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ABSTRACT:This report describes a titanium dioxide (TiO,) atomic layer deposition (ALD) on a commercial-
grade iron substrate from tetrakis (dimethylamino) titanium (TDMAT) and de-ionized water as titanium and
oxygen precursors, respectively. This particular substrate was prepared in a short period of time
(approximately 20 min) by a simple procedure, which could represent a new and interesting option to elaborate
thin films through an ALD process. The TiO, deposition was studied at the support temperature of 225°C. The
number of ALD cycles was varied in the range of 50 cycles to 250 cycles, and the effects of this parameter were
investigated. Samples were characterized by XPS, XRD, RS, SEM and AFM analyses in order to scrutinize their
composition and microstructure. TiO, films grew as anatase phase, which was gradually developed with a
rising number of ALD cycles. XPS indicated a moderate silicon contamination due to sandpapers used during
the substrate preparation, which was similar for all samples. However, the morphology and topography of these
layers were clearly determined by the iron support surface. Rough TiO, films were obtained with RMS
roughness of at least 89 nm.
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I. INTRODUCTION

Titanium dioxide (TiO,) is a semiconductor that has unique features [1][2][3] favoring versatile uses
[4]1[5][6], although the most important application currently is in the photocatalysis systems [7], since anatase
TiO, is indeed recognized as the most efficient photocatalytic material [8]. Intensive efforts are still being
devoted to this semiconductor’s fabrication [9].

Many of the applications of TiO2 are performed with thin layers on either planar or three-dimensional
supports [10], and atomic layer deposition (ALD) facilitates its growth onto numerous supports such as these
with an accurate control of thickness. ALD allows a homogeneous deposition with conformality, precise control
of composition and good reproducibility [11]. Additionally, the ALD films do not need further post-annealing
treatment to be crystallized, since substrates are in-situ heated [12], and they are firmly bound to the substrate
[13]. All of these characteristics are the reason why the ALD route has attracted attention for TiO, thin film
deposition [14].

ALD is a gas-phase coating method based on two saturation half-reactions, where the layer precursors
are separated during their deposition. The precursor pulses are commonly separated by a nitrogen purge. After
the precursors have reacted, the surface is reactivated for another similar cycle; the cycles are repeated until the
desired thickness has been achieved [15].

Titanium alkoxides and halides are typically used as titanium precursors coupled with H,O as an
oxidant for ALD-TiO, [16]. Tetrakis (dimethylamino) titanium (TDMAT) has been proposed in recent years as
a good option for titanium precursor, since its decomposition products are non-toxic and non-corrosive [17].
TDMAT thermal gas phase decomposition is observed at 300°C or higher temperatures [10].

However, substrates utilized for ALD-TiO, are simply purchased with valid features to be used as
delivered; otherwise, they are usually prepared by robust treatments. Monocrystalline (100) oriented silicon
materials have been comprehensively utilized for it as substrates; they can undergo etching procedures
[18][19][20]. Mirror-polished surface for metal supports is attained after a long polishing process in addition
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[15]. With these treatments in mind, a simplistic and brief method of preparation for an adequate ALD-TiO,
substrate is desirable.

In this respect, this work focuses on the assessment of TDMAT and H,O as sources of titanium and
oxygen, respectively, for ALD-TiO, onto a commercial-grade iron support. The support is potentially suitable
for the deposition of TiO2, since it is certainly affordable and highly available, but it will be also interesting due
to its simple and feasible preparation procedure compared to publications cited above. The influence of these
specific parameters on the elaborated samples will be determined by a systematic investigation of the
physicochemical properties. TiO, deposition on this iron substrate represents the first step toward a detailed
exploration in various research fields, e.g., photocatalysis or analogous processes, owing to its ability to
overcome the main drawbacks of TiO, particle slurries [21][22]. However, these studies may have more
significance in the search for new substrates for ALD-TiO2 with the aforementioned features of our particular
substrate.

Il. EXPERIMENTAL DETAILS
2.1Atomic layer deposition

TiO, films were grown in a custom-built flow-type ALD reactor from TDMAT (99.999%, Sigma-
Aldrich) and de-ionized H,0O as titanium and oxygen precursors, respectively. TDMAT was heated in a metal
reservoir and thermostated to 60°C before the ALD process, whereas a lateral reservoir contained the de-ionized
H,O at room temperature. Nitrogen was used as purging gas for precursors and their gaseous by-products at a
working pressure of ~20 mTorr, which was purified and supplied by an inert gas purifier Centorr/\Vacuum,
model 2A.

A commercial-grade raw iron piece measuring approximately 1 mm in thickness was mechanically cut
into smaller square pieces of 1.5 cm x 1.5 c¢cm in order to finally employ them as supports for the TiO,
deposition. By initiating a preparation of these materials for the ALD reactions, an oily coverage was wiped off
by a cotton cloth from their surfaces. After that step, a manual polishing was gently performed on them by two
different silicon carbide sandpapers (firstly 180 grit and then 1000 grit); ethanol was used to rinse the metal
surface during polishing. Ultimately, the metal pieces were ultrasonically cleaned during 5 min with acetone,
and next, they were immediately blown free of acetone with pressurized air before loading them into the ALD
reactor chamber. This type of preparation for every substrate took an estimated time of 20 min.

A substrate was laid on the reactor sample holder and heated to reach a substrate temperature (TS) set
at 225°C prior to the ALD process. Iron substrates were kept in the reactor chamber for 10 min at TS in order to
accomplish a thermal equilibrium through the entire material, while a simultaneous purge was performed
(throughout heating). ALD reactions began after that step with several numbers of ALD cycles for each support.

The number of ALD cycles significantly varied between 50 cycles and 250 cycles with increments of
50 cycles, although the TDMAT or de-ionized H,O exposure times and their programmed purge duration were
constant for all of our experiments. An ALD cycle comprises 0.15 s of TDMAT pulse, 30 s of purge, 0.10 s of
de-ionized H,O pulse, 20 s of purge and 20 s to reach the working pressure, which is required by the chamber
for the next cycle. The elaborated samples are designated 50-C, 100-C, 150-C, 200-C, and 250-C, the numbers
of which indicate the selected number of deposition cycles for their fabrication; the 0-C sample refers to the bare
iron support.

2.2Characterization

Surface compositions from our specimens were identified by X-ray photoelectron spectroscopy (XPS).
These fine determinations were measured by a high-resolution X-ray photoelectron spectrometer SPECS
FlexMod system equipped with a monochromatized Al Ko X-ray source (1486.6eV). The XPS peak positions
were calibrated by using the C-C bond signal from the adventitious hydrocarbon contamination with a C 1s
binding energy of 284.5 eV. Data were collected through a concentric hemispherical energy analyzer with
multichannel detection at an operating power of 25 W. Surface concentrations of titanium and oxygen were
estimated from XPS spectra with the OriginPro 9.0.0 software package by using their peak area. Chemical states
were also investigated for the primary constituents.

Microstructural investigations were conducted by X-ray diffraction (XRD) to scrutinize the film and
substrate crystalline phases and their crystallinity. Conventional XRD measurements were performed at room
temperature by a Philips X'Pert MPD diffractometer with Cu Ko, (A=0.154056 nm) radiation at an accelerating
voltage of 45 kV and an emission current of 40 mA. Diffraction patterns were acquired in a step of 0.04°/s for
20 angular ranges from 20° to 90°. Raman spectroscopy (RS) provided complementary microstructural studies.
The Raman spectra were recorded at room temperature with an HORIBA XploRA Raman spectrometer
equipped with an optical microscope. The spectral resolution was 4 cm ™ over the range from 100 cm™* to 1000
cm ', and the power of the incident laser beam on the samples was approximately 10 mW with an excitation
wavelength of 514 nm. A silicon reference sample was used for the calibration of the Raman shift.
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Atomic force microscopy (AFM) was performed by a Park Systems XE-70 microscopy system for the
surface topography characterization. Samples were examined in air with a standard silicon cantilever in contact
mode at a scanning frequency of 0.7 Hz. Distinct square maps of 7.5 um from different sites of any sample were
performed in order to check its root-mean-square (RMS) surface roughness; the XEI v.1.8.0 software package
was used to obtain this parameter, where no image processing, except flattening, was applied on the maps.
Additional information for the surface morphology was analyzed with a scanning electron microscope and a
focused ion beam (SEM-FIB) JEOL JIB-4500 MultiBeam system at an accelerating voltage of 15 kV.

I1l. RESULTS AND DISCUSSION

3.1Preliminary assessment

The TiO, depositions were tested without experimental disturbances, and a slight non-homogenous
color change on the surface of samples was visually detected; the more ALD cycles there are, the darker the
color on the sample surface is. This effect could be opportunely attributed to a growing thickness of the TiO,
layer, since it is an argument congruent with ALD cycles; however, a phenomenon similar to this is
demonstrated in our previous experiments for the bare support at a similar temperature and analogous times of
heating. It is worth mentioning that this color changing for the elaborated samples is less intense than that for
the other specimens, which suggest that TiO, layers hinder this surface alteration.

3.2Film properties
3.2.1Composition

The XPS technique is highly sensitive to any material surface [20][23]; therefore, it paved the way to
elucidate compositions and chemical states of the main constituents, such as Ti and Fe, from our samples. This
tool was, in turn, decisive for verifying whether the TiO, deposition is achieved.

Fig. 1 depicts XPS spectra with respect to samples 0-C, 50-C, 150-C, and 250-C. Several peaks for O,
Ti, Fe and even Si signals are seen in the abscissa range of 0 eV to 200 eV. The intensities for Fe peaks are
gradually debased until they disappear insofar as the number of ALD cycles rises; their intensities may become
weak in order to demonstrate that the support surface is being covered, since iron is the main element in our
supports, which consequently means that a TiO, deposition is virtually fulfilled. Conversely, Ti signals follow a
completely opposite behavior to those of Fe, which ensures an increasing Ti deposition that it is initiating at 50
ALD cycles. O peaks keep the same tendency as those of Fe peaks, and it could imply that both elements are
related, that is to say, they are part of the bare support. Si signals are prone to appear due to the silicon carbide
sandpapers employed during the polishing procedure, since they are the only feasible source to introduce silicon
impurities onto the bare-support surface, although their intensities follow an ambiguous behavior that can be
attributed to random silicon contents in the supports; because of the 0-C sample spectrum with no Si peaks,
these impurities should be retained either close to the film surface or underneath it. Silicon impurities could be
embedded in either surface dents or scratches, which are studied in the upcoming section 3.2.2.

The C 1s signal indicates the existence of residual carbon in spectra, and this is checked for all of these
samples, although it is difficult to distinguish any peak among those signals because they almost overlapped.
Their intensity nevertheless maintains no apparent trends as before, but we observe an order like 50-C>0-
C>150-C=250-C that presumably involves an inevitable surface carbon contamination. Aariket al.[20] reported
that carbon contamination is frequently induced by some kind of titanium precursors (TDMAT included) when
they are deposited at 225°C or lower temperatures, and it is, therefore, something to expect under our working
conditions. Since carbon intensities are not in agreement with a rising number of ALD cycles, carbon
introduction must be strongly governed by the naturally-adsorbed atmospheric carbon contributions [19][20] to
explain the lack of a trend in this case.

Nitrogen residues originated by an incomplete dissociation for the titanium precursor molecule were
investigated on the surface of these specimens, and it seems that this process alteration was blocked in our
experiments, as they were not found at all. Comparable results were obtained by Xieet al.[18], but they
mentioned that the Ti-N bond in TDMAT was fully broken (at least to the detection limit of XPS). Other
researchers, such as Abendrothet al.[10], have obtained contradictory results with TDMAT, and they noticed a
growing nitrogen concentration as Ts increased (maximum value of 6+2at.% at Ts=320°C); whereas
Kanomataet al.[19] detected a nitrogen peak at room-temperature ALD process, thereby indicating that nitrogen
in TDMAT was not thoroughly removed by their system (plasma-excited water vapor).
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Fig. 1.XPS wide-scan spectrum for the fabricated samples 0-C, 50-C, 150-C and 250-C by the ALD
method from TDMAT and H,O at a substrate temperature of 225°C.Peaks indexation was taken from the
XPS instrument database.

Upper binding energy values reveal Ti and Fe signals with the behavior that was already described,
which is better seen in Fig. 2 and 3, respectively. The O 1s signal tendency is equal to that of Ti signals, while it
is in opposition to O 2s signal behavior; as we rationalized before, this could advise that Ti and O 1s peaks are
correlated as a single chemical compound (titanium oxide). Because of ALD cycles number variation, Ti and Fe
peaks are constantly changing their maximum intensity position in the spectra. In general, those peaks change
from a particular binding energy to higher binding energies in the same way as ALD cycles increase. As we will
discuss for titanium peaks, these observations may suggest that elements are oxidized during the ALD process
and their oxidation level could be indirectly determined by the ALD cycles. Preparation procedure for substrates
could develop partially oxidized surfaces, where oxidation processes primarily take place.

An estimated Ti 2p:0 1s ratio of approximately 1:1.9 is obtained for our samples by analyzing the
intensities for TiO, doublet peaks (Ti 2py» and Ti 2psp), along with their corresponding O 1s intensity
[18][19][20][24][25][26], which roughly represents the stoichiometric composition of TiO, formula that
progressively grows on the support surface with an increasing number of ALD cycles [14][17][19]. Certain
deviations of the Ti 2p peaks as those of Fe 2p peaks are noted during the inspection of photoelectron spectra in
Fig. 2; hence, we can corroborate a rising oxidization state for Ti 2p in addition. For a similar observation,
Kanomataet al.[19] argued that titanium in TiO; is not fully oxidized. Xieet al.[18] and Liu et al.[27] agree with
them, thus mentioning that either an asymmetric Ti 2p spectra or a chemical shift might indicate an incomplete
oxidation of titanium.

Small peaks located at binding energies of approximately 926 eV, 937 eV and 904 eV could not be
assigned to any aforementioned element, although a careful identification was performed. However, these peaks
should derive from support components rather than those of film, since they are more defined for the bare-
support spectrum and they slowly decrease insofar as ALD cycles increase. Information about these peaks is not
sufficient for their identification, but they could be also assigned to any auger transition for iron due to their
binding energy.

Ti Zp..

Intensty (arb. unis)

475 4?"0 4{:‘":-5 450 4EI-E- 450
Binding energy {e\)
Fig. 2.Ti 2p spectra graphPeaks indexation was taken from the XPS instrument database.
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Fig. 3.Fe 2p spectra graph. Peaks indexation was taken from the XPS instrument database.

3.2.2Microstructure

Fig. 4 shows the XRD patterns regarding our samples and somehow, reflections related to crystalline
TiO, are not obviously found in these diffractograms. This feature is attributed to a low content of TiO, (thin
film) on the substrate surface and the detection/resolution limit of the diffractometer used in this study
[25][26][28][29], as well as a probable poor crystallinity for the film. A faint TiO, presence is able to be
identified by an equipment with a suitable detection limit, but even so, the equipment misses the TiO, signals if
this material is not considerably crystallized in order to undergo a diffraction phenomenon and be detected in
turn. The specimen 250-C was additionally examined by glancing angle X-ray diffraction (GAXRD) (data not
shown here) in order to enhance its detection by suppressing most of the contributions from the substrate; the
penetration depth of the X-rays is confined to the near surface area at small angles of incidence [10][20]. TiO,
crystalline phases were not exposed by GAXRD, although in this sample, it should have grown the thickest and
most crystallized film among the other ones due to its elaboration conditions. We consequently outline the TiO,
XRD analyses as a matter of a thin film that cannot be detected, since it is under the detection limit.
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Fig. 4. XRD results for the samples elaborated by the ALD method from TDMAT and H,O from 50 ALD

cycles to 250 ALD cycles at a substrate temperature of 225°C. The reference positions of the commercial
iron (asterisks) and Fe, ¢3O (crosses) reflections are marked as well.

Only Bragg reflections from the iron support are visible, and the diffraction angles of 44.67°, 65.02°,
and 82.33° are ascribed to those of commercial/synthetic iron crystal planes (110), (200), and (211),
respectively. All of these samples, except for 250-C, comprise a unique crystalline phase with a preferred (110)
orientation. Peaks at 37.83°, 43.52°, 64.22°, and 75.51° that correspond to Feygs0O crystal planes (101), (102),
(110), and (113), respectively, in conjunction with those of commercial iron phase, coexist in 250-C as two
polycrystalline phases. In this case, a dominant peak located at 43.52° is more prominent than that of
commercial iron; hence, this new phase is displacing the other one, and it should be present in a significant
proportion in the sample; further, it could improve its crystallinity in comparison with the original phase.
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Crystalline phases were identified with PDF#06-0696 (syn. iron) and PDF#39-1088 (Fe¢30) from a powder
diffraction file database, where reflections with minimum relative intensities were neglected, since they were
not observed in these XRD patterns.

The spontaneous appearance of this particular iron oxide is not trivial, and the actual circumstances
involved in its formation are uncertain at this moment due to this phenomenon not being expected, but they will
be argued in the next paragraphs. However, the TiO, film must be responsible for this occurrence up to a certain
degree owing to the aforementioned experiments for the bare support at a similar temperature and analogous
times of heating, which did not show reflections for Feg450. A long exposure time (almost 5 h) at a temperature
of 225°C, i.e., a thermal treatment, along with an incomplete oxidation for supports in accordance with our
previous XPS results tentatively promoted the appearance of that iron oxide in addition to the fact of a TiO,
deposition [26]; the thermal treatment could begin to oxidize the support surface and a TiO, layer can block this
process in order to obtain this formation.

In agreement with the literature, the deposition temperature played an important role in the crystalline
phase and its content [30]; furthermore, the development of a certain crystalline structure of deposited TiO,
films depends on the precursor and a critical thickness in non-epitaxial films [20]. In most cases, the
crystallographic anatase nevertheless takes place at ca. 200°C, while rutile form starts to crystallize at 350°C or
400°C without the necessity of a post-annealing treatment, and films mostly comprise an amorphous phase
below 200°C [13][18]. Abendrothet al.[10] singularly elaborated a thin film with anatase and rutile termination
for T5 above 250°C, but this film is explained by a CVD-type deposition, where the decomposition mechanism
of TDMAT changes from dominated at the surface to surface plus gas phase decomposition at the same
temperature range.

It is therefore noteworthy that anatase phase might be fulfilled for our samples under the selected Ts,
although we cannot prove it with XRD investigations. This principle is promising for the catalytic activity since
the anatasephotocatalyst is often considered to be the most reactive crystal structure of TiO, under UV light
illumination because of its larger band gap than that of rutile [8][9][12][14][31][32]. However, the
photocatalytic effect is drastically diminished with the amorphous phase due to its lattice defects, either in the
bulk or on the surface of any film, which provide recombination centers for photogenerated electron-hole pairs,
thereby reducing the charge carriers concentration that this effect needs [9][33]. Despite the TiO, structure, the
efficiency of a photocatalytic material might be quite dependent on the type of pollutant to be removed [34].

It was difficult to search a small TiO, portion on the support through the XRD technique; therefore, the
RS method was used to explore the TiO, crystalline information. Raman scattering measurements were still
tackled on the same samples as those for the XRD study in order to verify their structural changes. Supplemental
information upon the overall amount of anatase was, moreover, expected since this method is less sensitive to
the orientation of crystallites than XRD [20], and it is more sensitive to the Raman signature of anatase and
amorphous phases than that technique [14].

Fig. 5 belongs to our Raman spectra, where three main Raman-active peaks located at 305 cm™, 521
cm?, and 648 cm™ are clearly seen for 250-C. It is easy to note that the most intense peak at 648 cm™ emerged
as ALD cycles increased, and the other ones were rarely seen up to 200-C. Minor peaks are either blurred or
imperceptible for the other samples. This phenomenon is similar to the appearance of FeyggO in the XRD studies
since it is only observed in 250-C diffractogram, and we may think that both their results are related; thus, they
can complement each other due to their referring to the same chemical compound.
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Fig. 5. Raman spectra for the samples fabricated by the ALD method from TDMAT and H,O from 50
ALD cycles to 250 ALD cycles at a substrate temperature of 225°C. Wustite [35] and anatase [27][36]
band peaks are labeled as black asterisks and red asterisks, respectively, on the spectra.
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Hazanet al.[35] mentioned that the expected corrosion products for pure iron are wustite (FeO),
magnetite (Fe;O4) and hematite (Fe,O3) in an oxygen-rich atmosphere; therefore, one or more of them could
have been developed on the surface of our specimens because of their experimental nature. These oxide layers
appear in an equal sequence to be the outer layer of an iron surface, although hematite requires temperatures
above ~570°C for its presence. Fey 30 formula seems to coincide with that of wustite (a range of stoichiometry
for Fe; 4O, where 0.05<x<0.16), and their appearance is also coherent; however, wustite oxide is not
thermodynamically stable at temperatures below ~570°C, and the adjacent layer to the un-oxidized surface
should be magnetite. It is worth mentioning that the development of a certain iron oxide on any material and its
retention can be attributed to the influence of compositional (alloying) elements, which distinctly react with
oxygen; these elements could have no influence on the characteristic Raman spectrum of oxide layers.

In spite of both wustite and magnetite oxides exhibiting the same Raman peaks (the most pronounced
peak is at 662 cm™, and additional medium intense peaks are at 305 cm™ and 529 cm™), a difference remained in
the spectra baseline below a wave-number of ~600 cm™, i.e., the spectrum baseline for wustite is more elevated
than that for magnetite in this wave-number range, and it can be attributed to the FeO decomposition under
illumination [35].

The aforementioned principles offer a theoretic explanation for our Raman spectra: a chemical
compound (Feg9s0) similar to wustite has grown on the substrate surface, and it could be retained under the
TiO, film, despite being thermodynamically unstable. In addition to the correspondence between bands for
wustite spectrum cited above and bands for our spectrum, we can ensure that a compound like this has grown on
the surface due to the similarity of their respective spectra baseline. There are nevertheless blue shifts for the
peaks at 521 cm™ and 648 cm™ in comparison with those of citation that can be assigned to fine differences in
chemical composition for these compounds. Microstructural changes for our substrate are further detailed by RS
owing to the resolution limit of the Raman equipment, and it is exposed by allowing for the checking of the
Feq9s0 formation from 50-C to 250-C (it is only detected by XRD in 250-C). We can overemphasize that the
change in the spectra with the ALD cycles alteration is progressive, and it is not as abrupt as that in
diffractograms. By comparing 0-C spectrum with other spectra, no obvious peaks are ascribed to the pristine
iron surface.

A wustite-like compound could remain unchanged, that is to say, with no transformation into
magnetite, on the substrate surface as a consequence of TiO, layer deposition since this could act to hinder in
some way the transformation, and it provides some type of stability for FeqggO; this hypothesis is partially
confirmed by the fact of the wustite existence below other iron oxide layers [35] and our analogous experiments
for the bare support, which have revealed significant differences between coated surfaces and non-coated
surfaces. Because of the rising trend for the iron oxide bands, iron oxide layer, in general, should be either
growing or crystallizing in the same way as ALD cycles increases, in addition to its corresponding TiO, layer.
In this respect, we may say that the TiO, film (small portion) influence is not sufficient to block the FeqgsO
formation or the oxidation process for the iron surface, but it is sufficient to stabilize this iron oxide in these
samples. Both oxidation and deposition processes should therefore be simultaneously performed in the ALD
reactor chamber.

The position for the most intense peak varies gradually with a blue shift insofar as ALD cycles rise
from 150-C to 250-C, the spectra where the peak is obviously defined. This phenomenon for our Raman bands
can occur due to structural changes (disorders) on the support surface that were carried out during the ALD
reaction and resulted in the activation of zone-edge and/or Raman-forbidden modes [27]. The band tendency
might be related to a growing crystallization for the support surface, and it could be also marked by more
defined or more intense peaks and the appearance of other small peaks or shoulders with that change of ALD
cycles.

A shoulder at 145 cm™ and a small peak at 403 cm™, however, are attributed to the anatase phase, and
they are only observed in the 250-C spectrum. This occurrence indicates that a TiO, thin film, i.e., a small TiO,
portion on the support, is just detected by RS for the sample that possesses the greatest proportion of TiO, film
among the other ones due to its fabrication conditions, which is referring to the resolution limit of the Raman
equipment again. We should expect a behavior for these anatase bands in spectra as that for Feg 5O bands, since
TiO, is being deposited with each ALD cycle, as the XPS results indicated, and the anatase phase should
consequently be fulfilled gradually because of a temperature effect. In this way, rising peaks indicate that
anatase concentration is, in general, increasing as the ALD cycles increase.

The main Raman band for anatase is approximately 143 cm™, and it corresponds to the E, vibration
mode of anatase [14][20][27][36]. In contrast, an additional smaller peak for anatase at approximately 401 cm™
corresponds to the B4 vibration mode of anatase [12][27][36]. The peaks we note in the 250-C spectrum can
easily coincide with these bands, and the relative intensities for our peaks are similar to those for these bands as
well; therefore, anatase existence is confirmed by RS on this basis, but red shifts are shown for our peaks. Red
shifts could be assigned to, as we explained before, structural changes that the TiO, film undergoes during its
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crystallization. By considering the existence of the main band, we can suggest that there is a substantial amount
of anatase in 150-C, 200-C, and 250-C, and this is increasing as ALD cycles number rises; this involves an
increasing trend for crystallization with an equal variation of ALD cycles as well [20][36].

Peaks in our spectra could not be ascribed to rutile phase, and it was expected because of the
elaboration conditions of our specimens. Moreover, we cannot discard the growth of amorphous TiO, in these
spectra since there is a broadband background in the Raman spectra [14], mainly for specimens elaborated in
shorter periods (<200 cycles). As we mentioned above, the amorphous phase could be obtained at low numbers
of ALD cycles and the film slowly transformed into anatase phase when the number of ALD cycles increase,
although fine determinations could not be achieved by Raman equipment because of its resolution limit. This
behavior can be an indicator of a critical thickness necessary to develop a crystalline structure [13][20][36].

The evolution of microstructure of either film or substrate can furthermore influence the surface
morphology of samples which, in turn, can be analyzed by AFM. Fig. 6 depicts the representative AFM images
for certain of our samples. Surfaces with high roughness are noticeably seen in these images, and their
corresponding RMS roughness values are additionally listed in Table 1.
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Fig. 6. AFM images for the surface topography of the selected samples 0-C (a) and 250-C (b) elaborated
by the ALD method from TDMAT and H,O at a substrate temperature of 225°C. Scanning areas
represent square maps of 7.5 um x 7.5 um. Images rotation is x=-60, y=-25, and z=5 from their original
top view.

Table 1 Calculated RMS surface roughness for the elaborated samples by the ALD method from TDMAT
and H,O at a substrate temperature of 225°C. An RMS roughness value is given by the general average of
several AFM images of the same sample, and the difference between their results did not exceed the
experimental uncertainty.

Sample name RMS surface
roughness(hnm)

0-C 54.47

50-C 89.00

100-C 96.10

150-C 103.82

200-C 281.23

250-C 495.00

AFM images exhibit discontinuous flat areas surrounded by local dents of approximately 150 nm and
various micro-blisters or bumps with an elevation fluctuating up to 350 nm. These characteristics were retained
disregarding the number of ALD cycles. Oriented linear scratches were evident in these AFM maps, and they
were related to the sandpapers that were used during manual polishing according to Marin’s et al.[15] reports.
This type of surface was expected due to manual polishing with the sandpapers we used since 180 grit and 1000
grit only lessen the substrate surface roughness up to a certain degree. A considerably longer time should be
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invested in terms of preparation for our substrates in order to accomplish a low-roughness surface, although
inherent costs and benefits should be also assessed.

One can note that the RMS roughness grew as the ALD cycles increased, i.e., the thicker is the film is,
the higher the TiO, film roughness is; therefore, similar to other researchers [13][14][29], we can speculate that
the film roughness will be directly dictated by the number of ALD cycles. However, there are huge alterations in
the quantification of RMS roughness values from 150-C to 250-C, which eventually reach almost a fivefold
RMS roughness value in comparison with that of 150-C. These alterations were therefore attributed to a
temperature effect (thermal treatment-like ALD process) and the microstructural changes for film and support
that we previously discussed. In our case, these phenomena seem to boost a detrimental formation for the
surface roughness due to their excessively modifying the specimen surface, and this could hamper a uniform
deposition of a TiO, film. In spite of the high-roughness surfaces we obtained, the preparation procedure for the
support should not be deemed detrimental for the specimen surface since that type of surface provides more area
for TiO, film loading, which is crucial for assembling the photocatalytic reactions [26].

Heikkildet al.[29] reported that the RMS roughness of TiO; films is mostly defined by its underlying
support roughness, and coatings should conform to it; hence, our RMS roughness values could be induced by
the iron support. 0-C has a high RMS roughness value, that is to say, a significant rough surface, which could
induce higher values because of its microstructural changes. The importance of substrate preparation upon
surface roughness for samples is corroborated by comparisons, and we have not attained results that resemble
those of Abendrothet al.[10] or Bratvoldet al.[16], who worked with similar ALD cycles and at the same
substrate temperature, respectively. This finding was nevertheless expected due to their having utilized a smooth
silicon substrate, which was entirely unlike our featureless substrate.

Surface morphology was furthermore examined by SEM, and Fig. 7 (a), (b) and(c) shows typical top-
view SEM images for 0-C and 250-C, respectively, in cases of different magnifications. We can underline that
there is no prominent change regarding their surface textures with the ALD cycles variations, thus confirming
AFM observations and precluding a contradictory tendency for samples that have been described in the
Buchalskaet al.[13] research. It must be remarked that there are no obvious morphological differences between
images for 0-C and images for 250-C, although XRD and RS analyses have suggested substantial
microstructural changes for the latter sample. It is also unclear whether the TiO, deposition is fulfilled in these
images due to equipment not being able to expose as thin a film as that of the TiO, layer.

SN R 5
AN\ 5 N
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15KV 515,000~ Tum 3 17.30 SEM_SEI
Fig. 7. SEM micrographs for the surface morphology of the elaborated samples 0-C (a) and 250-C (b) (c)
by the ALD method from TDMAT and H,O at a substrate temperature of 225°C. Images were recorded
at a magnification of x5000 (a, b) or x15000 (c) at an accelerating voltage of 15 kV.
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Visibly eroded surfaces are exposed from the initial micrograph/photo to the last one. Either narrow or
broad arrangements of scratches that run aligned with multiple directions in the micrograph space are seen
owing to the sandpapers in accordance with the aforementioned AFM results. Surface architecture is apparently
deteriorated or collapsed by the manual polishing; however, we emphasize that this type of surface is beneficial
for the loading of a TiO, film.

All of these images always exhibit terminated surfaces with isolated coarse spots with irregular shapes,
and those spots are randomly distributed. This type of grain-like island appears with multiple sizes. It is assumed
that these spots were developed by the preparation procedure, since this method could form irregular iron grains
(particles), as well as scratches when sandpapers are polishing the surfaces.

IV. CONCLUSIONS

We have achieved depositions of crystalline TiO2 thin films on a commercial-grade iron support by the
ALD process from TDMAT and de-ionized H20O as titanium and oxygen precursors, respectively. Depositions
gradually took place with each ALD cycle circumventing the special support nature, and its preparation and the
anatase phase was fulfilled in the same way due to a temperature effect, although a critical thickness could be
necessary for it; these results open a new avenue for future studies in multiple research fields, e.g.,
photocatalysis.

XPS analyses conclusively exhibited that the support was being covered by titanium as ALD cycles
increased and the stoichiometric composition of TiO2 formula was roughly demonstrated for our samples.
Silicon impurities appeared due to the sandpapers, and they should be retained either close to the film surface or
underneath it. However, the surface carbon contamination is checked regardless of ALD cycles, which is
strongly governed by the naturally adsorbed atmospheric carbon contributions. No nitrogen residues were
detected. XRD patterns show the development of an iron oxide because of the thermal treatment-like ALD
process that oxidizes the support surface. However, no reflections ascribed to TiO2 crystalline phases were
found due to the detection limit for the XRD equipment. Raman spectra exposed a more detailed formation of
Fe0.980 that corresponds to a wustite-like compound, and this can be stabilized by the TiO2 layer deposition.
RS studies conclude the TiO2 film crystallization, but we cannot discard the growth of amorphous TiO2. All of
the AFM or SEM images exhibit rough surfaces with linear scratches owing to the sandpapers. This type of
surface was expected since the substrate surface roughness is only lowered up to a certain degree by the manual
polishing. A considerably longer time should be invested in terms of preparation for our substrates in order to
accomplish a low-roughness surface, although inherent costs and benefits should also be assessed. The RMS
roughness was induced by the substrate surface, which is affected by the thermal treatment-like effect, thus
giving rise to huge increments in those values.

The results described in this study provide deep insight into the fabrication of thin TiO2 films on an
iron support, and they might be considered to be a paradigm shift in the use of new substrates with simple
preparation for ALD processes; they can serve as a beacon for uncertain technologies. It is worth mentioning
that detailed studies concerning the catalytic properties of these samples are currently under investigation in our
laboratory, where the aim is to determine their viability to act as functional photocatalysts, and this research will
be published elsewhere.
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