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A
tomic layer deposition (ALD) is
widely studied and applied for the
controllable formation of highly con-

formal, pinhole free, molecularly imperme-
able metal oxide films.1�3 Molecular layer
deposition (MLD) is widely used for deposi-
tion of organic multilayered structures on
different solid supports.4�6 Recently, there
is substantial progress in the development
of MLD where the film is formed by metal
precursor and an organic bifunctional mo-
lecular precursor, yielding organic�inorganic
hybrid films with tunable properties.7,8 Similar
to metal oxide formation by ALD, MLD pro-
vides a solvent-free path for the formation of
organic�inorganic hybrid thin film materials
in a well-controlled manner.9,10 In this regard
aluminum, zinc, titanium, and zirconium me-
tal containing precursors in combination with
organic diols such as ethylene glycol, glycerol,
and hydroquinone form the metalcones “alu-
cone”,”zincone”, “titanicone”, and “zircone”,
respectively.11,12 The MLD process of these
organic�inorganic hybrid films yield atom-
ically smooth and conformal films, and upon
annealing a porous metal oxide framework is
obtained.9,11 Thus, both ALD and MLD meth-
ods are highly attractive for the formation of
metal oxide (MO) thin films due to excellent
uniformity, accurate control of film thickness,
low deposition temperatures, and applicabil-
ity to high aspect ratio structures, including at
the nanometric scale.13�18 The hybrid films
formed by MLD can be prepared on macro-
scopic surfaces as well as on nanostructures
such as nanoparticles, nanorods, and nano-
wires (NWs) with high geometrical aspect
ratios. Among metal oxide materials acces-
sible via the ALD andMLD approaches, TiO2

is extensively studied due to broad poten-
tial technological applications including

photocatalysis, conversion of light energy,
energy storage, solar cells, and self-cleaning
surfaces.19�26 In addition to the vapor
phase methods, TiO2 may be prepared by
a broad range of solution-based methods
including sol�gel, hydrothermal, solvother-
mal, and evaporation-induced self-
assembly methods.27�32 These methods
are versatile and flexible allowing for tuning
of the film properties. However, thin film
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ABSTRACT

We present the transformation of orga-

nic�inorganic hybrid titanicone films

formed by TiCl4 as metal precursor and

ethylene glycol (EG) using solvent-free

MLD to highly active photocatalytic films.

The photocatalytic activities of the films

were investigated using hydroxyl-functio-

nalized porphyrin as a spectroscopic mar-

ker. TEM imaging and electron diffraction, XPS, UV�vis spectroscopy, and spectroscsopic

ellipsometry were employed for structural and composition analyses of the films. The photocatalytic

activity of Ti�EG films was investigated for different anneal temperatures and compared to TiO2
films prepared by ALD using TiCl4 as metal precursor and H2O (TiO2 films). Overall, our results

indicate that the photocatalytic activity of the thermally annealed Ti�EG film is about 5-fold

increased compared to that of the TiO2 film prepared by ALD for optimal process conditions. The

combined results indicate that the structural and photocatalytic properties can be assigned to three

states: (I) amorphous state, intermediate dye loading, low photocatalytic activity, (II) intermediate

film state with both crystalline and amorphous regions, high dye loading, high catalytic activity, and

(III) highly crystalline film with low dye loading and low photocatalytic activity. The formation of

photocatalytic nanotubes (NTs) is demonstrated using sacrificial Ge nanowires (NWs) scaffolds to

yield Ti�EG NT structures with controllable wall thickness structures and enhanced dye loading

capacity. Our results demonstrate the feasibility and high potential of MLD to form metal oxides

with high photocatalytic activity.
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formation at the surface of high aspect ratio structures
at the nanoscale with accurate control over film
thickness in the range of a few nanometers is still
challenging using solution-based methods. The MLD
approach provides a promising path for overcoming
some of the limitations encountered using conven-
tional methods for the formation of catalytic metal
oxide films for nanometric scale high aspect ratio
structures since MLD combines the highly controlled,
self-limiting characteristics of the ALD approach with
the flexibility introduced by the organic molecular
constituent. The organic parts of the MLD film can be
retained as structural component of the film or utilized
as a sacrificial component. Specifically, the formation of
photocatalytic films by MLD where the oxide is a
photocatalytic material, as in the case of TiO2 is highly
desired. To-date, however, neither the catalytic nor the
photocatalytic properties of MLD films, has been de-
monstrated, including for titanicone films. Here we
present the transformation of organic�inorganic hy-
brid films formed by solvent-free MLD to highly active
photocatalytic films. We demonstrate the approach by
using TiCl4 as metal precursor and ethylene glycol as
the organic component (Ti�EG film, Scheme 1).

RESULTS AND DISCUSSION

The Ti�EGMLDprocess is highly controlled, yielding
uniform and conformal thin films on macroscopic
surfaces (Figure 1a) as well as on nanometric structures
(Figure 1d). The optimized process conditions are listed

in Supporting Information, Table S1. Ellipsometric
measurements show Ti�EG film thickness grow line-
arly with the MLD cycle with 4.5�6.0 Å thickness
increase per TiCl4/EG cycle at the temperature range
studied, 100�120 �C. (Supporting Information, Figure S1).
For TiCl4/H2O the growth per cycle is 0.8 Å at 100 �C,
in good agreement with previously reported
values.33,34 Transmission electron microscopy (TEM)
results reveal amorphous, amorphous�crystalline,
and crystalline structures for Ti�EG films annealed at
250, 650, and 850 �C, respectively (Figure 1). Si NWs
were used as high aspect ratio nanometric templates
for Ti�EGMLD film formation. The films formed on NW
templates show similar structural characteristics to
films formed on planar substrates with highly confor-
mal and uniform formation of the as-prepared films.
Thermal anneal results in gradual transition from
amorphous film to anatase phase similar to the results
with planar substrates, indicating the potential of the
MLD method for the uniform coating of high geo-
metric aspect ratio nanoscale structures and thermal
anneal compatibility process (Figures 1 d�f). The
electron diffraction patterns for Ti�EG films annealed
at 650 and 850 �C show lattice planes associated
exclusively with the anatase phase, (101), (004), and
(200) with d- spacing very close to expected values
(Supporting Information, Table S2 and Figure S2).35 In
contrast, for TiO2 films annealed at 650 and 850 �C the
brookite and rutile phases are observed in addition to

Scheme 1. Ti�EG MLD film formation with suggested sur-
face reactions, binding modes, and coordination species.
TiCl4 and ethylene glycol are used as molecular precursors.

Figure 1. TEM images obtained for Ti�EG films formed on
SiO2 membrane (40 nm thick) following thermal anneal at
(a) 250, (b) 650, and (c) 850 �C; Ti�EG films formed on Si NW
demonstrating highly conformal and uniformfilm following
thermal anneal at (d) 250, (e) 650, and (f) 850 �C. Scale bars
(a�c) 200 nm, inset 10 nm; (d�f) 20 nm.
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the main anatase phase. These results suggest that
the carbon present in the Ti�EG films suppress the
anatase-to-rutile phase transition, in agreement with
previous reports.36,37 The estimated crystallite size
from TEM data is in the range 15�20 nm for Ti�EG
films annealed at 650 and 850 �C.
To better understand the thermally annealed Ti�EG

film properties and photocatalytic activity we per-
formed porphyrin adsorption and photodegradation
experiments. Porphyrin molecules are versatile molec-
ular probes for studying molecular interfaces using
their unique spectroscopic and structural properties.38�41

Porphyrinmolecules (5,10,15,20-tetrakis(4-hydroxyphenyl)-
21H,23H-porphine, (4OHTPP)) were used as spectro-
scopic probes to quantify the surface properties as well
as photocatalytic activity of the films by measuring the
adsorptionandphotocatalytic decomposition ratesof the
adsorbed 4OHTPP molecules on the films (Figure 2 and
Supporting Information, Figures S3�S6).
Quartz slides were coated with Ti�EG films (40

cycles), annealed at different temperatures, and im-
mersed in 0.08 mM acetonitrile (AN) solution of
4OHTPP for different time intervals until maximal
porphyrin loading was reached as indicated by the
Soret absorbency (Figure 2a). All porphyrin adsorption
studies were carried out in the dark to prevent unin-
tended photodegradation of the surface-adsorbed
molecules. Typical UV�vis absorption spectra of Ti�EG
film before- and after porphyrin adsorption, and ad-
sorption kinetics are presented in Supporting Informa-
tion, Figures S3 and S4, respectively. 4OHTPP hydroxyl
groups facilitate adsorption of the porphyrin to polar
surface groups found in Ti�EG as well as in TiO2 films
from polar aprotic solvents such as acetonitrile. Surface
coverage saturation is achieved after ∼2h as reflected
by the constant absorbency as a function of time.
Control experiments with tetraphenylporphrin (TPP)
showed no significant adsorption to the film under the
same conditions, thus simple porphyrin aggregation
and deposition at the film surface can be ruled out
(see Supporting Information, Figure S7). Porphyrin
adsorption measurements were performed for Ti�EG
and TiO2 films annealed at various temperatures.

Comparison of the 4OHTPP adsorption results for
Ti�EG and TiO2 films for various film anneal tempera-
tures provide valuable insight regarding the role of the
sacrificial EG moiety in controlling surface loading of
the annealed films. 4OHTPP loading to the films was
quantified by the ratio R, defined as A425/A261; where
A425 is the Soret band absorption corrected for pre-
adsorbed film absorbency, and A261 is the oxide ab-
sorption maxima. We find for Ti�EG films that R is
almost constant for annealing temperatures up to
∼600 �C, reach amaximal value at 650 �C, and decrease
significantly as the anneal temperature is further in-
creased (Figure 3a, open circles). In contrast, the same
analysis performed for 4OHTPP adsorption to TiO2

films yields an almost constant R value for comparable
film thickness and temperature range (Figure 3, open
triangles). These results can be explained by consider-
ing the effect of thermal anneal on the organic part of
the Ti�EG film. As annealing temperature increases
above the thermal stability of the EG moiety, a sig-
nificant portion of the organic part is lost resulting in
surface defects and adsorption sites with concomitant
gradual formation of crystalline TiO2 anatase phase
embedded within amorphous film as shown by the
TEM results (Figure 1). Higher anneal temperature lead
to increasing degree of crystallinity, anneal of surface
defects, lower degree of amorphous film regions, and
overall decrease of adsorption capacity. In addition, for
high anneal temperatures, the formation of well-de-
fined, isolated crystallites with exposed underlying
substrate is observed in contrast to the observed
crystallites embedded within amorphous film for an-
neal temperatures below 700 �C. Additional support to
the TEM results is obtained by the XRD and electron
diffraction data (see Supporting Information Table S2
and Figure S2).
Furthermore, a consideration of the ratio, R0 =

RTi�EG/RTiO2
, representing 4OHTPP loading to Ti�EG

relative to TiO2 films as a function of temperature,
reveals three distinct regions (Figure 3b, full
rectangles); (I) low-temperature region where porphyr-
in loading to Ti�EG film is higher compared to TiO2

with R0 ≈ 3, (II) transition-temperature region, with

Figure 2. (a) Adsorption and (b) photodegradation of
4OHTPP on Ti�EG film annealed at 650 �C.

Figure 3. (a) Comparison of 4OHTPP loading to Ti�EG (O),
and TiO2 (Δ) films annealed at different temperatures,
where R = A425/A261; A425 absorbency corrected for pre-
adsorbed film. (b) Relative porphyrin loading (9), calculated
by the ratio R0 = RTi�EG/RTiO2

.
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increasing porphyrin loading with temperature, and
(III) high-temperature region where porphyrin load-
ing is decreasing with temperature for both Ti�EG
and TiO2 films. Comparison of 4OHTPP loading to
Ti�EG and TiO2 films for various film thickness values
gave ∼5 fold enhancement in favor of the Ti�EG
films for the thickness range of 5�40 nm studied
here.
XPS analyses performed for annealed Ti�EG films

show an increase of the XPS signal intensity for Ti2p
and O1s and decrease for the C1s for the same sample
before and after thermal anneal at 650 �C, respectively
(Supporting Information, Figure S8 and Tables S3�S4).
Interestingly, for as-prepared Ti�EG films, the Cl/Ti
ratio is 0.3 indicating the presence of chlorine residues.
In contrast, for TiO2 films chlorine residue could not be
observed pointing at the reactivity difference of EG
compared with water at the deposition temperature
(100 �C) and possible steric limitation for EG to react
with all TiCl4 species at the surface or entrapped sur-
face reaction products (HCl).42�44 In addition, XPS data
indicate changes of the film compositionwithO/Ti, and
C/Ti atomic ratios of 2.5 and 1.3 for the as-prepared
Ti�EG film prior to thermal anneal, and O/Ti and C/Ti
atomic ratios of 2.0 and 0.3, respectively, after thermal
anneal at 650 �C. These results suggest that during the
thermal anneal process a significant portion of the
organic component decomposes as indicated by sub-
stantial carbon content loss, while mainly Ti-, and
O-frameworks compose the annealed film structure.
The substantial retention of the Ti and O framework is
further indicated by the increase in Ti2p and O1s signal
intensity with concomitant decrease in the C1s signal
intensity. In addition, both ellipsometry and TEM mea-
surements show substantial decrease in the film thick-
ness following thermal annealing. The atomic ratio of
0.1�0.3 for C/Ti is observed for Ti�EG films annealed at
650 and 850 �C, suggesting incorporation of carbon in
the annealed films. However, the presence of carbon in
the annealed films did not result in a red shift of the
absorption edge of Ti�EG films or increased absor-
bency in the visible light region as previously reported
C-doped TiO2 systems.45,46 The complete surface reac-
tion of TiCl4 with EG yielded the expected C/Ti ratio of
4/1 for the as-prepared films. The low C/Ti ratio
obtained by XPS analysis for Ti�EG films suggests an
incomplete surface reaction, which is also supported
by thepresence of the Cl peak obtained. In addition,we
observe partial hydrolysis of the preannealed Ti�EG
films when it is transferred in ambient air by moisture
observed by TEM (Supporting Information, Figure S9)
and ellipsometry (not shown). Hydrolysis of Ti�O�EG
by ambient water molecules may result in Ti�O�Ti
species that is expected to show reduced film thickness
and carbon content. To quantify the photocatalytic
activity of the filmswe define τ, as the illumination time
(365 nm light) required for bleaching half of the

adsorbed 4OHTPP measured by the Soret band max-
ima, λmax = 425 nm, (Figure 4).
We define the additional parameter, σ = τTiO2

/τTi�EG,
as the normalized half depletion times reflecting the
photodegradation activity of Ti�EG relative to TiO2

films toward adsorbed 4OHTPP molecules. A typical
Soret band intensity loss indicating 4OHTPP decom-
position upon illumination with 365 nm light for Ti�EG
film annealed at 650 �C is depicted in Figure 2b.
We find amaximal σ value for anneal temperature of

650 �C, corresponding to∼5 fold higher activity of the
Ti�EG film as compared to TiO2. We find that the
photocatalytic activity of annealed Ti�EG films in-
creases in a sharp transition for temperatures above
500 �C reaching almost constant τ value for the
temperature range of 550�750 �C (Figure 4 region II).
Remarkably, the photocatalytic activity of the Ti�EG
filmsmeasured by the parameters τ and σ presented in
Figure 4 and the TEM imaging and electron diffraction
results presented in Figure 1a�f, and Supporting
Information, Figure S2 reveal that the film photocata-
lytic activity and structural characteristics correspond
to the three distinct states, similar to our findings from
the 4OHTPP loading experiments. Overall, the com-
bined results can be assigned to three anneal tem-
perature regions of the films: (I) amorphous state,
intermediate dye loading, low photocatalytic activity,
(II) intermediate film state with both crystalline and
amorphous regions, high dye loading, high catalytic
activity, and (III) highly crystalline film with low dye
loading and low photocatalytic activity. As indicated,
diffraction data for Ti�EG films annealed at 650 and
850 �C (film states II and III) correspond to the anatase
crystalline phase, thus the enhanced photocatalytic
activity is not due to variations of the crystalline phase,
but rather to the intermediate film state combining
accessible adsorption sites and photocatalytic active
crystalline regions. Namely, the photocatalytic activity
is enhanced by the crystalline regions embeddedwith-
in amorphous film and capacity of the film volume to
interact with the adsorbed molecules. This intermedi-
ate state of the film structure is key for enhancing the
photocatalytic activity and is made accessible via the
unique characteristics of the MLD and controllable

Figure 4. (a) Illumination time, τ, required to deplete half
the 4OHTPP absorbency at λ = 425 nm for Ti�EG films (O)
and TiO2 films (Δ) vs anneal temperature; (b) normalized
half depletion times, σ = τTiO2/τTi�EG (9).
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anneal process. The photocatalytic activity toward
photodegradation of Ti�EG films adsorbed with
4OHTPP was studied under N2 atmosphere with no
significant change in the activity, pointing at direct
hole oxidation of the adsorbed molecules and exclud-
ing the contribution of reactive oxygen species such as
OH or superoxide radicals in the process. In addition to
the study of photocatalytic degradation of adsorbed
porphyrin molecules, the photocatalytic activity of
annealed Ti�EG films immersed in methylene blue
(MB) aqueous solution were studied showing activity
and stability under working conditions (Supporting
Information, Figure S10).

Porphyrin Loading and Photodegradation Studies Using
Ti�EG Nanotubes. Ti�EG nanotubes (Ti�EG NTs) were
prepared by MLD film formation on sacrificial Ge oxide
NWs scaffold and subsequent etch. Oxidized Ge NWs
were coated with Ti�EG films and annealed at 350 �C.
Next, the Ge oxide core was etched to yield Ti�EG NTs
under mild etch conditions with 2�10 min etch suffice
for dissolution of the Ge oxide core. In sharp contrast,
TiO2 NTs prepared under similar conditions required
several hours of etch to remove the Ge oxide core. This
result demonstrates the permeability of the Ti�EG film
obtained by the MLD process toward etch solution in
contrast to the pinhole-free, nonpermeable TiO2 film
obtained by the ALD process, as expected. The Ti�EG
NTs sustain structural integrity upon thermal annealing
of 650 �C required for photocatalytic activity. XRD
results show the formation of anatase phase exclu-
sively, similar to the results obtained for Ti�EG films.
XPS data show minor traces of GeO2 (not shown).

The photocatalytic activity and surface properties of
Ti�EG NTs were studied using 4OHTPP loading experi-
ments. The analysis of these experiments demonstrate

the effect of nanoscale tube morphology compared to
planar Ti�EG films. The 4OHTPP loading, R, remain
constant for Ti�EG NTs as the tube wall thickness
increases (Figure 6a). In contrast, Ti�EG planar films
showmonotonic decrease ofRwith film thickness. This
result indicates that 4OHTPP loading increases propor-
tionally to the Ti�EG tube wall thickness, demonstrat-
ing volume adsorption of the dye, whereas planar
Ti�EG films mainly involve surface adsorption. Hence
the NT structure avoids structural collapse of the film
upon annealing and yield volume adsorption. This
leads to higher 4OHTPP loading ratio of Ti�EG NTs
compared to Ti�EG films that increasewithMLD cycles
as presented in Figure 6b. 4OHTPP loading ratios of up
to∼5 times were achieved for Ti�EG NTs compared to
Ti�EG films. Notably, the half time (τ) measured for
4OHTPP degradation is similar for both NTs and Ti�EG
films (Supporting Information, Figure S11), thus the
intrinsic photocatalytic properties are similar for both
systems.

CONCLUSION

In summary, the formation of photocatalytic thin
films showing an amorphous and crystalline hybrid
state was demonstrated using the MLD process with
TiCl4 and EG precursors. Film formation process is
highly controlled with linear film thickness increase
per MLD cycle for the temperature range of 100�
120 �C studied here. The Ti�EG MLD process yielded
highly conformal films on macroscopic substrates as
well as on high aspect ratio nanometric structures.
Optimization of thermal anneal conditions resulted in
substantial decomposition of the film's organic com-
ponent, crystallite formation, and retention of an
amorphous framework that allow for molecular diffu-
sion and adsorption as was demonstrated with
porphyrin adsorption experiments. Notably, the inter-
mediate amorphous�crystalline film structure is valu-
able for designing photocatalytic films. A comparison
of Ti�EG films and nanotube morphologies demon-
strated increased dye loading capacity of the nanotube
structures with linear dye loading increase with wall
thickness and similar photocatalytic degradation rates.

Figure 5. TEM images for Ti�EGNTs formedusing sacrificial
Ge oxide NWs (a�c). Controllable nanotube wall thickness
vs MLD cycle number (d). Scale bars 10 nm (a�c); inset,
200 nm.

Figure 6. (a) Comparison of 4OHTPP loading to Ti�EG films
(2), and Ti�EG NTs (9) annealed at 650 �C, where R = A425/
A261; A425 absorbency corrected for preadsorbed film. (b)
4OHTPP loading ratios for Ti�EG NTs compared to Ti�EG
films (Δ).
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Collectively, our results demonstrate the feasibility
and high potential of the MLD process to form
nanometric hybrid structures with high photocata-
lytic activity. Additional study is in progress for a
better understanding of the the role of annealed film

stoichiometry and extending the range of aliphatic
diols studied. The approach presented here may be
extended to additional metal oxides such as WO3,
NiO, and V2O5 for improved oxide catalytic and
optoelectronic properties.

MATERIALS AND METHODS

MLD Process. Ti�EG films were prepared using TiCl4 (Acros,
99.9%) and ethylene glycol (Aldrich, > 99%). Ultrapure water
(>18MΩ, ELGA purification system) was used for the ALD of
TiO2. Ultrahigh purity Ar gas was used as the carrier gas in the
viscous flow reactor and for purge between reactant exposures.
MLD films were prepared by dosing the reactant precursors into
Ar carrier gas. The duration of precursor dosing was controlled
using computer controlled pneumatic valves. A steady state
pressure of 2.1� 10�1mBarwasmaintained during the process.
For the MLD process the water and EG precursor chamber
temperature was set to 40 and 80 �C, respectively. Sample
reaction temperature was set to 100, 110, and 120 �C for various
processes (see results in Supporting Information, Table S1). The
films were prepared on various substrates such as SiO2/Si
wafers, quartz slides, and 40 nm SiO2 membranes for TEM
measurements. Prior to film formation the substrates were
cleaned using oxygen plasma for 1 min, 60 W RF power. Unless
otherwise mentioned the number of cycles performed was set
to 40 cycles for Ti�EG and 220 cycles for TiO2 films with film
thickness of∼16 nm for both. Films were thermally annealed at
the different specified temperature for 30 min. For thermal
anneal of the films, the oven temperature is equilibrated to the
desired temperature prior to sample loading to avoid kinetic
effects of temperature ramp rate.

Porphyrin Adsorption and Photocatalytic Degradation Measure-
ments. 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine
(4OHTPP) was obtained from Aldrich and used as received.
Acetonitrile solutions of 4OHTPP and meso-tetraphenylpor-
phine (TPP) (Strem Chemicals) were prepared and used for
adsorption studies as spectroscopic markers. Absorption spec-
troscopy was performed using a Perkin-Elmer Lambda 1050
spectrophotometer using a custom built slide holder. Ti�EG or
TiO2 films formed on quartz slides were annealed at various
temperatures. 4OHTPP adsorption to the filmswasmeasured by
immersion of the Ti�EG or TiO2 quartz-coated slides in the
4OHTPP solution for different time intervals until maximal
4OHTPP loading was reached as indicated by the Soret absor-
bency. All 4OHTPP adsorption studies were carried out in the
dark to prevent unintended photodegradation of the surface-
adsorbed molecules. For measuring the photocatalytic degra-
dation of 4OHTPP on Ti�EG or TiO2 films the coated quartz
slides were immersed in the 4OHTPP solution for 2 h, rinsed
three times with acetonitrile, and dried under N2 stream in the
dark. Then, the dry filmswere subjected to a 365 nm light source
for different time intervals and measurement of the absorption
spectra corresponding for each time interval.

Nanowire Growth. Si NWs were grown in a custom built CVD
system using a vapor�liquid�solid mechanism. The NW
growth process consisted of 440 �C temperature, 35 Torr
pressure, 10 min duration, 50 sccm H2, and 2 sccm SiH4 gas
flow. SiO2 membranes (40 nm thick) were used as substrates
(Ted Pella, Inc.) for NW CVD growth and direct TEM imaging
without further sample preparation required. For direct SiO2/Si
NW growth on the membranes a drop of poly-L-lysine solution,
0.1% (w/v) in H2O (Sigma) was placed on the membrane for
5min. Themembranewas then thoroughly rinsed with DI water
and dried over a N2 stream. Then a drop containing 30 nm of Au
nanoparticle solution (Ted Pella, Inc.) was placed on the mem-
brane for 2 min. Again, the membrane was then thoroughly
rinsed with DI water and dried over a N2 stream.

Similarly, Ge NWs were prepared with process parameters
set to 245 �C, 45 Torr pressure, 10min duration, 10 sccm H2, and
30 sccm GeH4 gas flow.

Preparation of Ti�EG Nanotubes. Ge NWs were thermally oxi-
dized at 500 �C for 1 h and used as templates for the Ti�EGMLD
process. Oxidized Ge NWs were coated with Ti�EG films,
preannealed at 350 �C for 30 min, and etched using 0.4% HCl/
H2O2 (V/V) solution for different time intervals followed by
rinsing with DI water. The resulting nanotubes were annealed
at the desired final temperature for 30 min.

Characterization Techniques. TEM measurements were per-
formed using FEI Tecnai F20-G2 system with EFTEM (GATAN
GIF 2001).

X-ray photoelectron spectroscopy (XPS) data were collected
with a Kratos Axis Ultra X-ray photoelectron spectrometer.
Spectra were acquired with monochromatic Al(KR) radiation.
Spectroscopic ellipsometry measurements were performed
using a VB-200 spectroscopic ellipsometer (Woolam Co.).
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