand, the extreme surface sensitivity is also the biggest disadvantage of this 

method due to contamination issues. In order to avoid contamination, the growth was performed in-

situ in the vacuum chamber connected to the AES system; the samples were then transferred under 

UHV conditions for immediate measurement. The effect of contamination would become evident in 

the Auger spectra by (i) detecting C peak from hydrocarbons, (ii) diminishing of the peaks of desired 

elements and (iii) change of the overall spectrum shape. 

To examine the crystal structure and chemical composition of the nanowires, a high-resolution TEM 

was used. The nanowires were scratched off the sample onto a standardized TEM grid (carbon foil on 

a copper support grid), localized using SEM and loaded into ThermoFisher Titan Themis 60-300 HR-

TEM for imaging. 
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Fig. 3: SEM images of germanium nanowires grown in high vacuum (a,b) and with atomic hydrogen (c,d) on Ge(111) (a,c) 
and Ge(110) (b,d) substrates. The growth temperature was 425 ϲ/ ƛƴ όŀΣōύ ŀƴŘ о85 ϲ/ ƛƴ όŎΣŘύΦ ±ƛŜǿƛƴƎ ŘƛǊŜŎǘƛƻƴǎ ŀǊŜ ŎƭƻǎŜ 
to (a) [-110], (b) [-112], (c) [1-10] and (d) [-ммлϐ όǘƘŜ ǎŀƳǇƭŜǎ ŀǊŜ ǘƛƭǘŜŘ ōȅ урϲ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƴƻǊƳŀƭ ŀƴŘ ōȅ рϲ ǘƻ ǘƘŜ 
designated viewing direction). The insets in (a) and (d) are top-view SEM images of the sample; the schematics illustrate 
the possible degenerate nanowire growth orientations (grey - <110>, white - <111>). Scale bars 400 nm. Published [77]. 

 

 

 

Fig. 4: Morphology of nanowires grown (a) in high vacuum on the (110) substrate and (b) with atomic hydrogen on the 
(111) substrate as observed ex-situ by SEM. Sketched top views show crystallographic orientations of the sidewalls and 
top facets; in (b) the sidewalls with pronounced sub-faceting are highlighted by zig-zag lines. A detailed view of <111> 
nanowire sidewalls is shown in (b), with the viewing direction marked by the green arrow. The coloured marks indicate 
locations where the Auger spectra were taken. The positions of the main Au MNN peaks (2015 eV and 2101 eV) are 
designated by the arrows. (a) Scale bar 200 nm. (b) Scale bar 100 nm. Published [77]. 
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Growth in (ultra-)high vacuum 

The substrate temperature window for Ge nanowire growth by evaporation under high (or ultrahigh) 

vacuum conditions was found to be quite narrow (385 ϲ/ ς 455 ϲ/ύΣ ƭƛƳƛǘŜŘ ŦǊƻƳ ǘƘŜ ƭƻǿŜǊ end by 

surface diffusion of germanium atoms across the substrate and NW sidewalls, and from the upper 

end by their desorption  [40; 41]. All the nanowires within this temperature range grow in the <110> 

direction, irrespective of the substrate crystallographic orientation and nanowire diameter (40 nm ς 

200 nm), as shown in Fig. 3a,b. The assignment of the growth direction was made by assuming the 

diamond cubic lattice structure and determining an angle between the growth axis and the 

substrate; additionally, it was verified by a detailed TEM analysis (see Fig. 6). It is interesting to note 

that the <110> oriented nanowires on the (110) substrate grow only perpendicular to the substrate 

and not in the other four possible (crystallographically equivalent) inclined <110> directions (Fig. 3b). 

This is different from the (111) substrate, where all three equivalent <110> growth directions are 

observed (see the inset in Fig. 3a). The nanowires grown under (ultra-)high vacuum have mostly 

a truncated rhombohedral cross section, with four major {111} and two truncating {001} sidewalls ς 

see Fig. 4a. The latter are often overgrown and the cross section changes to rhombohedral. The 

growth interface is formed by two inclined (mutually tilted) {111} facets. 

Growth in the presence of atomic hydrogen 

The presence of atomic hydrogen in the chamber during growth changes the growth direction of 

nanowires to <111> (Fig. 3c,d) as well as nanowire morphology (Fig. 4b). However, this change does 

not apply to the whole temperature growth window. The nanowires shown in Fig. 3c,d and Fig. 4b 

were grown at 385 ϲ/Φ !ǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ, increased roughening of the sidewall facets is 

observed; finally, at temperatures above 435 ϲ/ ǘƘŜ ғммлҔ-oriented nanowires with clearly-defined 

{111} sidewalls grow despite the presence of atomic hydrogen in the chamber ς see Fig. 5. This effect 

can be ascribed to rapid desorption of atomic hydrogen from NW sidewalls with increasing 

temperature, thus mimicking the high-vacuum growth. The morphology of the nanowires grown in 

high vacuum remains the same for a wide range of Ge deposition rate (0.075 )ϊǎ-1 to 0.225 )ϊǎ-1). 

However, the nanowires grown at low temperature (385 ϲ/ύ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀǘƻƳƛŎ ƘȅŘǊƻƎŜƴ 

adopt the morphology shown in Fig. 4b only for the lowest deposition rate (~ 0.075 )ϊǎ-1). With 

increasing flux of Ge atoms (deposition rate up to 0.225 )ϊǎ-1), pronounced faceting is observed 

(similarly to the effect of raising temperature), while the growth direction remains <111>. 

For the nanowires grown in the presence of atomic hydrogen, not all the degenerate <111> growth 

directions on the (111) substrate are equal, as the one perpendicular to the substrate is observed 

solely (Fig. 3c). In contrast to NWs grown under high vacuum conditions, all the NWs still have 

catalytic gold droplets on their top (visible in Fig. 3 due to different contrast). The <111> NWs grown 

at low temperatures with atomic hydrogen have a planar (111) growth interface (possible truncation 

as reported previously [38] is not visible due to droplet presence) and hexagonal cross-section (Fig. 

4b). The {211}-oriented sidewalls exhibit different roughness on opposite facets (strongly resembling 

the sawtooth faceting of Si NWs grown by CVD) [81]. The sawtooth faceting of Ge nanowires has not 

been discussed in literature properly yet, although it has been already observed, especially above 

300 ϲ/ [74; 75; 82; 83]. In case of gold-catalyzed Si nanowires, the partially Au-decorated sawtooth 

facets stabilize the growth in the <111> direction [84]. In order to confirm or exclude the presence of 

Au on Ge nanowire sidewalls, the nanowires were analysed by spatially-resolved Auger electron 

spectroscopy. The spectra taken on the nanowire sidewalls clearly indicate the presence of 
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a significant amount of Au on nanowires grown under the high vacuum conditions (Fig. 4a) and, in 

contrast, the absence of Au on sidewalls of <111>-oriented nanowires grown at low temperature 

with atomic hydrogen (Fig. 4b). Slight differences between the two types of {211} sidewalls of the 

<111> nanowires have been detected, being indicative of a trace amount of gold present on certain 

facets, but the signal was too weak to be conclusive. 

 

Fig. 5: Morphology and growth direction change of Ge NWs grown with atomic hydrogen at higher temperatures. The 
samples were grown under the same growth conditions (pH2 = нϊмл

-3
 Pa) except the temperature, which is indicated in 

the figure. The nanowires grown at the lowest temperature of the available growth window exhibit relatively smooth 
{211} sidewalls with sub-faceting as indicated in Fig. 4b. With increasing growth temperature the faceting of nanowire 
sidewalls gets more significant, as {111}-oriented larger facets are often observed. Also, catalyst droplet losses become 
more frequent. At temperatures higher than 435 ϲ/ ǘƘŜ ƴŀƴƻǿƛǊŜǎ ŎƘŀƴƎŜ ǘƘŜ ƎǊƻǿǘƘ ŘƛǊŜŎǘƛƻƴ ǘƻ ғммлҔ ŘŜǎǇƛǘŜ ǘƘŜ 
presence of atomic hydrogen in the chamber environment. Scale bars 200 nm. Published [77]. 

Growth in the presence of other molecular species 

Experiments with other gases (molecular hydrogen, O2, Ar and CH4) introduced into the chamber 

during growth have been performed as well. However, no effect of changing the nanowire growth 

direction or morphology with respect to the growth under vacuum conditions has been observed. 

Hence this effect seems to be related specifically to atomic hydrogen. 

TEM characterization of <110> and <111> Ge nanowires 

According to the results presented above, the sidewalls of nanowires grown in high vacuum are 

covered with a thin layer of gold. Indeed, Au clusters were observed using TEM imaging (areas of 

different contrast and crystal structure on the nanowire surface, not shown here). ²ƘŀǘΩǎ ƳƻǊŜ, 

a single-crystalline nature of Ge nanowires was confirmed for both <110> and <111> nanowires 

(grown in high vacuum and with atomic hydrogen, respectively) ς see the TEM analysis in Fig. 6. The 

growth direction of the nanowires and the sidewall crystallographic orientation ς previously inferred 

from SEM analysis ς were confirmed by the TEM characterization as well. 
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Fig. 6: TEM analysis of (a) <110> and (b) <111> nanowires grown in high vacuum and with atomic hydrogen, respectively. 
The lattice-plane resolved images (scale bars 1 nm) allow verifying the growth directions of both types of nanowires as 
determined by SEM. Additionally, selective area diffraction patterns (SAED) taken with the electron beam perpendicular 
to the nanowire sidewall confirm the sidewall crystallographic orientation, being {111} for <110>-oriented nanowires and 
{112} for <111>-oriented ones (the sidewall configuration is marked schematically in orange; the sidewall perpendicular 
to the electron beam is outlined with the solid line). The scale bars in overview images (always top left) are 200 nm and 
100 nm in (a) and (b), respectively. ¢9a ƛƳŀƎƛƴƎΥ [Φ YŀŎƘǘƝƪΦ Published in supporting information of [77]. 

Discussion & Summary 

The results presented so far implicate that (i) atomic hydrogen prevents gold from diffusing out of 

the catalyst along the sidewalls and (ii) gold promotes the formation of {111}-oriented sidewall 

facets. The presence of hydrogen adsorbed on germanium nanowire sidewalls up to 330 ϲ/ ƛƴ ŎŀǎŜ ƻŦ 

nanowires grown from hydride precursors has been already confirmed by Sivaram et al. [74] Here, 

atomic hydrogen is generated more efficiently by thermal cracking of molecular hydrogen on 

a heated filament at high partial pressures (pH2 = 2ϊ10-3 Pa), which results in a very high adsorption 

rate rads (dependent on the incoming flux). The nanowire sidewalls are thus flooded with atomic 

hydrogen which allows to efficiently replenish adsorbed hydrogen despite the high desorption rates 

at enhanced temperatures used in the growth experiments. The surface diffusion of gold atoms is 

critically dependent on the adsorbates [85]; it has been shown by Gamalski et al. [75] that by-

products of digermane decomposition passivate the surface during growth and inhibit diffusion of Au 

on nanowire sidewalls.  

The effect of gold on germanium faceting is demonstrated in Fig. 7. As the surface energies of bare 

Ge facets of different crystallographic orientations are similar, the equilibrium crystal shapes are 

complex, exposing many different facets [86]. A stress-free homoepitaxy of Ge on Ge(111) and 

Ge(110) surfaces results in germanium island shapes strongly resembling those obtained using the 
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Wulff construction (Fig. 7a,c). Experimental studies of flat Ge surfaces suggest that low-index planes 

are stabilized after exposure to atomic hydrogen ŘǳŜ ǘƻ όмҎмύ-H reconstruction [87ς89]. Thus for 

nanowire growth at low temperatures, the sidewalls are Au-free; probably passivated with atomic 

hydrogen [74]. Nanowires then exhibit nearly cylindrical [22] or hexagonal cross sections as the 

growth is not constrained by any preferential sidewall orientation. The presence of Au on the 

sidewalls under conditions promoting Au diffusion (e.g. high vacuum or high temperature) 

dramatically changes the surface free energies in favour of {111} facets (Fig. 7b,d). 

 

Fig. 7: Homoepitaxial growth of Ge on bare (600 ϲ/ύ ŀƴŘ ƎƻƭŘ-covered (400 ϲ/ύ DŜόммлύ όŀΣōύ ŀƴŘ DŜόмммύ όŎΣŘύ ǎǳǊŦŀŎŜǎ ƛƴ 
high vacuum. In (a) and (c) equilibrium crystal shapes are depicted (after Stekolnikov et al. [86]). The SEM images in (b,d) 
ŀǊŜ ǘƛƭǘŜŘ ōȅ рнϲΤ όŀΣŎύ ŀƴŘ ƛƴǎŜǘǎ ƛƴ όōΣŘύ ŀǊŜ ǘƻǇ views. All the scale bars are 200 nm, except in (c) (500 nm). Published 
[77]. 

To conclude, the results presented and discussed in this section show that the synergic effect of 

adsorbed atomic hydrogen and Au catalyst spreading is critical for determining the nanowire sidewall 

orientation and, consequently, the growth direction and morphology of Ge nanowires. For more 

details, see the published results [77]. 

2.3 Dopant-containing catalysts for Ge nanowire growth 

Growth of germanium nanowires from Au catalyst droplet by means of evaporation is well 

documented in the literature (see the review in section 2.1) and has also been successfully 

performed by our research group [11ς13; 90]. Besides, some of its aspects were investigated and 

presented within the previous section 2.2. The novel finding is that the combined effect of atomic 

hydrogen adsorption and gold out-diffusion from the catalyst particle radically changes the nanowire 

morphology and growth direction. The surface chemistry of the substrate and the nanowires is but 

one example of the wide range of parameters controlling nanowire growth in general. Another key 

aspect is the chemical composition of the catalyst particle itself ς as it governs a plethora of physical 

quantities important in the nanowire growth (such as the chemical potentials, wetting angle on the 

nanowire material, semiconductor solubility in the catalyst, eutectic composition and temperature, 

diffusion and overall kinetics of the process and many others). 

In contrast to gold, Ge nanowire growth from pure group-III catalysts has been reported to be 

difficult due to their low surface tension and the co-called NebolΩsin criterion [76]: 

For the VLS growth of semiconductor nanowires to be stable, only a limited range of liǉǳƛŘ ŘǊƻǇƭŜǘΩǎ 

contact angles • is thermodynamically plausible, depending on the ratio , where ‎  is the surface 
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energy of the solidςvapour interface and ‎  is the surface energy of the liquid droplet (see the 

schematics in Fig. 8a,b). For nanowire growth, the stability region is defined as follows [76]: 

  (2.1) 

The angle ‏ is depicted in Fig. 8b ς it is the angle between the conical nanowire surface and the 

growth axis; for constant-radius nanowires ‏ π. For illustration, the inequality (2.1) is plotted in 

Fig. 8c for silicon nanowires growing from AuςSi liquid droplet (non-tapered nanowire, see curve 1) 

[76]. In regions I and III, the inequality is not met and whisker growth is unlikely. Instead, the reverse 

process takes place ς silicon etching and vaporization (region I and III, respectively). Region II delimits 

the stable growth conditions. In contrast to gold, for the low-surface-tension materials (such as Ga, 

Al, In, Sn) it is much more difficult to satisfy the inequality (2.1) due to their lower ‎ . Then, the 

range of energetically favourable contact angles is narrow or diminishes completely. For conical 

nanowires though, the range of contact angles suitable for growth is broader, see curve 2 in Fig. 8c. It 

is for this reason that short conical crystals are often observed, not followed, however, by a stable 

nanowire growth stage [76]. In short, stable nanowire growth occurs for the catalyst droplets of high 

values of surface energy ‎ .  

 

Fig. 8: Geometry of the nanowire growth: a) constant-ǊŀŘƛǳǎ ƴŀƴƻǿƛǊŜ όʵ = 0); b) ǘŀǇŜǊŜŘ ƴŀƴƻǿƛǊŜ όʵ > 0). c) Plots of  
Ἳἱἶⱴ ἫἷἻⱴ

ἫἷἻ♯ Ἳἱἶ♯
 against the contact angle of the melt droplet atop the nanowire: (1) Ŏƻƴǎǘŀƴǘ ǊŀŘƛǳǎ όʵ = 0), (2) tapered 

ƴŀƴƻǿƛǊŜ όʵ > 0). Shaded areas I, III are regions of whisker etching and vaporization, respectively, by the SLV mechanism; 
region II allows steady-state nanowire growth by the VLS mechanism. Adopted from [76]. 

A possible way to overcome this limitation is to modify the surface energy of the solid nanowire (as 

schematically depicted already in Fig. 2). Interestingly, Yu et al. [51] presented successful growth of 

Sn-catalysed Si nanowires, despite the low surface tension of tin. Their analysis revealed the 

existence of an ultrathin sidewall-spreading catalyst layer that helps to stabilize the catalyst droplet 

atop the nanowire during growth by modifying the effective ‎  value.  

Also, Si nanowire growth from Al or InςSn catalysts and Ge nanowire growth from Sn or Ga catalysts 

were ǎǳŎŎŜǎǎŦǳƭƭȅ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀƴŘ ǿƘŀǘΩǎ ƳƻǊŜΣ massive incorporation of catalystΩs atoms into the 

nanowires was recorded [9; 10; 71; 72]. The question of catalyst-atom incorporation into the 

nanowires during growth has been already raised in the review section 2.1. Prospective benefits are 
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clear ς the process of catalyst incorporation could be utilized for nanowire doping, even beyond the 

equilibrium solubility limits. 

Further, other studies showed that sharp axial hetero-junctions are obtained when nanowires are 

grown from alloyed catalysts containing group-III element. Sharp SiςGe interfaces were reported 

when grown from AuςGa catalyst [63] or AuςAl catalyst [68] due to lower reservoir effect. 

Therefore, the possibility of Ge nanowire growth from group-III-containing catalysts is studied in this 

section; with a special focus on potential dopant incorporation. As a first step, the results of the 

preparation of novel catalysts for nanowire growth are summarized. Then, the results of the 

nanowire growth are presented ς concentrating on the morphology of the resulting structures and 

the analysis of possible dopant incorporation. First, alloyed AuςGa mixture is studied as a catalyst for 

Ge nanowire growth. Further, pure gallium, pure aluminium and goldςindium mixture are 

investigated. 

Alloyed AuςGa catalyst 

Gallium has very low surface tension compared to gold [28; 37; 53; 54]. Therefore, pure Ga catalyst 

droplet is unstable on nanowire top and only in-plane growth of Ge structures is observed, see our 

results below (Fig. 15). By alloying gallium with other metals ς such as gold, for which the stable out-

of-plane NW growth has been shown above ς it should be possible to stabilize the droplet and thus 

facilitate the out-of-plane growth. The drawback of using alloyed catalyst is in general much higher 

complexity in terms of material chemistry. Instead of using a simple phase diagram (mixture of 

supply material and the catalyst, AuςGe for example), a tertiary phase diagram shall be considered 

(AuςGaςGe in this case). Such diagrams are more difficult to calculate or determine experimentally 

and they are rarely published. 

Still, stable nanowire growth from alloyed AuςGa catalyst shall be of high interest, considering 

possible Ga incorporation during growth, leading to nanowire doping. Two approaches will be 

described below: (i) Preparation of alloyed AuςGa catalyst on a plain Ge substrate, followed by Ge 

deposition; (ii) formation of Ge nanowire stem grown with pure Au catalyst, followed by deposition 

of a small amount of gallium during the growth process, thus forming mixed AuςGa catalyst on top of 

an existing nanowire. The Ge deposition and nanowire growth then continue (given that the catalyst 

remains stable). 

The SEM micrographs of AuςGa catalyst of various relative compositions prepared on a plain Ge 

wafer are shown in Fig. 9, taken ex-situ at room temperature. Gold nanoparticles from colloidal 

solution (40 nm diameter) were drop-casted onto Ge (111)-oriented wafer. It was then loaded into 

a UHV chamber, where Ga was evaporated onto the heated sample. Its deposition rate was 0.17 

monolayers per minute (ML/min); sample temperature was 475 ϲ/, being above the eutectic 

temperature of AuςGa, which is 449 ϲ/. AuςGa alloyed droplets were formed on the surface; no 

pure-Ga droplets are observed under these conditions. As seen in Fig. 9, Au/Ga ratio is controlled by 

Ga deposition time. After cooling down for ex-situ imaging at room temperature, the alloyed mixture 

has separated again into Au core and Ga shell, clearly seen in the SE contrast. Different size of Au 

core is due to clustering of original Au nanoparticles. 
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Fig. 9: SEM images of alloyed AuςGa catalyst upon cooling down to room temperature. The images were taken ex-situ 
using the SE contrast. The size and composition of the catalyst particles are controlled by the amount of deposited 
gallium (inscribed in the images). 

Keep in mind that the AuςGa particles gradually incorporate germanium from the substrate as well, 

which might change the physical properties of the alloyed catalyst. (For more insight into this 

catalystςsubstrate interaction and material uptake, being important especially during the initial stage 

of nanowire growth, read another paper of our research group [90].) In order to prove that the Auς

Ga particles truly do alloy, a real-time in-situ SEM study was performed for such AuςGa catalysts, see 

Fig. 10. Each row of images shows a different area on the sample. The sample temperature is 

indicated for each column. The SE contrast shows the bright Au core ringed with gallium. Indeed, the 

temperature series show the gradual alloying of catalyst particles. 

 

Fig. 10: Real-time in-situ SEM observation of AuςGa alloying of catalyst particles. The annealing temperature is indicated 
for each column. Each row represents a different area on the sample. Red arrows indicate when the droplets become 
fully alloyed. Some of the droplets remain non-alloyed. The eutectic temperature of AuςGa system is ппф ϲ/ [93]. 

Having demonstrated the preparation of suitable AuςGa alloyed catalyst particles, the next step is Ge 

deposition onto the sample. In order to reveal the effect of catalyst composition (i.e. Ga amount in 

the alloyed catalyst) on nanowire growth, different amount of gallium was deposited onto the 

samples with Au particles prior to Ge evaporation ς see the resulting morphologies in the SEM 

micrographs in Fig. 11. The optimal sample temperature for Ge nanowire growth from pure Au 

catalyst is 415 ϲ/ (Fig. 11a); it was applied to all samples shown. The amount of deposited Ge is the 
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same as well. The only variable parameter was the amount of Ga deposited ς see the value inscribed 

in Fig. 11b-d. The increasing amount of gallium ς albeit of sub-monolayer coverage ς leads to catalyst 

instability and formation of truncated faceted Ge pyramids instead of out-of-plane nanowires. Note 

that for 0.085 ML and 0.17 ML coverage (Fig. 11b,c), some nanowires are still formed, but they are 

shorter and much less frequent than for pure Au catalyst (see the insets). 

 

Fig. 11: Growth of Ge structures from alloyed AuςGa catalyst of various composition. AuςGa catalyst particles were 
prepared prior to Ge deposition; their composition is governed by the amount of gallium deposited (inscribed in the 
images). The sample temperature during Ge evaporation was 415 ϲ/Φ The images were taken for sample tilted ōȅ прϲΤ ǘƘŜ 
insets (scale bars 500 nm) show the top view. 

The occurrence of Ge nanowires even for non-zero Ga coverage is a sign of possible stable growth 

from AuςGa catalyst. Therefore, the effect of sample temperature during nanowire growth was 

studied, see Fig. 12. First, the alloyed catalyst was formed at 475 ϲ/ ōȅ ŘŜǇƻǎƛǘƛƻƴ ƻŦ лΦмт a[ ƻŦ 

gallium. After cooling down to growth temperature and its stabilization, Ge deposition was 

performed. Whereas the growth at 415 ϲ/ ȅƛŜƭŘǎ ǘruncated Ge pyramids (Fig. 12a), decreasing the 

growth temperature to 409 ϲ/ ƻǊ ŜǾŜƴ оуо ϲ/ ǊŜǎǳƭǘǎ ƛƴ ǎǘŀōƭŜ DŜ ƴŀƴƻǿƛǊŜ ƎǊƻǿǘƘ όFig. 12b,c). Note 

that the temperature of 383 ϲ/ ƛǎ ƳǳŎƘ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ƻǇǘƛmum for the growth from pure Au 

catalyst (being 415 ϲ/ύ. In other words, even sub-monolayer Ga coverage decreases the temperature 

needed for Ge nanowire growth. 

 

Fig. 12: Morphology of Ge structures grown from alloyed AuςGa catalysts at various sample temperatures. AuςGa 
catalyst particles were prepared prior to Ge deposition in an identical way; only the sample temperature during Ge 
deposition varied. The images show the top view; the insets (scale bars 500 nm) are tilted by 45ϲΦ 

The catalyst stability might differ at the beginning of nanowire growth (i.e. during the formation of 

nanowire base) and during nanowire growth (when the droplet is pinned onto the growth facets). 

The latter situation will be studied hereafter. First, a Ge nanowire stem was grown from a pure Au 

catalyst. Then, a small amount of gallium was co-deposited in-situ during nanowire growth, 

i.e. without stopping Ge evaporation. Then, only the Ge deposition continued. Therefore, the catalyst 

composition and surface chemistry are changed in the middle of the nanowire growth, which may or 

may not continue. In Fig. 13, see the results for various amount of Ga deposited in the middle of Ge 

deposition. The growth temperature was 415 ϲ/ ŦƻǊ ŀƭƭ ǎŀƳples. For the highest Ga coverage 
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(0.085 ML), the catalyst becomes unstable, which results in losing the catalyst from the NW top and 

subsequent 3D over-growth of the nanowire with Ge material, see Fig. 13c. Interestingly, for 

0.014 ML Ga coverage, some nanowires lose the catalyst as a result of its instability, whereas other 

nanowires change their diameter and continue growing in the original direction, see Fig. 13b. 

Interestingly, no kinks were observed. The diameter change observed for multiple nanowires 

indicates the moment when Ga was added into the catalyst. What is important, stable nanowire 

growth continued. 

 

Fig. 13: Growth of Ge nanowires from AuςGa catalyst formed during the growth. SEM images with SE contrast (top row) 
and BSE contrast (bottom row). The alloyed catalyst was formed by depositing gallium onto the sample with pure Au 
catalysts on top of previously grown Ge nanowires. The series shows the effect of deposition of different amount of 
gallium. The areas of interest are highlighted by orange arrows. 

Further, the presence of gallium in the catalyst was confirmed by two independent methods ς Auger 

electron spectroscopy (not shown here) and STEM EDS analysis, see Fig. 14. For this analysis, 

a nanowire with a slight diameter change from Fig. 13b was selected. The TEM BF and HAADF 

contrast images are shown in Fig. 14a,b respectively. Clearly, no crystal defects are present, despite 

the diameter change. Further, the EDS analysis was performed with the following results (see Fig. 

14c): (i) It confirms high content of Ga in the catalyst particle (up to 4 at.%), although only 0.014 ML 

of Ga was deposited; (ii) the composition remains the same throughout the nanowire body, i.e. no 

compositional change is observed after AuςGa catalyst formation; (iii) gallium incorporation from the 

catalyst into the nanowire was not proved. (The value of 0.2 at.% is below the detection limit.) 

 

Fig. 14: a,b) TEM images (BF and HAADF contrast, respectively) of a Ge nanowire, for which an alloyed AuςGa catalyst 
was formed in the middle of the growth (note the corresponding slight change in diameter, indicated by the orange 
arrow). A wire from the sample shown in Fig. 13b was used. c) STEM EDS analysis of this wire. The measured composition 
of catalyst droplet and nanowire body is inscribed. TEM imaging and EDS analysisΥ YΦ .ǳƪǾƛǑƻǾłΦ 
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Pure Ga 

Gallium catalyst particles were prepared on a plain Ge wafer by evaporation in UHV conditions 

(sample temperature 360 ϲC, Ga deposition rate 0.17 ML/min, deposition time 667 s, chamber 

ǇǊŜǎǎǳǊŜ нϊмл-6 Pa). Under these conditions, the catalyst particles of diameter 80ς120 nm were 

formed, see Fig. 15a. Then, germanium was deposited at sample temperature 370 ϲ/ or 415 ϲ/Σ ǎŜŜ 

Fig. 15b,c respectively. The germanium deposition rate was 2 )ϊƳƛƴ-1. Neither sample yielded 

nanowire formation, possibly for two reasons: (i) Based on the observation of a thick 2D germanium 

layer in between the catalysts, the diffusion length of Ge on the wafer decreases after Ga deposition. 

Therefore, the Ge supply towards the catalyst particles is not sufficient, see Fig. 15b. (ii) Having 

increased the sample temperature to 415 ϲ/Σ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ƻŦ DŜ ǎǳǇǇƭȅ ŀƭǎƻ ƛƴŎreased. Under these 

conditions, however, the pure Ga catalyst is not stable atop the growing Ge structures, due to the 

low surface tension of gallium ς see the reasoning in the introduction to section 2.3. Therefore, only 

irregular 3D Ge faceted crystallites are formed; with Ga catalyst unable to pin onto certain facets ς 

see Fig. 15c. Therefore, Ge nanowires were not grown from pure Ga catalyst due to the combination 

of low Ge diffusion and low Ga catalyst stability. 

 

Fig. 15: a) Pure Ga catalyst droplets formed on Ge(111) wafer. b,c) SEM images of Ge structures grown from presented 
catalysts at sample temperature 370 ϲ/ ŀƴŘ пмр ϲ/Σ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

Pure Al 

Preparation of Ge nanowires from Al-containing catalyst shall be intriguing for the same reasons as 

for the gallium catalysts ς namely for the possibility of Al incorporation into the nanowire during 

growth. Indeed, massive catalyst-atom incorporation has been observed for Si nanowires grown by 

CVD method from Al catalyst [9]. Further, Ke et al. reported [50] that for CVD-grown Si nanowires 

prepared from Al catalyst, hydrogen termination of the sidewalls increases the surface diffusion of 

aluminium, see Fig. 16. This is exactly the opposite behaviour than for our Ge/Au material system in 

the hydrogen atmosphere, presented in detail in section 2.2. These two aspects are the motivation 

for studying the aluminium catalyst for Ge nanowire growth within our experimental setup. 
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Fig. 16: A) Top row: Cross-sectional SEM images of Al-catalysed Si nanowire tips grown in H2/N2 mix at various total 
pressure. Bottom row: Nanowire tips grown in H2 at corresponding total pressure. All scale bars are 100 nm. B) a) Growth 
in hydrogen leads to extensive H-termination on the silicon sidewalls. This leads to significant aluminium diffusion (black 
dots) along the hydrogen-terminated nanowire sidewalls (1), and reduced thin film deposition (from yellow silane atoms) 
due to the increase in activation energy required (2). (b) Growth in N2/H2 mix leads to reduced H-termination. 
Subsequently thin film deposition is increased, because of the lower energy required (3). Aluminium diffusion is also 
inhibited due to the increased surface energy of sidewalls (4). Adopted from [50]. 

The aluminium catalyst particles on Ge wafer were prepared similarly to pure-Ga catalysts ς i.e. by 

evaporation in UHV conditions. Based on the sample temperature, deposition rate and deposition 

time, the catalyst particles of various diameters were prepared, see Fig. 17. 

 

Fig. 17: SEM images of pure Al catalyst particles formed on Ge(111) wafer at various experimental conditions, controlling 
their size. Sample temperature during Al deposition, deposition rate and length of deposition are inscribed in each 
image. 

For subsequent Ge deposition, catalyst preparation from Fig. 17b was chosen. Again, various Ge-

deposition parameters combinations were set and studied ς see the inscriptions in Fig. 18 (sample 

temperature, Ge deposition rate, Ge deposition duration). None of the experimental conditions led 

to nanowire growth though ς see the SEM images in Fig. 18. The nanowire growth inhibitors are the 

same as described for pure Ga catalysts: The formation of 2D layer between the Al catalyst particles 

indicates inhibited Ge diffusion on Ge wafer due to aluminium presence. The diffusion-limited area of 

material supply is confirmed by the dips around the Ge crystallites. When the diffusion is promoted 

(by higher sample temperature or lower Ge deposition rate), faceted Ge pyramids with Al catalyst on 

top are formed. However, no nanowire growth was observed. 
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Fig. 18: SEM images of Ge structures grown from pure Al catalyst at various experimental conditions. The catalyst was 
formed by a procedure shown in Fig. 17b. Then, germanium was deposited. Sample temperature during Ge deposition, 
Ge deposition rate and length of deposition are inscribed in each image. 

Alloyed AuςIn 

Lastly, alloyed AuςIn material was studied as a catalyst for Ge nanowire growth. Similarly to AuςGa 

catalyst study presented above, two distinct approaches were used: (i) Ge nanowire stem catalysed 

by pure Au was grown first; then a small amount of indium was co-deposited to form alloyed AuςIn 

catalyst on top of an existing nanowire. Then, Ge deposition and growth continued. (ii) Preparation 

of alloyed AuςIn catalyst on a plain Ge substrate, followed by Ge deposition. 

(i) The Ge nanowire stem grown with pure Au catalyst on Ge(111) wafer is shown in Fig. 19a (mind 

the BSE contrast, highlighting the catalyst material). The growth was performed at sample 

temperature 410 ϲ/ ŀƴŘ ŎƘŀƳōŜǊ ǇǊŜǎǎǳǊŜ тϊмл-8 Pa. This serves as a reference sample. The other 

sample was prepared in the same way at first. However, after growing the Ge nanowire stem, indium 

was co-deposited in the middle of the growth procedure, while Ge supply continued. The equivalent 

film thickness of deposited indium was 0.45 nm. A typical resulting structure is shown in Fig. 19b. As 

clearly seen from the SEM micrographs, indium deposition in the middle of the growth leads to 

catalyst instability. The nanowire loses the catalyst from its top and no longer continues to grow. 

Instead, a 3D pedestal starts to grow at the nanowire base. To conclude, adding indium to a stable Au 

catalyst leads to catalyst instability atop the nanowire. This prevents the nanowire from further 

stable growth from alloyed AuςIn catalyst. 

 

Fig. 19: a) Ge nanowires grown from pure Au catalyst on Ge(111) wafer. b) Unsuccessful growth of Ge nanowires from 
alloyed AuςIn catalyst. First, Ge nanowire stem was grown from pure Au (similar to Figure a). Without interrupting Ge 
deposition, 0.45 nm of indium was co-deposited to form an alloyed AuςIn catalyst. The catalyst became unstable and 
moved away from the nanowire top, which leads to 3D growth of Ge at the nanowire base. 
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(ii) The second approach is to form alloyed AuςIn catalyst first (on a plain Ge wafer) and only then to 

start Ge evaporation, potentially leading to nanowire formation. The catalysts were formed by drop-

casting of Au nanoparticles (40 nm diameter) from colloidal solution onto the Ge wafer, followed by 

indium deposition onto the heated sample in UHV conditions. The catalyst composition is governed 

by the amount of deposited indium. To illustrate this process, see the SEM images of the catalysts in 

Fig. 20a. After cooling down for ex-situ imaging at room temperature, the alloyed mixture has 

separated into Au core and In shell. Different size of Au core is due to clustering of original Au 

nanoparticles. 

The growth of Ge structures from the alloyed catalyst on (111)-oriented Ge wafer is illustrated in Fig. 

20b. The catalyst was formed by deposition of 0.45 nm of indium at sample temperature 400 ϲ/Σ ǘƘŜ 

growth was performed at 380 ϲ/Φ bƻ ƴŀƴƻǿƛǊŜǎ ǿŜǊŜ ŦƻǊƳŜŘ ƻƴ ǘhe sample. Truncated Ge pyramids 

were grown from the catalysts, which remained on top of these structures. Also, a 2D Ge layer is 

observed in between the catalysts, indicating low Ge diffusion on the wafer. Therefore, the Ge supply 

towards the catalyst is inhibited and nanowire growth is not achieved. A number of other growth 

experiments with different combinations of sample temperature and indium amount were 

performed with similar results; none of them led to nanowire growth. 

Interestingly, the growth from the same AuςIn catalyst performed on (110)-oriented Ge wafer leads 

to the formation of in-plane Ge nanowires, see Fig. 20c. The bi-metallic catalyst remains stable, see 

the BSE-contrast image. The sample temperature during growth was 395 ϲ/Σ ŎƘŀƳōŜǊ ǇǊŜǎǎǳǊŜ мϊмл-9 

Pa. 

 

Fig. 20: a) SEM top-view images of bi-metallic AuςIn catalyst formed on Ge(111) wafer. The images were taken after 
cooling down to room temperature, hence the material separation. b) SEM images of Ge structures grown from alloyed 
AuςIn catalyst formed on Ge(111) wafer. Top: top ǾƛŜǿΣ ōƻǘǘƻƳΥ ǘƛƭǘŜŘ ǾƛŜǿ όрлϲ ǘƻ ǎǳǊŦŀŎŜ ƴƻǊƳŀƭύΦ Ŏύ DŜ ƴŀƴƻǿƛǊŜǎ 
grown from alloyed AuςIn catalyst formed on Ge(110) wafer. The alloyed catalyst remains stable throughout the growth. 
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3 Preparation of doped ZnO nanowires 

Zinc oxide is a direct-bandgap semiconductor material attracting long-lasting attention both in 

scientific research and industry. Its wide bandgap (3.37 eV at room temperature [94]) corresponds to 

the UV region (wavelength of 368 nm). It belongs to a class of transparent conductive oxides. 

Furthermore, it can be doped with group-III metals to very high doping levels. The electron 

concentration of such highly-doped n-type ZnO may reach up to 1021 cm-3 [4; 94ς96]. Due to its 

electronic properties, zinc oxide is an attractive material for applications in electronics [59], 

piezoelectronics [94] and optoelectronics (e.g. UV detectors) [97]. Moreover, highly-doped ZnO 

nanowires represent a promising material system for bio-sensing applications, as their plasmon 

resonance frequency may be tuned with dopant concentration down to the near-infrared region 

[98]. The plasmon resonance frequency in the near-IR to mid-IR region is needed to detect molecular 

fingerprints in the spectra. 

This chapter is dedicated to the characterization of the nominally undoped ZnO nanowires grown via 

the aerosol-assisted CVD method (AACVD) at atmospheric pressure; and subsequently, to diffusional 

doping of such nanowires with gallium. These nanowires are then characterized and gallium doping 

levels are analysed. 

Chapter 3 consists of several parts. A literature review is presented in section 3.1, with emphasis on 

ZnO electronic properties and correct interpretation of its Raman and XPS spectra. The results of the 

AACVD method for the growth of ZnO nanowires are briefly introduced in section 3.2. Next, section 

3.3 is focused on the characterization of the ZnO nanowires in their as-grown state and upon 

annealing in different oxidative environments. Finally, diffusional doping of the ZnO nanowires with 

gallium is addressed in section 3.4. 

All of the measurements, imaging and data analysis presented in sections 3.3 and 3.4 were done by 

the author, if not stated otherwise. The exceptions are the TEM imaging and STEM EDS acquisition, 

EBL and IςV curve measurements and PL detection. However, the data analyses from these 

measurements were performed already by the author of the thesis himself.  

3.1 Literature review 

Structural properties 

Zinc oxide evinces high radiation hardness and a low coefficient of thermal expansion. This material 

is non-toxic, biocompatible and biodegradable [99]. CƻǊ ŜŀǎƛŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎΣ ƭŜǘΩǎ ǎǳƳƳŀǊƛȊŜ ǘƘŜ 

very basic crystallographic terms used when discussing ZnO growth. Its wurtzite (WZ) crystal 

structure is schematically depicted in Fig. 21a, with lattice constants  ὧ υȢςπχ ᴠ  and ὥ σȢςτω ᴠ 

[100]. The WZ structure is composed of two inter-penetrating hexagonal close-packed (hcp) sub-

lattices, each of which consists of one type of atoms (Zn and O). These sub-lattices are displaced 

along the πππρ axis by the amount of ό. In the non-distorted hcp structure, the ὧὥϳ  ratio is equal 

to ψσϳ ρȢφσσ  and ό equals σψϳ Ͻὧ πȢσχυϽὧ. In most wide-bandgap (WBG) semiconductors 

such as ZnO and GaN, however, ό departs from the σψϳ  value [101]. For ZnO, the reported measured 

parameters vary slightly in the following range: ὧὥϳ ρȢυσω ÔÏ ρȢφπτ;  ό πȢσψσὧ ÔÏ πȢσψφὧ [102]. 
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ZnO is piezoelectric, based on the fact that its crystal structure is non-centrosymmetric. Further, ZnO 

is also pyroelectric ς its WZ structure (contrary to zinc-blende) exhibits spontaneous polarization in 

equilibrium (i.e. a nonzero dipole moment ὖ  per unit volume at zero strain) due to its polar 

character [99; 101]. (The direction of ὖ  is determined by the orientation of the so-called unique 

polar axis, which for group-III-nitrides and ZnO is the ộπππρỚ axis.) Although the unit cell of ZnO is 

electrically neutral, the planes of cations (Zn) alternate with planes of anions (O) along the πππρ 

direction (also called c direction) ς see Fig. 21b. By convention, the vector going from the metallic 

cation (empty circle in Fig. 21b) and pointing toward the anion (filled circle) defines the πππρ 

direction, i.e. the positive sense of the c-axis. A structure is said to be metal polar when its growth 

direction is πππρ. Reciprocally, a structure (growing in double-layers) is said to be anion polar when 

its growth direction is πππρ. To get the plane designation straight: πππρ = c-plane (it is polar), 

ρρςπ = a-plane (non-polar); ρρππ = m-plane (non-polar) ς see Fig. 21b and the 3D sketch in Fig. 

21c. There are of course more low-index planes, e.g. ρπρρ (polar; not common for ZnO) or ρρςς 

(semi-polar). Semi-polar planes are defined as ὬὯὭὰ planes with a nonzero Ὤ, Ὧ, or Ὥ and nonzero ὰ 

MillerςBravais index [101]. 

 

Fig. 21: ZnO crystallography. Adapted from [101]. a) Ball and stick model of the wurtzite ZnO (or GaN) structure. The aW 
and c are the lattice constants; u is the displacement of the O- and Zn-sublattice along the [0001]-axis. b) Ball and stick 
model of wurtzite crystallographic planes. Open (filled) circles correspond to cations (anions), respectively. c) Schematic 
representation of selected low-index planes in the WZ crystal. 
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Note that there are two possible crystallographic notations: If the crystal planes in hexagonal systems 

are indexed using Miller indices, then the crystallographically equivalent planes have indices that 

appear dissimilar. To overcome this, the MillerςBravais indexing system is used. See the comparison 

in Fig. 22 or an instructive animation in [103]. 

 

Fig. 22: Indexing of hexagonal crystals ς comparison of Miller indices and MillerςBravais indices for a set of 
crystallographically equivalent planes (highlighted by red colour). Adopted from [103]. 

Electronic characteristics 

Zinc oxide is a IIςVI semiconductor with a direct and wide bandgap in the near-UV region (3.37 eV at 

room temperature; 368 nm). Both spontaneous and stimulated emission has been demonstrated (UV 

lasing, blue and UV LEDs) [99; 104; 105]. The bandgap engineering of ZnO is possible via alloying with 

MgO or CdO (similar to Al or In effect in GaN) ς see Fig. 23. ZnO highly doped with aluminium (AZO) 

or gallium (GZO) is used in electronics as electrodes (transparent conducting oxide applications) [95]. 

Degenerated ZnO semiconductor may be studied by APT, characterizing the dopant clustering [95]. 

Zinc oxide shows high electron mobility, high thermal conductivity and high exciton binding energy 

(60 meV, being promising for optoelectronics at/above room temperature) [99]. Regarding electronic 

and optoelectronic applications, ZnO is foreseen to supersede and outperform GaN once the 

challenge of its stable and reliable p-type doping is solved [94]. The thing is that ZnO shows 

asymmetric doping behaviour (frequent for WBG or IIςVI semiconductors [95]) ς it is intrinsically n-

type, extrinsic n-type doping is easy up to high levels, p-type doping proves difficult but possible. 

 

Fig. 23: Schematics for ZnO bandgap engineering ς see the values for a bandgap of ZnO, MgO and CdO (in eV). Alloying 
ZnO with MgO or CdO leads to bandgap widening or narrowing, respectively. Adopted from [94]. 

The origin of the intrinsic n-type behaviour of ZnO has been a long-standing mystery. A common view 

in the past was (and a number of current papers claim as well) that it is caused by Zn interstitials or 

mainly by O vacancies acting as donors (see e.g. [106]). However, the DFT calculations and ODEPR 



28 
 

(optically detected electron paramagnetic resonance) measurements have shown that point defects 

(of any kind) are not likely to be responsible; O vacancy shall be a deep donor and Zn interstitials 

have high formation energy [94]. Janotti and Van de Walle (ibid.) point out that previous 

experimental reasoning was based on indirect evidence (like oxygen partial pressure during growth); 

however, other simultaneous effects can occur. For example, a decrease of oxygen pressure may 

lead to O vacancy formation or instead to easier H incorporation at O sites. Uncontrolled impurity 

incorporation during growth or annealing is suggested as a plausible cause of the intrinsic n-type 

behaviour. Particularly, hydrogen is suggested. It is inevitably present in the majority of growth and 

processing environments. (Indeed, both hydrothermally-grown and melt-grown ZnO single crystals 

are reported to contain at least 0.3 at.% of hydrogen, being often the highest-concentration impurity 

[107].) Hydrogen interstitials (Hi) are shallow donors based on DFT calculations; however, they are 

highly mobile and diffuse easily ς therefore they cannot explain high-temperature unintentional n-

type doping. On the other hand, substitutional hydrogen at O sites (HO) ς being a shallow donor as 

well ς is much more stable than Hi up to 500 ϲ/Φ aƻǊŜƻǾŜǊΣ ƛǘ can explain the dependence of 

conductivity on oxygen partial pressure (wrongly attributed to O vacancies) [94]. Note that, 

interestingly, there is a historical precedent for such paradigm shift in doping understanding for GaN 

(cited from [94]): 

άLǘ Ƴŀȅ ǎǘƛƭƭ ǘŀƪŜ ǎƻƳŜ ǘƛƳŜ ŦƻǊ ǘƘŜ ŎƻƳƳǳƴƛǘȅ ǘƻ ŀŘƧǳǎǘ ǘƻ ǘƘƛǎ Ǉƻƛƴǘ ƻŦ ǾƛŜǿΣ ōǳǘ ǘƘŜ ǇǊŜŎŜŘŜƴǘ 

of GaN may be informative. Until the early 1990s, the overwhelming consensus in the field was 

that GaN exhibited unintentional n-type conductivity due to nitrogen vacancies, and that p-

type GaN would be extremely difficult or even impossible to achieve. Computational studies 

then showed that nitrogen vacancies are high-energy defects that are highly unlikely to occur 

in n-type GaN. Instead, n-type conductivity was attributed to unintentional impurities such as 

oxygen. This view proved to be correct and within a few years the perception of the role of 

point defects completely changed, and the focus was shifted to the importance of controlling 

impurity incorporation. ZnO will likely follow this ƘƛǎǘƻǊƛŎŀƭ ǇǊŜŎŜŘŜƴǘΦέ 

Elsewhere [95], Ellmer and Bikowski rediscover άŦƻǊƎƻtten knowledge from the 1950s, which have 

ŦŀŘŜŘ ŀǿŀȅέ, that hydrogen was viewed as a donor of ZnO. Experimentally, hydrogen has been 

proved to be a shallow donor by sputtering in Ar+H2 atmosphere, with the benefits of resistivity 

decrease, passivation of interface and bulk defects (leading to improvement of electrical and optical 

properties), reducing depletion regions (especially at the grain boundaries). Still, the intrinsic n-type 

doping of ZnO is far from being completely understood with new papers emerging even in favour of 

O vacancies again. Often, the experiments show different results than the calculations. For a richer 

story, see also [96; 108ς111]. Recently, also donor-like complexes involving point defects and 

unintentional impurities are suggested as an explanation ς arguing for either (i) nitrogen-containing 

complexes [110; 112], or (ii) VZnς3H complexes (formation of three interstitial hydrogen atoms and 

a zinc vacancy; bringing the attention back to hydrogen yet again) [113] acting as shallow donors 

with low formation energies ς the latter being corroborated by cathodoluminescence 

measurements, Raman spectroscopy and DFT calculations. 

As mentioned earlier, intentional n-type doping of ZnO is a routine process, details of which depend 

on the particular growth method. This topic is widely covered both computationally and 

experimentally (see e.g. the reviews in [94; 95]). The most used dopants are aluminium, gallium and 

indium ς they are incorporated into Zn lattice sites (substitutional doping). ZnO doped with Al, Ga 
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and In (or their combination in the co-doping strategies) exhibits low resistivity and high carrier 

concentration (up to 1021 cm-3). At donor concentration above 1020 cm-3, the electrical activation of 

the dopants is often less than 100 %, due to (i) the formation of dopantςdefect complexes, (ii) the 

compensation of the electrons by acceptors (Oi, VZn) and (iii) the formation of secondary phases, for 

instance, Al2O3, Ga2O3 etc. Also, there is a strong dependence on different deposition methods and 

annealing conditions [95]. High dopant concentrations (even above the equilibrium solubility limit) 

are often reported [95; 114; 115]. 

The ZnO nanowires doping strategy to be applied in this thesis is similar to that described in [116]. 

There, undoped ZnO nanorods were grown first. Then they were over-deposited with aluminium thin 

film and subsequently annealed in high vacuum. At optimum conditions, the surface Al atoms 

completely diffused into ZnO nanorods, resulting in Al-doped ZnO nanorods. The thickness of Al thin 

film deposited was 2ς8 nm; the nanorods were annealed at 500ς600 ϲ/ ŦƻǊ пς6 hours under high-

vacuum conditions (10-3 Pa). The Al concentration was reported to be estimated to 5 at.% from 

a STEM EDS spectroscopy, with uniform Al distribution and no crystal damage. 

Regarding p-type doping of ZnO, it remains a challenging task with controversial results. As sharply 

pointed out by Ellmer and Bikowski [95], experiments are ahead of theory in this field: 

ά¢ƘƻǳƎƘ Ƴŀƴȅ 5C¢ ŎŀƭŎǳƭŀǘƛƻƴǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ƭƛǘŜǊŀǘure, irrefutable conclusions from these 

calculations cannot be drawn. It seems that the experimental situation (defect complexes, self-

compensation, phase separation etc.) is too complex to be described by the current (DFT) 

theory. The long-searched-for theory of doping of IIς±L ǎŜƳƛŎƻƴŘǳŎǘƻǊǎ ƛǎ ǎǘƛƭƭ ƳƛǎǎƛƴƎΦέ 

From the experimental point of view, most of the device applications requiring p-type ZnO (LEDs, 

LDs, photodiodes) have been realized by N- or Sb-doped ZnO or ZnMgO, which proves the feasibility 

of achieving ZnO p-type doping [110]. More and more, the dopant or dopantςdefect complexes are 

suggested as a theoretical explanation of successful p-type doping. Also, co-doping is being 

investigated with promising results (in ADA, AA or AI arrangement; A = acceptor, D = donor, I = 

isovalent element) [110]. 

Electrical transport measurements 

Plenty of transport measurements of ZnO nanostructures and nanowires has been published. In 

order to present a grasp of the experimental layout and the overall characteristics, measurement 

ranges, electrode materials etc., see e.g. [117; 118], the extract of which is shown in Fig. 24. Both 

authors use Ti/Au electrodes, which form Ohmic contacts with the n-type In-doped (a) and nominally 

undoped (intrinsically n-type) (b) ZnO nanowires. In Fig. 24a, a diameter dependence of IςV curves is 

ǎŜŜƴΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎǇŜŎƛŦƛŎ ǊŜǎƛǎǘƛǾƛǘȅ όнΦлϊ10-2 ʍϊŎƳύ ǊŜƳŀƛƴǎ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǘƘŜ ƴŀƴƻǿƛǊŜ 

dimensions [117]. The diameter of the nanowire in Fig. 24b is 62 nm. Note the different scale for 

doped and undoped nanowires. Regarding the electrode materials for either Ohmic or Schottky 

contacts formation with differently doped ZnO, a comprehensive review is presented in [119]. 
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Fig. 24: Electrical transport measurements of ZnO nanowires. a) Indium-doped n-type ZnO nanowires with different 
diameters, measured at room temperature in high vacuum. The inset shows an SEM image. The distance of the metallic 
leads is 2.63 ҡƳΦ !ŘƻǇǘŜŘ ŦǊƻƳ [117]. b) Undoped (intrinsically n-type) ZnO nanowire. The diameter is 62 nm, the 
effective gate length is 2.2 ҡƳΦ Measured at room temperature in the air. The upper inset shows the ln(IDS)ςVg plot at 
VDS = 2 V; the lower inset is an SEM image of the FET. Adopted from [118]. 

An important topic with respect to electronic-measurement interpretation is the ZnO surface 

electron accumulation/depletion layer, interconnected with the surface chemistry (presence of 

surfactants and adsorbates) and also surface ZnO polarity (having a compensation effect); impacting 

the conductivity measurements. A decrease of conductivity in n-type ZnO was observed for 

measurement in the oxygen atmosphere, whereas hydrogen caused conductivity increase. The effect 

is opposite for p-type ZnO. Also, when measured in humid air, the water film causes electrochemical 

pinning of the Fermi level [101; 111; 113; 118ς123]. Note that this performance is highly promising 

for sensing applications. It is important also for photo-detection applications (UV detection) [122]. 

The presence of a surface electron accumulation layer is suggested as one of the factors that 

complicate the measurement of p-type conductivity in ZnO [94]. 

Raman spectroscopy ς pure ZnO 

Due to a long-standing interest in zinc oxide material, its properties are well-characterized and 

described in the literature. The structure of wurtzite ZnO belongs to #  class (Schǀnflies notation) 

and to 0φÍÃ space group (HermannςMauguin notation) [124; 125]. ¢ƘŜǊŜŦƻǊŜ ŀǘ ɱ Ǉƻƛƴǘ ƻŦ ǘƘŜ 

Brillouin zone, there are six Raman-active optical phonon modes in the first-order spectrum, 

classified as E2(low), A1(TO), E1(TO), E2(high), A1(LO) and E1(LO) at 99, 377 (or 374), 410, 437, 574 (or 

581) and 583 cm-1, respectively (different authors report slightly different values; the A1(LO) and 

E1(LO) modes are often considered together as LO mode at 579 cm-1). The A1 and E1 modes represent 

two polar branches, which split into LO and TO components with different frequencies, owing to 

macroscopic electrostatic forces within the polar crystal [124]. The two E2 branches are non-polar ς 

while the low-frequency mode E2(low) is associated with the Zn sub-lattice, the high-frequency mode 

E2(high) involves the oxygen sub-lattice. Further, there is a double-phonon mode E2(high)ςE2(low) 

at 333 cm-1. Interestingly, a Raman line attributed to hydrogen interstitials in bond-centre sites acting 

as donors typically lies around 330 cm-1, thus overlapping with the E2(high)ςE2(low) mode [126]. Next, 

there is a weak second-order 2-E2(low) mode at 204 cm-1 and several second-order modes in the 

ǊŀƴƎŜ ƻŦ млллҍмнлл ŎƳ-1. Besides, A1 and E1 modes are infrared-active. Note that there are also two 

B1 modes, which are both Raman and infrared silent (i.e. forbidden) [127ς130]. Milano et al. [131] 

reports that B1 modes may be allowed by the breakdown of translational crystal symmetry due to the 
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presence of defects (so-called defect-induced forbidden modes of the original ZnO lattice). Indeed, 

the B1(low), 2-B1(low) and B1(high) modes have been observed in Ga-doped (and Al-doped) ZnO thin 

films at 275 (275), 504 (508) and 620 (644) cm-1, respectively [132]. 

For ZnO nanowires with their c-axis oriented perpendicular to the substrate surface (i.e. parallel to 

the laser wave propagation direction, as will be the case of our samples), the A1(TO), E1(TO), and 

E1(LO) Raman modes are forbidden [129]. Still, the A1(TO) and E1(TO) peaks will be discussed in the 

following chapters, as they appear in the spectra of our samples, presumably due to imperfect 

nanowire alignment and the presence of lattice defects (see the sampleǎΩ morphology in section 3.2). 

The frequency of the E2(high) mode at 437 cm-1 is strain-sensitive, hence informative whether the 

ZnO nanowires are free of strain or not [129]. 

Raman spectroscopy ς doped ZnO 

ZnO thin films and nanowires doped with various elements were the subject of Raman spectroscopy 

studies as well. Escobedo-Morales and Pal report that incorporation of Ga has no strong effect on the 

lattice parameters and crystallinity of ZnO nanostructures, whereas In and Sb doping introduce 

considerable lattice distortion [128]. Micro-Raman measurements of ZnO thin films doped with Fe, 

Sb, Al and Ga and In showed additional modes at about 277, 511, 583 and 644 cm-1, not specific to 

any particular element [127; 128; 130]. Instead, host lattice defects induced by doping are suggested 

as their origin ς their positions agree well with the above mentioned defect-induced forbidden B1 

modes. The partial loss of crystallinity of the ZnO nanostructures due to dopant incorporation is 

verified by XRD measurements (see [128] for indium, specifically). Further additional modes at 531, 

631 and 720 cm-1 seem specific for Sb, Ga, and Fe dopants, respectively. Li doped ZnO did not reveal 

additional modes [130]. For Ga-heavily-doped ZnO nanowires, the ZnO Raman peaks are reported to 

get smaller and broader as Ga content increases, indicating the lattice disorder. Besides, additional 

peaks emerge (at 691 cm-1 and the already-mentioned ones) [133]. 

An exemplary study of tuneable doping of vertically-standing ZnO nanowires with aluminium is 

presented in [129], including temperature-dependent Raman spectroscopy. The frequencies of the 

ZnO Raman modes remain unchanged. Again, additional modes (AM) are observed upon nanowire 

doping at 276, 509, 623, 643 and 856 cm-1; the 276 cm-1 peak (labelled AM1) being the highest ς see 

Fig. 25 for illustration. Bear in mind that (i) these modes are not aluminium-specific and that they are 

reported by other authors as well (read above) and (ii) the positions of these peaks correspond to the 

defect-induced forbidden B1 modes of ZnO lattice, as also mentioned earlier [132]. Another 

ŀŘŘƛǘƛƻƴŀƭ ƳƻŘŜ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ртфҍруп ŎƳ-1 [129]. Therefore it overlaps with 

ZnO A1(LO) mode, resulting in a single peak at 581 cm-1. The intensity ratio of this A1(LO)+AM peak 

over E2(high) mode is systematically larger for higher Al-doping. In order to visualize the growing 

intensity of the additional peaks with increased doping concentration, the Raman spectra were 

normalized in intensity with respect to the E2(high) Raman line. This means that the intensity ratio of 

additional mode vs. ZnO E2(high) mode is increasing for higher dopant concentration (valid for all 

observed additional modes). Furthermore, the intensity ratio of the E2(low) over E2(high) modes 

remains identical for different doping levels. The intensity ratio of the E2όƘƛƎƘύҍ92(low) over E2(high) 

mode is constant regardless the doping concentration. However, it increases with temperature 

(reversibly). Temperature-dependent measurements (ibid.) indicate that the doping is thermally 



32 
 

activated at a low threshold temperature of 200 ϲ/Φ ¢ƘŜ ŀŘŘƛǘƛƻƴŀƭ ƳƻŘŜǎ ǘƘŜƴ ǊŜƳŀƛƴ ǾƛǎƛōƭŜ ŜǾŜƴ 

after cooling down to room temperature.  

 

Fig. 25: An illustration of Raman scattering spectra of n-type doped ZnO nanowires. Adopted from [129]. Note that the 
legend does not present the amount of Al in the nanowires directly; it only shows its trend based on the growth 
conditions (ratio of Al(NO3)3 over Zn(NO3)2 precursors). 

XPS ς Oxygen vacancies evaluation (O 1s peak) 

Zinc oxide is known for a variety of native point defects (e.g. O and Zn vacancies, interstitials, 

antisites etc.), the concentration of which is largely dependent on the growth method [122; 125]. (In 

general, ZnO is differentiated as hydrothermally-grown or melt-grown.) Moreover, the concentration 

of the point defects may be altered by post-growth treatment. Patently, these crystal defects may 

alter the dopant incorporation into ZnO lattice [134; 135]. 

Oxygen vacancies (VO) are heavily discussed in the literature as a possible origin of the intrinsic n-

type doping of ZnO (prevailing reasoning being that they are too deep donors to provide the n-type 

doping; still acting as effective compensation centres for p-type doping, which proves extremely 

challenging for ZnO). Leaving aside this dispute, it remains important to be able to characterize the 

VO concentration in the samples used, as it may influence the incorporation of group-III dopants; and 

vice-versa, it may be increased by dopant incorporation [109; 116]. Also, oxygen vacancies are 

reported to result from ZnO annealing in high vacuum. Reversely, their concentration decreases 

upon annealing in an oxidative atmosphere [94; 95; 136]. 

The amount of oxygen vacancies in ZnO can be monitored by X-ray photo-electron spectroscopy 

(XPS). The O 1s peak is composed of three components ( [97; 116; 132; 137; 138]; originally described 

and discussed for In2O3 material in [98]), attributed to: 

¶ Oxygen ions (O2-) in the WZ structure of bulk ZnO crystal (low-binding-energy peak) 

Peak centre range: 529.7ς530.9 eV 



33 
 

¶ Oxygen ions (O2-) in oxygen-deficient regions of ZnO lattice, i.e. in the vicinity of O vacancies 

(intermediate-energy peak) 

Peak centre range: 531.0ς532.0 eV 

¶ Oxygen ions (O2-, O-, O2
-) (loosely) bound to ZnO surface ς in the form of adsorbates and 

contamination (ςOH, ςCOOH, ςCO3 bonds, adsorbed H2O or O2
-) and/or in the topmost layer 

of ZnO (high-energy peak) 

Peak centre range: 532.2ς533.1 eV 

Thus, the O 1s peak can be fitted with three Voight profiles. Specific energies of the peak 

components differ paper-to-paper (probably due to unequal XPS setup and calibration). Generally, 

the spacing between low-energy and intermediate peak centres is 0.6 to 1.1 eV; for intermediate and 

high-energy peak it is 0.8 to 1.о Ŝ±Φ Dŀōłǎ et al. [132] assign the intermediate peak to oxygen linked 

to dopant cations (Ga, Al); however, it may also be explained by the oxygen vacancies induced by this 

doping [116]. Note that this peak is observed in undoped samples as well. Pan et al. [115] report 

a slight increase of the intermediate peak (assigned to oxygen-deficient regions in the matrix) with 

higher fluorine concentration in the F-doped ZnO nanowires ς the oxygen atoms are substituted by 

fluorine. For the sake of completeness, the Zn peaks do not show any dependency on VO 

concentration. 

3.2 ZnO nanowires grown via aerosol-assisted CVD 

For the research described hereafter, ZnO nanowires prepared by a collaborating researcher Stella 

Vallejos όLƴǎǘƛǘǳǘƻ ŘŜ aƛŎǊƻŜƭŜŎǘǊƽƴƛŎŀ ŘŜ .ŀǊŎŜƭƻƴŀύ are used. This section 3.2 represents a short 

ǎǳƳƳŀǊȅ ƻŦ ǘƘŜ ƴŀƴƻǿƛǊŜǎΩ ƎǊƻǿǘƘ ƳŜǘƘƻŘ ŀƴŘ ƳƻǊǇƘƻƭƻƎȅ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΣ ŀǎ ǇǳōƭƛǎƘŜŘ ōȅ 

Vallejos et al. (see [140; 141] for further details). The nanowires were grown via an aerosol-assisted 

CVD method at atmospheric pressure (AACVD). This method leads to structured growth of metal 

oxides without the need for catalyst seeds, i.e. via the vapourςsolid (VS) mechanism; and ǿƘŀǘΩǎ 

more, at relatively low temperature compared to other CVD methods. Here, nanowires grown at 

400 ϲ/ ƻƴ a silicon wafer (using ZnCl2 + ethanol solution) are employed. 

Quasi-aligned nanowires of two distinct morphologies can be grown ς called rods and needles in 

further text, see Fig. 26. Needle-like structures are grown when a higher aerosol flux is applied. Based 

on published XRD and TEM examination, both types are single-crystalline with preferential growth in 

the ππρ direction. As a remnant of the growth process, low chlorine contamination is present 

(determined with EDS; Cl:Zn = 0.05 at.%). The lattice spacing determined by HRTEM is consistent with 

the literature for ZnO and with the ππς plane identified by XRD. The two morphologies exhibit 

different aspect ratios and wetting properties (which might be important for sensing applications). 

XPS measurement of O 1s peak suggests that the surface of needle-like structures is oxygen-

deficient. Note that in Fig. 26c,f, the crystallographic notation using the Miller indices is applied. 

When transformed into MillerςBravais indices (see section 3.1), the conversion is as follows: ρππ -> 

ρπρπ, ρρρ -> ρρςρ, ππρ -> πππρ. Thus the nanowire sidewalls consist of non-polar m-

plane ZnO; the top facet is a polar c-plane. The ππρ top facet of rod-like nanowires is O-polar, as 

determined via etching experiments [142]. 
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Fig. 26: ZnO whiskers grown by the AACVD method, further used for the doping study: nano-rods (a,b,c) and nano-

needles (d,e,f).  a,d) SEM image showing side-view of the sample. Inset: top view. b,e) HRTEM image viewed along  
direction. c,f) Schematics of nanowire facets orientation. Image courtesy: S. Vallejos [140]. 

3.3 Characterization of as-grown and annealed nanowires 

Basic characterization of the as-grown ZnO nanowires, as performed by Vallejos et al., has been 

presented in section 3.2 above. However, further characterization of the nanowires is needed for the 

purpose of this thesis. Therefore, additional characterization is presented in the following text. 

Namely, TEM characterization, Raman spectroscopy and electrical transport measurements of the as-

grown nanowires and XPS characterization of nanowires annealed in various environments were 

performed. 

Please note that various samples from several growth batches were inspected within sections 3.3 

and 3.4. As the growth conditions may slightly differ for individual batches, the ǎŀƳǇƭŜǎΩ batch 

number will always be indicated when discussing the results. The batch-number assignment of the 

studied samples is summarized in Table 1. 

Table 1: Assignment of the batch number to individual ZnO samples. 

Batch No. Samples 

Batch-1 samples used in section 3.3 for TEM, transport and Raman measurements (except 
the black spectrum in Fig. 32 and blue in Fig. 33) 
VO-rich and VO-poor samples used in section 3.4.2 for AES, STEM EDS and PL 
measurements 

Batch-2 see Fig. 40b 
Batch-3 samples used in: 

- Fig. 33 (Raman study of different batches) 
- section 3.4.1 for SEM (except Fig. 40b and Fig. 42c), Raman, XPS and HRTEM 

analysis  
Batch-5 see Fig. 42c 
Batch-6 samples used in section 3.3 for XPS analysis upon annealing 
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TEM characterization 

TEM characterization of as-grown ZnO nanowires grown via the AACVD method has been already 

presented in section 3.2, see Fig. 26 (earlier research of S. Vallejos et al.). In order to have a reference 

for future measurements of doped nanowires and to confirm the crystal quality of the ZnO 

nanowires currently used, an as-grown nanowire from a rod-like sample has been characterized 

anew with TEM, see Fig. 27a,b. 

The sample preparation is following: The nanowires grown on Si substrate were sonicated in 

deionized water for 1.5 hours and then drop-casted (3 droplets per 2 ҡƭύ ƻƴǘƻ ŀ {ƛb ƳŜƳōǊŀƴŜ 

(200 nm holey SiN support membrane). Prior to inserting into TEM, the membrane with nanowires 

was plasma-cleaned for 5 minutes to avoid contamination during imaging (argon 75 %, oxygen 25 %; 

Fischione plasma cleaner Model 1020). Then, the samples were characterized using ThermoFisher 

Titan Themis 60-300 TEM. 

 

Fig. 27: As-grown ZnO rod-like nanowire. a) HRTEM image of the NW. In the inset, an overview TEM image of the same 
orientation is shown. Notice the inter-layers in between the 0.53nm period. b) Diffraction pattern taken from the NW 
shown in a) ς ǘƘŜ ƻǊƛŜƴǘŀǘƛƻƴ ƛǎ ǇǊŜǎŜǊǾŜŘΦ LƳŀƎƛƴƎ ƻŦ ŀύΣōύΥ YΦ .ǳƪǾƛǑƻǾłΦ Ŏύ .ŀƭƭ-and-stick model of the wurtzite ZnO 
structure. The c is the lattice constant along the [0001]-axis. Similar to a), notice the inter-layer of atoms in the middle. 
Adopted from [101]. d) Atomic resolution Cs-corrected ABF-STEM image of a ZnO nanowire. Adopted from [101]. 

The TEM inspection of the nanowire confirms its high crystal quality, being a single-crystal 

throughout the nanowire ς see the HRTEM image in Fig. 27a and microdiffraction in Fig. 27b. The 

measured value of lattice constant c along the [0001] growth axis (0.53 nm) is in agreement with 

published values (0.52 nm in [100; 110]). For a correct interpretation of the (S)TEM measurements, it 

is important to keep in mind the WZ crystal structure of ZnO, illustrated in Fig. 27c. Within the lattice 
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constant c, there is another double-layer of atoms. However, the Zn and O atoms in this inter-layer 

are oriented in a different way, which is nicely imaged in Fig. 27d. Therefore, the period is really 

0.52 nm and not 0.26 nm (which is also confirmed by diffraction). This is important in order to avoid 

confusion when interpreting HRTEM and STEM images, where a clear signal from the inter-layers is 

present, but the orientation of the ZnςO doublet cannot be distinguished. For example, see the inter-

layers in Fig. 27a and Fig. 26b,e (HRTEM) or the STEM image in Fig. 27d.  

Raman characterization 

Keeping in mind the goal of the thesis ς to exhibit and characterize Ga doping of the ZnO nanowires ς 

Raman spectroscopy is one of the possible characterization methods to be used (see the literature 

review in section 3.1). Firstly, it is necessary to characterize the as-grown ZnO rods and needles (see 

their morphology above in Fig. 26) in order to have a solid reference frame for Raman measurements 

of doped nanowires. The instrument Witec Alpha 300 R was used for Raman measurements; with 

a 532 nm excitation laser of 10 mW power. Grating 1800 g/mm was used. The acquisition time was 

300 s. 

Raman data handling procedure was as follows: 

¶ The characterized samples consisted of nanowire ensemble still attached to the Si growth 

substrate, i.e. quasi-vertically aligned. (No sonication nor Raman characterization of 

individual nanowires was performed.) 

¶ Before each data acquisition, a linear scan in z-direction was performed. The focus was 

adjusted to achieve the highest signal intensity. 

¶ Raman spectrum acquisition. 

¶ Spectrum calibration with respect to the Si peak (i.e. spectrum shift in the frequency-axis). 

¶ For detailed spectra of individual Raman peaks, the background was fitted locally with 

a linear function and subtracted. 

¶ When helpful, the spectra were normalized (for easier comparison of peak position shift, its 

full width at half maximum ς FWHM ς and the ratio of pŜŀƪǎΩ ƛƴǘŜƴǎƛǘƛŜǎύΦ 

The first aim of the Raman study of the aforementioned nanowires is to establish reference spectra 

of both rods and needles in the as-grown state (i.e. as-received from S. Vallejos). In this initial stage, 

two samples of ZnO rods (labelled rods-1 and rods-2) and a sample of ZnO needles were 

characterized. All of them come from the same growth batch (which will prove to be important as 

seen in Fig. 33). Note that sometimes both rods and needles coexist on the sample, presumably due 

to slight variations of the growth conditions. 
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Fig. 28: ZnO rod-like nanowires, sample labelled rods-1. a) SEM top-view image. b) As-measured Raman survey spectra 
taken at different positions (spot 1 to 3). Si growth substrate measurement is included (purple; signal intensity divided by 
a factor of 10). c,d) Detailed Raman spectra of ZnO E2(low) and E2(high) peaks, respectively. The legend is common for all 
graphs. 

As an example of the scope of sample characterization, the results from the rods-1 sample are shown 

in Fig. 28. It presents the top-view SEM image of the sample (Fig. 28a) and the survey Raman spectra 

taken from various spots on the sample (Fig. 28b). Note that the background signal differs 

significantly. A reference measurement of a silicon wafer is included. Generally, several peaks are 

visible, the most prominent corresponding to ZnO nanowires (E2(low) at 98 cm-1 and E2(high) at 437 

cm-1) and Si growth substrate (300 cm-1 and 520 cm-1). The peaks assignment is inscribed in the Figure 

above the spectra, based on the literature review summarized in section 3.1. Note the shoulder 

(small peak) at around 585 cm-1 corresponding to ZnO A1(LO) mode ς it is present for the as-grown 

samples already. This peak is badly visible due to the overlap with the silicon peak at 520 cm-1. Also, 

the ZnO E2(high)ςE2(low) mode at 333 cm-1 is visible, but overlapping with another Si peak. Even after 

subtracting the background, the height of ZnO E2(low) and E2(high) peaks is different for individual 

positions on the same sample (see Fig. 28c,d, respectively). This might correspond to a different 

volume of ZnO nanowires measured at various spots on the sample. The results for the other rod-like 

sample (rods-2) were analogous (not shown here). 
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Fig. 29: ZnO needle-like nanowires. a) SEM top-view image. b) As-measured Raman survey spectra taken at different 
positions. Si growth substrate measurement included (purple; signal intensity divided by a factor of 10). c,d) Detailed 
Raman spectra of ZnO E2(low) and E2(high) peaks, respectively. The legend is common for all graphs. 

The results obtained from the needle-like sample are shown in Fig. 29. Two different positions on the 

sample were examined. Similar to rod-like samples, the background signal and the peak heights differ 

spot-to-spot. Contrary to rod-like samples, a worse signal-to-noise ratio is observed and the Si peak 

at 300 cm-1 is more intense than ZnO E2(low) and E2(high) peaks. 

Given that the ZnO E2(low) and E2(high) peaks height vary not only sample-to-sample but also at 

different positions on the same sample, one needs to find a quantity or invariant that stays constant 

i) for different spots of the same sample and ii) for different as-grown samples of the same 

morphology. Only then it is possible to compare those quantities between rods and needles (both in 

the as-grown state) and to see the potential changes after the process of gallium doping. 

Regarding the as-grown samples, the ZnO E2(low) peak position and FWHM stay constant for all 

places on both rod-like samples as is clearly seen in Fig. 30a showing normalized spectra. On the 

contrary, the needle-like sample exhibits larger E2(low) FWHM (moreover different for various 

positions) and its position is slightly shifted. Regarding ZnO E2(high) peak, the findings are similar: For 
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needles, the FWHM increases with respect to the rods and the peak position shifts slightly; see Fig. 

30b. The FWHM values are presented in Table 2. The ZnO A1(TO) peak appears to be similar for both 

rods and needles (see ibid.). 

 

Fig. 30: a,b) Normalized Raman spectra of ZnO E2(low) and E2(high) peak, respectively. Each sample was measured at 
various positions. A direct comparison of peak width and peak height ratios is visible. The legend is common for both 
graphs. 

CǳǊǘƘŜǊΣ ƭŜǘΩǎ ŦƻŎǳǎ ƻƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǇŜŀƪ ƘŜƛƎƘǘ ǊŀǘƛƻǎΦ ¢ƘǊŜŜ Ǌŀǘƛƻǎ ŀǊŜ ǎǘǳŘƛŜŘΣ ƴŀƳŜƭȅ E2(low) 

over E2(high), A1(TO) over E2(high) and E1(TO) over E2(high). The results are summarized in Table 2 for 

both rods and needles. The intervals are inclusive of all the measured values for different spots. 

Based on the results, the E2(low):E2(high) ratio can be used to distinguish the rod-like and needle-like 

morphology of ZnO nanowires (>1 for rods, <1 for needles). The other peak ratios are compared 

qualitatively looking at Fig. 30b and commented on within Table 2. 

 

Table 2Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ wŀƳŀƴ ƳŜŀǎǳǊŜƳŜƴǘǎΩ ƻǳǘŎƻƳŜǎ ŦƻǊ ŀǎ-grown ZnO nanowires of rod-like and needle-like 
morphology.  

 Rods Needles Comments 

AS-GROWN NANOWIRES 

E2(low) FWHM 3.0 cm-1 4.7 to 6.2 cm-1 
see Fig. 30a 
needles ς different for various positions 

E2(high) FWHM 9.6 cm-1 15.8 to 18.6 cm-1 
see Fig. 30b 
needles ς different for various positions 

A1(TO) peak similar FWHM and position see Fig. 30b 
E2(low):E2(high) 
ratio 

мΦотҕлΦмм лΦтфҕлΦлс >1 for rods, <1 for needles 

A1(TO):E2(high) 
ratio 

лΦнсҕлΦлт лΦопҕлΦлт 
see Fig. 30b 
similar; high variance in measured values 
possible invariant for the as-grown samples 

E1(TO):E2(high) 
ratio 

lower higher see Fig. 30b 
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To conclude this section: The rod-like and needle-like ZnO nanowire samples exhibit different Raman 

spectra, regarding ZnO E2(low) and E2(high) peak positions and FWHM and also their ratio. This 

implies the different quality of their crystal structure (I hypothesise on surface defects due to the 

inclined sidewalls morphology of needles); therefore they shall be regarded individually when utilized 

for further experiments. On the other hand, the study of different rod-like ZnO samples shows that 

the results are equivalent and thus pose a good Raman reference for further doping studies. 

Therefore, only rod-like samples will be examined further. 

The experimental procedure for diffusional gallium doping of the nanowires are described in detail 

below (see section 3.4). The first step of the process is annealing of the as-grown nanowires either in 

high-vacuum conditions or in H2O2 atmosphere. Therefore, it is necessary to investigate whether and 

how the Raman spectra change after such heat treatment. The annealing conditions were chosen 

with respect to the results of the XPS study of differently-annealed samples shown below ς see Fig. 

38 and the related discussion. Annealing in vacuum or H2O2 leads to oxygen-vacancy-rich (VO-rich) or 

oxygen-vacancy-deficient (VO-poor) samples, respectively. Further in section 3.4, the impact of 

O vacancies on gallium incorporation will be studied. 

As a reference, previous measurements of rods-1 and rods-2 samples from Fig. 30 are used. Also, to 

check the repeatability of the measurements, rods-1 sample was measured again at the same time as 

the annealed samples. The time interval between the measurements was 5 weeks; the new 

ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ƭŀōŜƭƭŜŘ άrods-1 as-grown ƭŀǘŜǊέ ƛƴ Fig. 31. The repeatability is excellent regarding 

ZnO E2(low) and E2(high) peaks. The peak ratios A1(TO):E2(high) and E1(TO):E2(high) have decreased 

slightly over that period of time. Further, two other samples were prepared: one annealed in high-

ǾŀŎǳǳƳ όƳŀȄƛƳǳƳ ǇǊŜǎǎǳǊŜ мϊмл-3 Pa) at 400 ϲ/ ŦƻǊ ол ƳƛƴǳǘŜǎΤ the other annealed in H2O2 gas 

(3 kPa) at 535 ϲ/ ŦƻǊ ол ƳƛƴǳǘŜǎΦ Each of those samples was measured at two positions. Fig. 31a 

shows that the ZnO E2(low) peak is not affected by either type of annealing; the peak position and 

FWHM stay the same as for the as-grown samples. The same applies to the ZnO E2(high) peak, see 

Fig. 31b. The peak ratio E2(low):E2(high) is also similar to as-grown nanowires for both vacuum-

annealed and H2O2-annealed rods; see the values in Table 3. Also, Fig. 31b shows the other peak 

ratios: A1(TO):E2(high) is the same for as-grown (άrods-1 laterέ) and vacuum-annealed samples, 

whereas there is a decrease for the H2O2-annealed sample. The difference in E1(TO):E2(high) ratio is 

ǘƻƻ ǎƳŀƭƭ ǘƻ ōŜ ŎƻƴŎƭǳǎƛǾŜΦ ! ǎǳƳƳŀǊȅ ƻŦ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ŀŦǘŜǊ ǘƘŜ ƴŀƴƻǿƛǊŜǎΩ ƘŜŀǘ-treatment is shown 

in Table 3. 



41 
 

 

Fig. 31: a,b) Normalized Raman spectra of ZnO E2(low) and E2(high) peak, respectively. Repeatability study (rods-1 vs. 
rods-1 later, time interval 5 weeks) and comparison of the as-grown samples, vacuum-annealed sample (400 ϲ/ύ ŀƴŘ 
H2O2-annealed sample (535 ϲ/). The legend is common for both graphs. 

To investigate the temperature effect, another sample was prepared in the same way as the H2O2-

annealed one with an additional step of final vacuum-annealing at 535 ϲ/ ŦƻǊ ол Ƴƛƴ ǿƛǘƘƻǳǘ 

breaking of vacuum. The results are depicted in Fig. 32 and Table 3. The new sample (black spectra in 

the Figure) shows the same FWHM of the ZnO E2(low) and E2(high) peaks as the previous samples, 

with a slight shift of E2(low) peak. Also, peak ratio E2(low):E2(high) stays similar to previous samples. 

However, a further decrease of A1(TO):E2(high) Ǌŀǘƛƻ ƛǎ ƻōǎŜǊǾŜŘ όлΦлрҕлΦлнύΤ ǘƘŜ A1(TO) peak 

vanishes. Taking into account Fig. 32b, one may conclude that the A1(TO):E2(high) ratio reduction is 

a temperature-induced effect combined with an impact of the surrounding atmosphere: Annealing at 

400 ϲ/ ƛƴ ǾŀŎǳǳƳ ƎƛǾŜǎ ǘƘŜ ǎŀƳŜ ǊŜǎǳƭǘǎ ŀǎ ǘƘŜ ŀǎ-grown sample. For nanowires annealed at 535 ϲ/Σ 

the ratio decreases. This effect is more pronounced for the sample annealed in H2O2 for 30 min and 

then in vacuum for another 30 min. Still, ZnO E2(low) and E2(high) peaks are not affected, hence the 

ZnO crystal structure does not get degraded by annealing under the aforementioned conditions. 

  

Fig. 32: Combined effect of annealing temperature and environment. Normalized Raman spectra of a) ZnO E2(low) peak 
and b) ZnO E2(high) peak for samples annealed in vacuum (400 ϲ/Σ рор ϲ/ύΣ I2O2 atmosphere (535 ϲ/ύ ŀƴŘ ŀǎ-grown. 
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Table 3: The effect of heat treatment of ZnO rod-like nanowires on Raman measurement outcomes. Annealing was 
performed at different temperatures and environment. Compare with Table 2 (as-grown nanowires). 

 
Vacuum-
annealed 

400 ϲ/  

H2O2-
annealed 

535 ϲ/ 

H2O2-annealed + 
vacuum-annealed 

535 ϲ/ 
Comments 

AFTER HEAT-TREATMENT (ROD-LIKE NANOWIRES ONLY) 

E2(low) FWHM 
not affected by any heat treatment; 

same as the as-grown 
see Fig. 31a, Fig. 32a 

E2(high) FWHM 
not affected by any heat-treatment; 

same as the as-grown 
see Fig. 31b, Fig. 32b 

E2(low):E2(high) 
ratio 

мΦпрҕлΦлп мΦпмҕлΦло мΦорҕлΦлп 
all similar to the as-
grown rod-like nanowires 
όмΦотҕлΦммύ 

A1(TO):E2(high) 
ratio 

same as for 
as-grown 

decreased 
further decreased 

(no 374 peak visible) 
see Fig. 31b, Fig. 32b 

 

Up to now, all of the samples described originate from the same growth-batch (excluding the last 

sample, annealed both in H2O2 and vacuum). As several growth batches are used in the following 

study, it is necessary to check and exclude the dependency between the batch number and the 

results. In order to demonstrate the impact of the growth-batch number on the results of Raman 

measurements, two as-grown rod-like samples from different batches were characterized, see Fig. 

33. The data for the Batch-1 sample are the same as rods-2 in Fig. 31. The results for the other 

sample (from Batch-3) are strikingly different: The ZnO E2(low) and E2(high) peaks are shifted and 

show significantly larger FWHM. Regarding the E2(low) peak, the FWHM is 3.0 cm-1 for Batch-1 

sample and 7.0 cm-1 for Batch-3 sample. Furthermore, the peak ratio E2(low):E2(high) shows inverse 

behaviour: It is 1.4 for Batch-1 and 0.8 for Batch-3 sample. There are also differences in the 

A1(TO):E2(high) and E1(TO):E2(high) peak height ratios, see Fig. 33b. To conclude, a great difference in 

Raman spectra is seen for the as-grown ZnO nanowires of the same morphology, prepared within 

different growth batches. Therefore, the Raman measurements shall be evaluated separately within 

each individual growth batch. Moreover, these results indicate quite diverse crystalline quality of 

ZnO nanowires prepared within different growth batches of the AACVD growth process used (albeit 

showing the same morphology in SEM micrographs). 

 

Fig. 33: Impact of growth-batch selection on ZnO Raman spectra. Normalized Raman spectra of two rod-like as-grown 
samples from different growth batches. a) ZnO E2(low) peak, b) ZnO E2(high) peak. 
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Transport measurements 

Characterizing the transport properties of individual semiconductor nanowires is not a trivial task. 

One of the techniques utilized for doping characterization is the IςV curves measurement. In line with 

the research goals of this thesis, representative rod-like ZnO nanowires in the as-grown state were 

characterized. The nanowires from sample rods-1 (Batch-1) were utilized (see their morphology and 

Raman characterization above). The nanowires were scrubbed off with a sharp blade and then 

sonicated in a vial filled with deionized water. Next, they were drop-casted onto a suitable substrate: 

Si wafer with a layer of SiO2 (258 nm thick) over-deposited with a layer of HfO2 (ALD technique, 

20 nm) for better electrical insulation. The electrical contacts were prepared by electron beam 

lithography (EBL), using SEM/E-beam writer Tescan Mira 3 and Electron beam evaporator Bestec. The 

electrical contacts were composed of 6 nm Ti, 240 nm Cu and 20 nm Au (from bottom to top; see the 

schematics in Fig. 34). Ti-based metallization schemes (often covered by protective Au layer) are 

reported to form Ohmic contact with n-type ZnO (see the literature review in section 3.1 and Fig. 24). 

Prior to contacts deposition, the sample was cleaned in oxygen+argon plasma (ratio 80:20) for 15 s to 

remove the residual resist and ensure a clean interface between the nanowire and metal contacts. 

The IςV measurements were then performed in dark ambient conditions with a probe-station 

connected to a parameter analyser, using a two-point method. 

 

Fig. 34: IςV curve measurement of a rod-like ZnO nanowire in the as-grown state. Colour inset: Layout schematics of 
materials used (not to scale). White inset: The same measurement in a semi-log scale (absolute value). Dark inset: SEM 
micrograph of the nanowire before and after metal contacts deposition. EBL and transport measurements: D. Citterberg. 
Data analysis: author of the thesis. 

Two individual ZnO nanowires were characterized (labelled A and B hereafter). The corresponding Iς

V curve of nanowire A is shown in Fig. 34. In the inset, see the SEM micrographs of the nanowire 

before and after deposition of electrical contacts. The measurement was done with 1 nA compliance, 

1 s hold time, 100 ms delay time and 100 mV step size. A non-linear IςV behaviour is observed in the 

whole range measured (i.e. ς3 V to +3 V). The dependence is exponential, see the inset (straight lines 
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in the semi-log scale). Moreover, the IςV curve is asymmetric. This implies that the contacts are not 

Ohmic. Furthermore, the low value of electrical current suggests imperfect contacts with high 

contact resistance. Indeed, the bottom contact seems broken on the nanowire outline (see the SEM 

inset). 

During subsequent measurements, nanowire A has melted down (probably due to resistive heating 

owing to bad contacts). Therefore, IςV measurements of another nanowire labelled B will be 

discussed further in more detail. For the experimental overview, see Fig. 35. The initial IςV 

measurement is shown as a blue curve in Fig. 35b (see the inset for a better scale). Note the value of 

maximum current of circa 400 pA. Similarly to nanowire A, non-linear behaviour is observed. 

Subsequently, repeated IςV measurements were performed (for sourceςdrain voltage going in cycles 

0 V ς up to max voltage ς down to 0 V ς down to min voltage ς up to 0 V). The maximum current 

during the measurements was limited to 10 ҡ! ōȅ ŎƻƳǇƭƛŀƴŎŜΦ Gradually, the conductivity increased 

in such a way that the measured current increased by four orders of magnitude, see the red 

spectrum in Fig. 35b. This IςV curve is also more linear and more symmetrical, compared to the initial 

measurement. However, fully linear behaviour was not reached, still indicating non-Ohmic contacts. 

(Hypothetically, even if the IςV curve was linear, the resistivity calculated based on simplified 

geometry would be in the order of 100 ʍϊŎƳ, further suggesting high contact resistance. Such a high 

value of resistivity is two to three orders of magnitude higher than reported in the literature, see e.g. 

the measurements shown in Fig. 24b.) 

In order to understand this enormous change in conductivity, the sample was imaged by SEM (Fig. 

35c) and characterized by AES. The SEM micrograph shows that the nanowire remains intact, 

whereas partial recrystallization of metal contacts has occurred. Furthermore, AES confirmed that 

there is no metal (i.e. conductive) layer on either the nanowire or the substrate ς no metal out-

diffusion from metal contacts was observed. Based on this evidence, we may conclude that due to 

resistive heating during the IςV measurements, the metal contacts and/or the metalςnanowire 

interface underwent a transformation, leading to lower contact resistance. (Note the current of 

10 ҡ! passing through for several seconds, combined with high initial resistance.) Hence, the initial 

measurement (blue in Fig. 35b) does not carry any information about the nanowire itself, but rather 

about the metal contacts and the interface between contacts and the nanowire. This emphasizes the 

crucial importance of preparing low-ǊŜǎƛǎǘŀƴŎŜ hƘƳƛŎ ŎƻƴǘŀŎǘǎΦ ±ƛŀ ǘƘƛǎ άǘƘŜǊƳŀƭ ŎƻƴŘƛǘƛƻƴƛƴƎέΣ ǘƘŜ 

contact resistance was decreased by four orders of magnitude. In principle, the same effect could be 

achieved by sample annealing prior to IςV characterization. 

To assess whether the effect is permanent, another round of IςV measurements was performed (see 

Fig. 35d) ς ƭŀōŜƭƭŜŘ άLL - ǎǘŀǊǘέ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘƛǎ ŎȅŎƭŜ ŀƴŘ άLL - ŜƴŘέ ŦƻǊ ǘƘŜ ƭŀǎǘΦ For 

ŜŀǎŜ ƻŦ ŎƻƳǇŀǊƛǎƻƴΣ ǘƘŜ ǇǊŜǾƛƻǳǎ ƳŜŀǎǳǊŜƳŜƴǘǎ όƭŀōŜƭƭŜŘ άL - ǎǘŀǊǘέ ŀƴŘ άL - ŜƴŘέύ ŀǊŜ ŀƭǎƻ ƛƴŎƭǳŘŜŘΦ 

The new measurements are comparable with the άL - ŜƴŘέ LςV curve, showing that the change is 

permanent (hence it is not a temporary temperature effect). Note however that the new curves are 

smoother and less noisy, and with better repeatability. (This could also be an effect of 200 ϲ/ 

annealing for 24 hours during the AES characterization. However, no change in morphology was 

observed in SEM after this period.) During this cycle of IςV measurements, the maximum current 

reached was 16 ҡ!Φ {ǘƛƭƭΣ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ άLL - ǎǘŀǊǘέ ŀƴŘ άLL - ŜƴŘέ ŀǊŜ ŎƻƳǇŀǊŀōƭŜΣ ǿƛǘƘ ƴƻ 

significant difference or permanent change. This may indicate that the contact-resistance 

transformation due to resistive heating had been completed. 
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Fig. 35: IςV characterization of an as-grown rod-like ZnO nanowire labelled B ς experiment overview. a) SEM micrograph 
of the nanowire after metal contacts deposition (i.e. prior to any IςV measurements). b) IςV curve measurement of the 
nanowire shown in (a) ς the very first measurement is in blue (see the magnified inset), the last of the series is in red. 
c) Subsequent SEM micrograph showing metallic contacts recrystallization. A summary of the AES results is included. 
d) Additional series of IςV measurements of the same nanowire ς the first and the last measurement is shown. e) SEM 
micrograph taken after yet another round of IςV characterization, for sourceςdrain current having reached up to 50 ҡ!. 
EBL and transport measurements: D. Citterberg. Data analysis: author of the thesis. 

Further experiments included IςV measurements with extended limits, reaching up to 50 ҡ! of 

sourceςdrain current (not shown here). Surprisingly, the nanowire endured intact, see the SEM 

micrograph in Fig. 35e. Further morphological changes (partial decomposition) of crystallites on 

metal contacts are clearly seen. Subsequent AES characterization confirmed that there is no metallic 

layer on either the nanowire or the substrate. More interestingly, the spectra taken from the metal 

ŎƻƴǘŀŎǘǎΩ ǎǳǊŦŀŎŜ ǎƘƻǿŜŘ ǾŜǊȅ ǿŜŀƪ !ǳ ǇŜŀƪǎ ŎƻƳǇŀǊŜŘ ǘƻ /ǳ ǇŜŀƪǎΦ bƻǘŜ ǘƘŀǘ ǘƘŜ ǘƻǇ ƭŀȅŜǊ ƻŦ 

metal contacts shall be 20 nm of pure Au; the 240 nm Cu layer shall lie beneath. (A similar result ς 

only not so pronounced ς has been observed already for the sample shown in Fig. 35c.) Given the 

high currents during the IςV measurements and contacts recrystallization visible in the SEM 

micrographs, there must have been a lot of heat produced and dissipated. Taking into consideration 

the AuςCu binary phase diagram (see Fig. 36), it is obvious that alloying of gold and copper has 
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occurred: (i) The phase transformation is possible; different ordering of solid solution occurs below 

410 ϲ/, giving rise to Au3Cu, AuCu and AuCu3 phases. (ii) The temperature needed for such 

transformation has been most likely reached by resistive heating during IςV characterization (note 

the 4-orders-of-magnitude change in resistivity discussed above). (iii) AES results show that gold 

leaves the surface of metal contacts in favour of copper. Based on the volume ratio of Au:Cu of 

20:240 (=1:12) in the metal contacts, probably a mixture of AuCu3 phase and pure Cu is formed. 

 

Fig. 36: AuςCu binary phase diagram. Adapted from [102]. 

To summarize this section: As these were just the initial measurements of the ZnO nanowires, one 

may conclude that the IςV characterization of individual ZnO nanowires has been successful with the 

instrumentation available. However, optimization of metallic contacts is needed. Thicker electrical 

contacts shall be used to ensure a better nanowireςcontact interface. Regarding the electrodes 

material, the Ti/Au metallization scheme shall be used to ensure the Ohmic behaviour [113; 119]. 

CǳǊǘƘŜǊΣ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴǘŀŎǘǎΩ ǘŜƳǇŜǊƛƴƎ όƻǊ ǘƘŜǊƳŀƭ ŎƻƴŘƛtioning) may be needed. As the single-

nanowire measurement and data interpretation is a challenging task, a systematic and more complex 

study shall be performed in the future in order to tailor the process and obtain reasonable results. 

Regrettably, this has not been possible within the scope of this thesis. ¢ƘŀǘΩǎ ŀƭǎƻ ǘƘŜ ǊŜŀǎƻƴ ǿƘȅ ǘƘŜ 

transport measurements of the diffusionally-doped nanowires (discussed below in section 3.4) were 

not performed. Instead, the dopant incorporation was assessed directly based on STEM EDS 

characterization of cross-sectional lamellas cut from the nanowires. 
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XPS ς Annealing in an oxidative environment 

As discussed in section 3.1, the presence of oxygen vacancies in ZnO can influence its properties, 

including dopant incorporation. Furthermore, the concentration of intrinsic defects is growth-

method dependent. For both reasons, it is important to characterize the nanowires utilized within 

this research. The amount of oxygen vacancies can be deduced from XPS measurements. A typical 

XPS survey spectrum of the sample with the ZnO nanowire ensemble is shown in Fig. 37. Note that 

the Cl peaks are remnants of the ZnCl2 compound used in the growth process; for growth details see 

section 3.2. Note also that Cl signal remains present in the STEM EDS spectra of nanowire lamellas 

even upon the whole Ga-doping procedure described below in section 3.4.2 (including pre-annealing 

in either vacuum (400 ϲ/Σ ол min) or H2O2 gas (535 ϲ/Σ ол min) and final annealing step at 480 ϲ/ ŦƻǊ 

75 min in vacuum). 

 

Fig. 37: Survey XPS spectrum of as-grown ZnO nanorods. Image courtesy: S. Vallejos (Figure S3 in the Supporting 
information of [140]). 

In order to assess the relative concentration of oxygen vacancies in the nanowires, the XPS spectra of 

several samples were acquired for comparison: the as-grown ZnO nanowires and samples annealed 

in high vacuum and various gases at different temperatures. The upcoming doping-experiment 

design was taken into account (with respect to annealing temperatures and ambient gas selection). 

The XPS spectra of O 1s peak of these samples are presented in Fig. 38 (note that the XPS spectra 

have not been manipulated with respect to energy scale). Clearly, the peak is comprised of several 

components, being in line with the literature research summarized in section 3.1. Considering the as-

grown sample (i.e. not annealed, black spectrum), the bulk-ZnO component (centred around 

531.0 eV) and the surface-adsorbates peak (532.65 eV) are visible directly. Other samples were 

annealed in various ambient gases at 400 ϲ/ ƻǊ рор ϲ/Φ ¦Ǉƻƴ ŀƴƴŜŀƭƛƴƎΣ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ 

high-energy component decreased for all samples, showing that this component is indeed related to 

adsorbates and surface contamination of ZnO. A noteworthy feature (highlighted in the inset with 

a ǊŜŘ ŀǊǊƻǿύ ƛǎ ǘƘŜ άŜƭōƻǿέ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀ ƻŦ I2O2-annealed samples (red) at around 532.2 eV. 

Comparing it with the vacuum-annealed sample (green), the two spectra (being otherwise identical) 
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differ significantly in this particular region (see the inset). This is indeed a sign of the intermediate 

component of the O 1s peak as reported in the literature ς the one related to oxygen vacancies. 

Thus, Fig. 38 shows that annealing of ZnO nanowires in high vacuum (400 ϲ/ύ ŀƴŘ I2O2 gas (400 ϲ/ 

and 535 ϲ/ύ ǊŜǎǳƭǘǎ ƛƴ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƻȄȅƎŜƴ ǾŀŎŀƴŎƛŜǎ ƛƴ ǘƘŜ ½ƴh ƳŀǘŜǊƛŀƭΦ bƻǘŜ ǘƘŀǘ ǘƘŜ 

spectra of the samples annealed in H2O2 at 400 ϲ/ ŀƴŘ рор ϲ/ ŀǊŜ ƛŘŜƴǘƛŎŀƭΦ .ŀǎŜŘ ƻƴ Fig. 38, the 

lowest amount of oxygen vacancies was achieved by annealing in hydrogen peroxide. (Further 

analysis including O 1s peak deconvolution is discussed below.) 

This finding may play a role in the dopant-incorporation experiments presented below in section 3.4. 

For these experiments, the H2O2 oxidative agent has been chosen, given (i) the lowest VO 

concentration observed, (ii) its higher reactivity than molecular oxygen and (iii) the fact that it does 

not require a plasma source or a cracker to produce reactive oxygen species [103]. 

Regarding the morphology of the nanowires after annealing, no changes were observed in SEM up to 

the temperature 535 ϲ/ for any gas ambient or vacuum. At higher temperatures (600 ϲ/ ŀƴŘ ŀōƻǾŜύΣ 

decomposition of the top facet and roughening of the nanowire sidewalls occur, being more 

pronounced for vacuum-annealed samples (not shown here). 

 

Fig. 38: Detailed XPS spectra of O 1s peak for samples after different post-growth treatment. In the inset, the spectra of 
the as-grown (black), vacuum-annealed (green) and H2O2-annealed (red) samples are highlighted for clarity. 

For a more precise assessment of individual components of the O 1s peak, its deconvolution is 

needed. The spectra presented in the inset of Fig. 38 were deconvoluted into three Voigt profiles 

using Origin software. The background was fitted with a linear function and subtracted, which may 

be reasonably applied for spectra exhibiting small intensity differences between low energy and high 

energy sides of the peaks, which is the case here [104]. The results for H2O2-annealed, vacuum-

annealed and as-grown samples are presented in Fig. 39a,b,c respectively. Note that the fitting 

parameters were constrained in the following way: (i) Three Voigt components are taken into 

consideration. (ii) The FWHM of a specific component has to be the same for all samples. (iii) The 

relative position of the components is kept constant throughout the sample-set.  
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Based on the model described above, a plausible fit was found for all three samples, see Fig. 39. The 

peak centre energies and FWHM of individual components are summarized in Table 4. 

 

Fig. 39: Normalized XPS O 1s peak spectra of selected samples ς deconvolution into individual components: bulk ZnO 
(green), O vacancies (gold) and surface adsorbates (blue). a) H2O2-annealed sample (400 ϲ/ύΦ ōύ ±ŀŎǳǳƳ-annealed sample 
(400 ϲ/ύΦ Ŏύ !ǎ-grown sample. d) A boa constrictor digesting an elephant. Adopted from [146]. 

 

Table 4: Best-fit parameters of XPS O 1s peak components (peak centre, FWHM) as obtained from deconvolution shown 
in Fig. 39. 

sample adsorbates 
centre (eV) 

adsorbates 
FWHM (eV) 

O-vacancies 
centre (eV) 

O-vacancies 
FWHM (eV) 

ZnO 
centre (eV) 

ZnO 
FWHM (eV) 

H2O2-
annealed 

532.75 1.67 531.75 1.06 530.94 1.06 

vacuum-
annealed 

532.74 1.67 531.74 1.06 530.93 1.06 

as-grown 532.75 1.67 531.75 1.06 530.94 1.06 
 

[ŜǘΩǎ ŎƻƳǇŀǊŜ ǘƘŜ ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ I2O2-annealed (Fig. 39a) and vacuum-annealed (Fig. 39b) samples: 

The adsorbates component (blue curve) is similar for both samples (wrt. the bulk-component). 

However, the oxygen-vacancy component (gold curve) is indeed undoubtedly higher for the vacuum-

annealed sample compared with the H2O2-annealed one. See also the summary in Table 5. Both the 
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peak height and integrated area of O-vacancy component with respect to the bulk component are 

greater for vacuum annealed sample. This proves that annealing of ZnO nanowires in H2O2 

atmosphere yields a lower concentration of O vacancies within the material compared to annealing 

in high-vacuum. 

Table 5: Best-fit parameters of O-vacancies component of XPS O 1s peak for selected samples analysed in Fig. 39. 

VOςcomponent H2O2 400 ϲ/ vacuum 400 ϲ/ as-grown 

peak height in normalized spectrum 0.20 0.25 0.24 
peak height wrt. the bulk-component 21 % 27 % 28 % 
integrated area wrt. the bulk-component 23 % 29 % 30 % 

 

Regarding the as-grown sample, the assessment is somewhat more difficult. (May the reader recall 

a similarly difficult question of what is inside the boa constrictor, to which only the Little Prince knew 

the right answer ς see Fig. 39d. Actually, the Little Prince was doing a deconvolution.) The 

component related to adsorbates is higher with no doubt. However, the scale of the O-vacancy-

component is hard to evaluate, as the deconvolution is not unambiguous. The result in Fig. 39c was 

obtained using the same fitting parameters as for the previous graphs (Fig. 39a,b). Interestingly, the 

scale of oxygen-vacancy-component in the as-grown sample is similar to the vacuum-annealed one 

(see Table 5). This may imply that the amount of O vacancies (intrinsically present in as-grown 

samples) does not change upon annealing in high-vacuum up to 400 ϲ/Φ 

Also, other defects or impurities (such as H or Cl) may be present in small concentrations, having an 

effect on the XPS spectra of as-grown nanowires. However, note that in the study of gallium 

incorporation into the nanowires (presented below in section 3.4), the nanowires are always 

annealed during the doping procedure ς either in vacuum or in H2O2 gas. Therefore, the XPS spectra 

of the annealed nanowires presented above are considered a solid reference regarding the relative 

amount of oxygen vacancies present in the nanowires. 

3.4 Diffusional doping ɀ gallium 

Gallium doping of ZnO material allows to reach very high doping levels up to several at.%, thus being 

very promising materials for near-IR to mid-IR plasmonics ς see the review in section 3.1. The 

preparation of such highly-ŘƻǇŜŘ ½ƴh ƴŀƴƻǿƛǊŜǎ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ǘƘŜǎƛǎΩ ƻōƧŜŎǘƛǾŜǎΦ Thus, the following 

chapter describes the study of diffusional doping of ZnO nanowires with gallium. The samples ς an 

ensemble of vertical ZnO nanowires grown on Si substrate ς were covered with gallium overlayer and 

annealed in high vacuum or oxidizing environment with the aim of promoting gallium diffusion into 

ZnO nanowires. 

In section 3.4.1, sample treatment and the doping procedure are described. The results of SEM 

imaging and Raman characterization of samples after different steps of the doping procedure are 

presented. Then, the results of XPS spectroscopy of Ga-doped nanowire ensemble and HRTEM 

characterization of individual Ga-treated nanowire are shown. Following the results obtained, an 

optimized doping procedure is defined and implemented within section 3.4.2. The doping 

experiment is recorded step-by-step and the real-time in-situ SEM/AES results are presented. 

Further, the STEM EDS characterization of cross-sectional lamellas cut from the doped nanowires is 

addressed. Based on a diffusion model described, the diffusion coefficient of gallium in ZnO is 

derived and compared for two distinct samples of different oxygen-vacancy concentration (pre-
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annealed either in vacuum or in H2O2 environment). Then, room-temperature PL spectra of these 

samples are presented. 

3.4.1 Procedure details  & Basic results  

For primary experiments, a dedicated vacuum chamber is used. The samples are annealed by 

a resistive heater, calibrated with a thermocouple. A commercial Ga effusion cell is used, calibrated 

with a QCM thin film monitor. The supply of hydrogen peroxide gas is realized by connecting a vessel 

filled with liquid H2O2 to the vacuum chamber with a needle valve. In order to sustain the pressure 

(3 kPa or 6 kPa) of H2O2 in the chamber during selected experiments, the roughing pump was 

equipped with a butterfly valve; the turbo-molecular pump was switched off. 

The experimental procedure consists of several steps: 

¶ pre-annealing:  

Either none, or in high vacuum, or in H2O2 gas. 

Pre-annealing experiments are more described in section 3.3. Annealing of 

ZnO nanowires in different environments leads to changes in intrinsic defects 

concentration, which may have an impact on the (subsequent) dopant 

incorporation. Namely, the relation between the presence of oxygen 

vacancies (different concentration of which is created by pre-annealing in 

vacuum or H2O2 gas) and gallium incorporation into ZnO nanowires is studied 

further. 

¶ gallium deposition:  

Gallium atoms are deposited by evaporation in high vacuum conditions onto 

the sample kept at room temperature. 

¶ annealing: 

Parameters controlled: pressure (high vacuum), sample temperature, 

annealing time. 

Given that Ga diffusion is a thermally driven process, the samples are 

annealed at high temperature to promote Ga diffusion and incorporation into 

nanowire lattice. However, the thermal decomposition of ZnO nanowires 

takes place above 600 ϲ/ under vacuum conditions. Therefore, the annealing 

temperature of 535 ϲ/ is chosen to be used in this section.  

¶ ex-situ characterization: 

all samples: SEM 

selected samples: Raman spectroscopy, XPS, TEM, AES, STEM EDS, PL 

Morphology evaluation 

Sample morphology at different stages of the experimental procedure is shown in Fig. 40 in order to 

illustrate selected steps of the procedure (imaged with ex-situ SEM). All the micrographs were taken 

from the top-view direction. Further information is inscribed in the micrographs if considered helpful 

for the reader. 

For the experiments, samples with rod-like ZnO morphology are used; see the as-grown nanowires in 

Fig. 40a. For some of the samples received, the top facets are not entirely smooth, but a faint pattern 

can be seen in the secondary-electron contrast in the centre of the facet (see Fig. 40a). For other 
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samples received, the top facets seem to be intact. The sample shown in Fig. 40b underwent the pre-

annealing step in H2O2 gas (30 min, 535 ϲ/Σ о kPa), followed by vacuum-annealing (30 min, 535 ϲ/Σ 

уϊмл-4 Pa). Note that after such heat treatment, nanowire morphology does not change and the 

facets remain smooth. 

 

Fig. 40: Impact of annealing conditions on the ZnO nanowire morphology. a) As-grown nanowires. b) Nanowires after 
pre-annealing in H2O2 gas and subsequent annealing step in vacuum (i.e. without Ga deposition). c) Nanowires after 
evaporation of 12 nm of gallium at room temperature. No post-annealing applied. d) The nanowires after 12 nm Ga 
deposition and subsequent annealing in high vacuum. Samples a,c,d are taken from Batch-3, sample b is from Batch-2. 

The samples shown in Fig. 40c,d underwent the pre-annealing step in H2O2 as well (30 min, 535 ϲ/Σ 

3 kPa). After cooling the samples down to room temperature and reaching high vacuum in the 

chamber (10-4 Pa), 12 nm of Ga was deposited onto both samples. For illustrative purposes, the 

sample from Fig. 40c was taken out of the apparatus right after Ga deposition. Although the 

deposition was performed at room temperature, gallium does not form a continuous layer. Instead, 

individual Ga droplets are formed on the nanowire, leaving part of the ZnO facets exposed. As soon 

as the sample is taken out of the apparatus for SEM imaging, gallium droplets oxidize. The size of the 

droplets differs for individual facets, depending on their angle with respect to the Ga beam, which 

was normal to the sample. 

The sample representative of a complete diffusional-doping procedure is shown in Fig. 40d. After 

pre-annealing in H2O2 and Ga over-deposition, it was annealed in vacuum (30 min, 535 ϲ/Σ тϊмл-4 Pa). 

Gallium droplets are no longer present and the surface of the nanowires is damaged. This indicates 

that deposited gallium remained in a non-oxidized state and either desorbed or incorporated into the 

nanowire (or a combination of both). The sidewalls decomposition is induced by the presence of 

gallium; the nanowires without gallium remained intact after the pre-annealing step in H2O2 gas and 

subsequent vacuum-annealing (535 ϲ/Σ ол Ƴƛƴύ ς see Fig. 40b. The nanowires in Fig. 40d are 
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damaged in a specific way, which is different for the top facet and the sidewalls. On the sidewalls, 

deeper and more pronounced pits are present, whereas a shallower structure is visible on the top 

facet. The reason for this difference may be a different structure of the top facet c-plane compared 

to other crystal planes. 

Raman spectroscopy 

The samples presented in Fig. 40a,c,d were examined with Raman spectroscopy. The survey spectra 

are shown in Fig. 41a; a zoomed-in view is presented in Fig. 41b. A reference measurement of 

a silicon wafer is included. The peaks assignment is inscribed. [ŜǘΩǎ ǎǳƳƳŀǊƛȊŜ ǘƘŜ Ƴŀƛƴ ǊŜǎǳƭǘǎΥ 

¶ In Fig. 41c, a variation of E2(low) peak FWHM is visible. It can be understood as follows: The 

as-grown sample is in a state with a certain crystal quality and hence FWHM (black 

spectrum). After pre-annealing in H2O2 gas, the crystal structure is improved by decreasing 

the concentration of oxygen vacancies. Therefore the FWHM gets smaller and subsequent Ga 

over-deposition does not play a role (blue spectrum). Then, the final annealing step takes 

place under vacuum conditions, promoting the oxygen-vacancy generation. This leads to 

FWHM increase again (red spectrum). The same applies to ZnO E2(high) peak, see Fig. 41d. 

Note that these results are in line with the PL measurements presented further below (Fig. 

59 and Table 9). 

¶ The additional Raman modes (AM) induced by doping as reported in the literature (see 

section 3.1) are not observed after gallium deposition and annealing ς see their expected 

positions highlighted with dash-and-dot vertical lines in Fig. 41b. The AM nomenclature is 

adopted according to [129]. The additional modes overlapping with Si peaks (at 509 and 

623 cm-1) are not shown, as they cannot be utilized for doping evaluation. Still, the most 

prominent additional mode shall be AM1 at 276 cm-1, which is not observed either. Also, the 

peak ratio A1(LO)&AM3 over E2(high) (being indicative of successful doping [129]) does not 

follow the desired trend. 

¶ Note that the small peak at about 585 cm-1 ς assigned to A1(LO) ZnO mode ς has already 

been visible for the as-grown samples (see Raman characterization in section 3.3). Therefore 

it is not Ga-related, although it appears more pronounced at the samples with gallium oxide 

droplets. Likewise, the peak is not related to gallium oxide either: The Ga2O3 peaks expected 

at 200 cm-1 (being the highest), 650 and 765 cm-1 [133; 147ς149] are not visible here, 

presumably due to the low volume of gallium oxide on the nanowires.  

¶ Small peaks of A1(TO) and E1(TO) modes (at 374 and 409 cm-1), which shall be silent for 

vertically aligned ZnO nanowires, are visible ς more for the as-grown samples, see Fig. 41d. 

Their decrease for processed samples is a temperature-induced effect, as already discussed 

for the as-grown nanowires ς see Fig. 32 in section 3.3. 

In general, the strong Raman peaks of Si substrate (300, 520, 623 and 671 cm-1) overlap with ZnO 

peaks and potential dopant-induced additional modes. This makes the precise interpretation of 

Raman spectra an intricate task. Therefore, for further potential Raman studies, it would be 

beneficial to grow ZnO nanowires on a sapphire substrate instead of silicon. 
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Fig. 41: Raman spectroscopy measurement of the samples shown in Fig. 40a,c,d. The colour-coding corresponds to the 
frames in Fig. 40. a) Raman survey spectra with peaks assignment. b) Zoomed-in view of the same spectra. The positions 
of potential additional Raman modes (AM) are depicted with dash-and-dot lines. c,d) Detailed spectra of ZnO E2(low) and 
E2(high) peaks, respectively. 

Impact of residual chamber pressure and pre-annealing environment 

As an important variable in the experiments, the impact of residual chamber pressure on the final 

nanowire morphology is addressed hereafter. The residual gas could cause oxidation of deposited 

gallium before it desorbs or incorporates into ZnO material, thus spoiling the process of diffusional 

doping. The value of the highest residual pressure during the experiment (from Ga deposition on) is 

written in the SEM micrographs, see Fig. 42. The samples are taken from Batch-3, pre-annealed in 

H2O2 gas (30 min, 535 ϲ/Σ I2O2 at 3 kPa) and over-deposited at room temperature with 12 nm of Ga. 

Then, they are annealed at 535 ϲ/ ƛƴ ǾŀŎǳǳƳΦ At the end of the experiment, the nanowires are often 

covered with oxidized circular remnants of Ga droplets. Notably, the amount of gallium oxide 

remnants roughly correlates with the residual pressure. Fig. 42 shows the comparison of samples 

annealed at the same temperature (535 ϲ/ύ ŀǘ ǾŀǊƛƻǳǎ ǊŜǎƛŘǳŀƭ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭǎΦ ²ƘƛƭŜ ŀǘ ǘƘŜ ǇǊŜǎǎǳǊŜ 

of тϊмл-4 Pa the nanowire facets are partially decomposed and no Ga remnants are visible (Fig. 42a), 

at the pressure as high as пϊмл-2 Pa the nanowire is covered with large oxidized Ga remnants (Fig. 

42b). The intermediate state (for both the pressure and the morphology) is depicted in Fig. 42c, using 
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a sample from Batch-5. Based on the results discussed so far, it seems that the turning-point for the 

residual pressure is about фϊмл-4 Pa, depending also on the annealing temperature and batch 

number. Generally, the pressure has to be low enough not to allow gallium oxidation during the 

experiment timeframe. 

 

Fig. 42: Impact of residual gas pressure on the final nanowire morphology, given the annealing temperature is the same. 
Samples a) and b) are from Batch-3, sample c) is from Batch-5. 

The impact of the pre-annealing environment was looked into as well. No influence on final nanowire 

morphology after Ga diffusion step was found whatsoever. See Fig. 43 comparing the samples pre-

annealed for 30 min in high vacuum (400 ϲ/Σ нϊмл-3 Pa) and H2O2 gas (535 ϲ/Σ 3 kPa). After deposition 

of gallium (12 nm), both samples were annealed in high vacuum at 535 ϲ/ ŦƻǊ ол ƳƛƴǳǘŜǎΦ 

Morphology of both samples shows similarly damaged nanowires with characteristic pits on the 

sidewalls. 
































































































