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Figure 7.4: (a) Optical micrograph of surface defects formed on Nb-doped rutil
TiO2(110) samples after annealing in oxygen and (b) a schematic illustration of
their distribution relative to crystallographic directions. (c) 3D AFM image of a
damaged surface.

Figure 7.5: A series of AFM micrographs for (a) a new "as obtained" TiO2:Nb
sample, (b) a surface obtained after 1 preparation cycle, (c) a surface obtained
after 5 preparation cycles, (c) a surface obtained after several preparation cycles
and contact to ambient for 3 months with corresponding line profiles.

• Thermally induced phase separation and formation of titanium alloys, which can show
Ti microsctuctures in compact hexagonal crystal structure (α), body-centered cubic
(β ) and mixed phase (α +β ). [470–472]

• Ti and O self-diffusion in the bulk leading to a surface reconstruction during anneal-
ing. [473–479]

• Phase transitions from rutile to anatase induced by doping and annealing. [480,481]

• Segregation of bulk impurities including a doping material at domain boundaries
and a sample surface. [481–487] However, some studies find no evidences of doping
segregation on the surface. [478,488,489]
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Figure 7.6: (a),(d) SEM and AFM (b),(e) amplitude and (c),(f) phase micrographs
of formed surface clusters and rows respectively. In addition, corresponding line
profiles are given. Note, that AFM micrographs (a) and (c) recorded with a
double-tip. SEM micrograph (d) is provided by Katharina Gries (Uni Marburg).

Figure 7.7: LEED diffractograms for (a) pure Tio2 (100 eV) and Nb-doped TiO2
(119 eV) after similar preparation, which includes one sputtering/annealing cycle.

In addition, a combination of several processes can be a reason for the observed surface
transformation.

In order to understand mechanisms leading to the surface transformation and critical
parameters during the sample preparation supplementary expertise is necessary. So far, a
distinct proof of Nb excess on the surface, which could corresponds to the line-shaped pattern,
by means of EDX, XPS or XRD was not successful (cf. Appendix 3).
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7.4 PPA monolayers on Nb-doped TiO2

It is important to check whether surface defects found on Nb-doped TiO2 crystals are reflected
in the PPA film stability. In order to analyze that test TDS measurements have been carried
out. Ar+ sputtered and annealed in oxygen TiO2:Nb samples which show small density of
surface defects were selected. This means that only a part of a sample surface was covered
with structures observed with a naked eye. One should note that the remaining sample area
could still exhibit microscopic defects. Apparently, Nb doping and its possible segregation at

Figure 7.8: TD-spectra for PPA on damaged TiO2:Nb (110) surfaces prepared
by immersing samples for (a) 1 day and (b) 2 days. Fits indicate two different
desorption channels: mode 1 (yellow) and mode 2 (gray).

the surface of TiO2 does not significantly influence PPA SAMs thermal stability. Equivalent to
previously found desorption modes at τ1 ≈650 K and τ2 ≈710 K were identified (cf. Fig. 7.8
(a)). First desorption mode was also found to be more favorable and the relative ratio τ1/τ2

was obtained as 2.4. After longer immersion time of 2 days in similar PPA solution, which
is allowed by advanced stability of TiO2 upon dissolution in acidic conditions, somewhat
different ratio of 2.9 was obtained (cf. Fig. 7.8 (b)). Increased intensity of the τ2 peak and
sharp TDS signatures indicate that PPA self-assembly on the TiO2 surface is characterized
by a rather slow kinetics, and extended time is needed to improve molecular reorganization.
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7.5 Conclusions

The experiments presented above clearly demonstrate that monolayers of PA-based SAMs
can be formed on rutile TiO2(110) surface from immersion and OMBD. The analysis of PPA
stability on titania enables to determine two biding modes with different binding strength
toward substrate. In thermally induced monolayers an additional binding mode at lower
temperatures was found. PA stability on TiO2 is comparable to its stability on ZnO indicating
good PA affinity towards metal oxides. Charging effect of TiO2 samples due to their poor
conducting properties was illustrated, and ways to its reduction were discussed and tested.
Metal oxide doping with Nb improves its conductivity and allows spectroscopic investigation.
However, metastable character of doped samples upon annealing results in formation of
irreversible surface defects and hampers model studies. Several explanations are given,
although additional analysis must be performed to reveal nature and formation mechanism of
surface defects.



CHAPTER 8

Summary and Outlook

In this thesis a detailed investigation of self-assembling organic molecules covalently attached
to metal oxide surfaces is presented. Although nowadays commercial inorganic materials
still outperform organic materials, hybrid systems have the advantage of low cost device
manufacturing with large area coverage even on flexible substrates. Since the resulting
device performance is governed to a larger extent by interface layers, it is important to
find a well matching material combination and analyze structure and stability of SAMs at
such heterojunctions. A rather high affinity of PA anchoring compared with that expected
from CA and thiol groups has been established on the basis of thermal stability analysis in
the course of this work, which makes PA-based SAMs a promising candidate for tailoring
interfacial properties of transparent conductive oxides or for selective attachment of organic
dyes. Therefore, model systems of PA-based SAMs on single crystalline metal oxides (ZnO
and TiO2) were investigated in greater detail.

In the first place, the importance of PA-based SAMs preparation is highlighted. It was
demonstrated that attachment of organic molecules with PA anchoring units on ZnO is
not a self-terminating process like for the organothiols on gold substrates. The common
preparation by immersion is accompanied by a chemical side reaction leading to severe
surface degradation and formation of surface precipitations which have been identified as
zinc-phosphonate. DFT analysis revealed that a monolayer formation is rather a metastable
configuration while zinc-phosphonate is the energetically more stable configuration. An
increased surface roughness and an excess of water content in the reaction were found to
induce ZnO etching. Moreover, this structural transformation can be well explained even by
a dry solid state reaction without any ion dissolution.
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Giving consideration to these findings, an alternative SAM preparation based on OMBD
by first depositing thin multilayer films and subsequently thermally desorbing the multilayer
excess in order to obtain a monolayer film at the surface was implemented. The resulting
monolayer films were investigated and their properties were compared to SAMs prepared by
immersion. It was demonstrated that PPA thin films used for this study desorb dissociatively
and exhibit two distinct desorption channels which were attributed to bi- and tridendate
species. These experimental results were further supported by DFT calculations. Furthermore,
UHV deposition enables in particular a comparison of PPA SAMs stability and structure
on bare and intentionally roughened and hydroxylated ZnO surfaces, which was found
to influence the relative abundance of two binding species. In addition, both preparation
methods result in PPA films with preferential orientational order.

An interesting model system for more detailed investigation of PA anchoring on ZnO
surfaces was found to be phenylphosphinic acid SAM. Such monolayer films exhibit similar
thermal stability as in PA-based SAMs, though the tridentate formation is not allowed.
Moreover, it was established that ZnO surface etching by PHPA is less efficient. Therefore,
additional experiments and computational studies for HPA-based SAMs on metal oxides can
reveal additional details in the binding mechanism for both systems.

PA attachment on TiO2 was investigated as well. It was found that PA-based SAMs
exhibit similar thermal stability as thin films on ZnO and can be prepared by immersion
and by OMBD methods. However, the self-assembly process on TiO2 is characterized
by a rather slow kinetics and allows prolonged immersion times without formation of
surface precipitations. Unfortunately, spectroscopical investigation by XPS or NEXAFS is
challenging due to the poor conductivity of titania. There are essentially two approaches
to overcome the sample charging problem, which are using oxygen reduced samples or
samples with a doping. Oxygen depleting results in surface defects (oxygen vacancies) and
is not suitable for model studies. Therefore, Nb-doped TiO2 samples were utilized and were
found to improve conducting properties. However, a surface reconstruction of Nb-doped
titanium dioxide was observed after the sample annealing at sufficiently high temperatures.
First morphological and structural studies concerning the identification of surface defects are
obtained and presented in this work. It is necessary though, that this phenomenon is studied
more thoroughly in further studies.

Overall, the study presented in this thesis constitutes a comprehensive investigation of
SAMs formation on oxidic surfaces with the main focus on PA-based thin films. Some open
questions within the field of organic semiconductors and molecular thin films still remain.
However, a better understanding of some fundamental and practical questions that are relevant
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for processes which occur at various organic/inorganic interfaces helps in improving the
performance of hybrid systems.
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Structural Evolution of Perfluoro-Pentacene Films on Ag(111): Transition from 2D
to 3D Growth. Langmuir 2011, 27(3), 993-999. DOI 10.1021/la1022664

[287] Feulner, P.; Menzel, D. FSimple ways to improve ”flash desorption” measurements
from single crystal surfaces. Journal of Vacuum Science and Technology 17 1980, 2,
662-663. DOI http://dx.doi.org/10.1116/1.570537

[288] Meyer, J.; Hamwi, S.; Kröger, M.; Kowalsky, W.; Riedl, T.; Kahn, A. Transition Metal
Oxides for Organic Electronics: Energetics, Device Physics and Applications. Adv.
Mater. 2012, 24(40), 5408-5427. DOI 10.1002/adma.201201630

[289] Fortunato, E. M. C.; Barquinha, P. M. C.; Pimentel, A. C. M. B. G.; Goncalves, A.
M. F.; Marques, A. J. S.; Martins, R. F. P.; Pereira, L. M. N. Wide-bandgap high-
mobility ZnO thin-film transistors produced at room temperature. Appl. Phys. Lett.
2004, 85(13), 2541-2543. DOI http://dx.doi.org/10.1063/1.1790587

[290] Park, J. S.; Maeng, W. J.; Kim, H. S.; Park, J. S. Review of recent developments in
amorphous oxide semiconductor thin-film transistor devices. Thin Solid Films 2012,
520(6), 1679-1693. DOI 10.1016/j.tsf.2011.07.018

[291] Pal, B. N.; Sun, J.; Jung, B. J.; Choi, E.; Andreou, A. G.; Katz, H. E. Pentacene-Zinc
Oxide Vertical Diode with Compatible Grains and 15-MHz Rectification. Adv. Mater.
2008, 20, 1023–1028. DOI 10.1002/adma.200701550

[292] Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Self-
assembled monolayers of thiolates on metals as a form of nanotechnology. Chem. Rev.
2005, 105(4), 1103-1169. DOI 10.1021/cr0300789

http://www.sciencedirect.com/science/article/pii/003960289090649S
http://www.sciencedirect.com/science/article/pii/003960289090649S
http://www.sciencedirect.com/science/article/pii/0039602875903027
http://pubs.acs.org/doi/abs/10.1021/j150556a033
http://www.sciencedirect.com/science/article/pii/0042207X62909788
http://www.sciencedirect.com/science/article/pii/0042207X62909788
http://pubs.acs.org/doi/abs/10.1021/la103533h
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.196103
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.196103
http://pubs.acs.org/doi/abs/10.1021/la1022664
http://dx.doi.org/10.1116/1.570537
 http://onlinelibrary.wiley.com/doi/10.1002/adma.201201630/abstract
 http://dx.doi.org/10.1063/1.1790587
http://www.sciencedirect.com/science/article/pii/S0040609011014052
 http://onlinelibrary.wiley.com/doi/10.1002/adma.200701550/abstract
 http://pubs.acs.org/doi/abs/10.1021/cr0300789


152 Bibliography

[293] Perkins, C. L. Molecular Anchors for Self-Assembled Monolayers on ZnO: A Direct
Comparison of the Thiol and Phosphonic Acid Moieties. J. Phys. Chem. C 2009,
113(42), 18276–18286. DOI 10.1021/jp906013r

[294] Chen, J.; Ruther, R. E.; Tan, Y.; Bishap, L. M. Hamers, R. J. Molecular Adsorption
on ZnO(1010) Single-Crysta Surfaces: Morphology and Charge Transfer. Langmuir
2012, 28, 10437-10445. DOI 10.1021/la301347t

[295] Pawsey, S.; Yach, K.; Reven, L. Self-Assembly of Carboxyalkylphosphonic Acids on
Metal Oxide Powders. Langmuir 2002, 18, 5205-5212. DOI 10.1021/la015749h

[296] Zhang, B.; Kong, T.; Xu, W.; Su, R.; Gao, Y.; Cheng, G. Surface Functionalization of
Zinc Oxide by Carboxyalkylphosphonic Acid Self-Assembled Monolayers. Langmuir
2010, 26(6), 4514–4522. DOI 10.1021/la9042827

[297] Timpel, M.; Nardi, M. V.; Krause, S.; Ligorio, G.; Christodoulou, C.; Pasquali,
L.; Giglia, A.; Frisch, J.; Wegner, B.; Moras, P.; Koch, N. Surface Modification
of ZnO(0001)–Zn with Phosphonate-Based Self-Assembled Monolayers: Binding
Modes, Orientation, and Work Function. Chem. Mater. 2014, 26(17), 5042–5050.
DOI 10.1021/cm502171m

[298] Lange, I.; Reiter, S.; Pätzel, M.; Zykov, A.; Nefedov, A.; Hildebrandt, J.; Hecht, S.;
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APPENDIX A

Electronic structure of Nb-doped TiO2

Figure A.1 shows a slice through a (110) plane of the calculated electronic densities of
states for rutile TiO2. [490] Ti and O atoms are illustrated in grey and red respectively. The
Nb dopant is shown in green. The charge density is strongly located on single Ti site in a
nearest-neighbor position relative to the Nb dopant.

Figure A.1: The charge density distribution in Nb-doped TiO2.





APPENDIX B

Structural changes in Ti-based materials induced by
annealing

Different examples of surface structural changes of Ti-based materials are given below:

• Depending on a composition and a sintering temperature titanium alloys can undergo
phase transitions and phase separations resulting in formation of distinct structures
illustrated in Figure B.1

Figure B.1: (a) Optical micrograph of the sample of Ti-6Al-4V heat treated at
1000◦ C for two hours and cooled in water. [470] The sample exhibits formation of
thin lamellar needles characteristic for α phase. (b) SEM micrograph of Ti-35Nb
alloy sintered at 1600◦ C indicating formation of β phase areas. [491]

• Surface reconstruction was observed in Nb and Cr codoped TiO2 samples leading to
surface facetting by reconstruction-induced interlayer stress (cf. Fig. B.2. [474]
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Figure B.2: (a,b) Non-contact AFM topography and frequency shift images of
a TiO2(110) sample codoped with chromium and antimony. Overview images
reveal formation of high steps aligned in [001] direction. [474]

• Crystalline precipitations were found on (100) oriented donor-doped SrTiO3 single
crystals under the influence of high temperature oxygen annealing (cf. Fig. B.3). [488]

Precipitations were identified as accumulations of SrO complexes which concentration
increases with increasing Nb-doping level.

Figure B.3: (a) An optical image of polished 2.0 at.% Nb-doped SrTiO3
single crystal surfaces after oxygen annealing at 1300◦ C for 24 h. (b) Per-
ovskite/precipitate interface. [488]



APPENDIX C

First experimental results on Nb-doped TiO2 samples with
surface defects

First measurements to identify the composition of grown structures, in particular Nb excess
were carried out. In order to investigate the distribution of Nb in TiO2, EDX measurements
were performed.

Figure C.1: (a) SEM micrograph of TiO2:Nb (110) damaged surface. EDX
analysis of sample composition reveal homogeneous distribution of (b) Ti and (c)
Nb.

Figure C.1 shows a SEM micrograph in panel (a) and elemental mapping for Ti and Nb
in panels (b) and (c) respectively. The homogeneous distribution of Nb atoms within the
sample is clearly visible. If Nb segregates only in the utmost top layer of titania, the EDX is
not sensitive to it, since detected signals are mostly bulk related.

Therefore, the surface composition was further analyzed by means of XPS technique.
Figure C.2 demonstrates O1s and Ti2p spectra of three samples considered as representative:
pure TiO2 (red curve), new (black curve) and already several times utilized (blue curve)
TiO2:Nb. Binding energies for these spectra are in agreement with values mentioned found
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Figure C.2: XP-spectra for (a) O1s and (b) Ti2p regions of pure TiO2 (red curve)
and Nb-doped TiO2: new (black curve) and several times utilized in experiments
(blue curve).

in literature. [465] All spectral lines are energy calibrated to the position of Ti2p peak. Low
energetic shoulders on the spectra for doped titania indicate the presence of Ti3+ ions.
Figure C.3 (a) illustrates XP-spectra for Nb3d region of metal oxides. Signal intensity can
be notably enhanced by sputtering samples for 5 minutes. Peak 1 at 220.7 eV corresponds
to O1s signal excited by third order X-ray beam due to higher order light transmitted in
the monochromator. Peaks 2 and 3 at 210.4 eV and 207.6 eV feature Nb 3d1/2 and 3d3/2

electrons respectively, which indicates the presence of Nb2O5. However, these spectral lines
were found only for the new sample and not present in already used crystals. From that
one can see that sample preparation by sputtering and annealing efficiently removes surface
contamination. Multiple peaks 4, 5 and 6 at around 200 eV can be attributed to different
NbxOy oxides, for example NbO. NbC contribution is also presented in this energy window.
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Figure C.3: XP-spectra for Nb3d region for TiO2 samples (a) before and (b)
after sputtering. Spectra were reordered for pure TiO2 (red curve) and Nb-doped
TiO2: new (black curve) and several times utilized in experiments (blue curve).
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