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Abstract

Due to its chemical stability, titania (TiO2) thin films increasingly have significant
impact when applied as passivation layers. However, optimization of growth condi-
tions, key to achieving essential film quality and effectiveness, is challenging in the
few-nanometer thickness regime. Furthermore, the atomic-scale structure of the nom-
inally amorphous titania coating layers, particularly when applied to nanostructured
supports, is difficult to probe. In this letter the quality of titania layers grown on ZnO
nanowires is optimized using specific strategies for processing of the nanowire cores
prior to titania coating. The best approach, low pressure Oy plasma treatment, results
in significantly more uniform titania films and a conformal coating. Characterization
using X-ray absorption near edge structure (XANES) reveals the titania layer to be
highly amorphous, with features in the Ti spectra significantly different from those
observed for bulk TiO2 polymorphs. Analysis based on first-principles calculations sug-
gests that the titania shell contains a substantial fraction of undercoordinated Ti*"
ions. The best match to the experimental XANES spectrum is achieved with a “glassy”
TiOs model that contains ~ 50% of undercoordinated Ti*" ions, in contrast to bulk
crystalline TiO that only contains 6-coordinated Ti*" ions in octahedral sites.

KEYWORD: amorphous titania; zinc oxide; photocatalysis; XANES; density func-

tional theory



Thin films of metal oxides have been extensively studied for a wide array of applications
including those in microelectronics, high T, superconductivity, devices for energy conver-
sion and storage, and catalysis.? For instance, development of high-~ dielectrics has been
essential to progress in CMOS technology and surface passivation layers play a key role
in photovoltaic devices.®? To illustrate, ultrathin layers of Al,O3 and TiO, (titania) have
been deposited over crystalline Si films in solar cells to remove charge traps and to surpress
parasitic carrier recombination.* In dye-sensitized solar cells (DSSC) and perovskite solar
cells, the wide band gap of such oxides has led to the routine use of ultrathin oxide films as
blocking layers (BLs) to prevent the backflow of photoelectrons.”8

The chemical inertness of certain metal oxides make them particularly useful for pro-
tecting critical materials layers in devices against adverse surrounding environments. For
example, photocorrosion has been a significant limitation in the development of efficient
materials and devices for photoelectrocatalysis.?!? Target materials that efficiently absorb
solar radiation are often unstable when used as a photoelectrode in contact with the elec-
trolyte under conditions required for key reactions such as water splitting.'%!* Recently, the
strategy of incorporating titania coatings has proved fruitful. Key design criteria for photo-
catalytic systems were decoupled, performance was improved, and the use of narrow band
gap semiconductors such as Si and GaAs was enabled. ' !¢ For example, we have reported
that an ultrathin titania shell (TiOs, ~ 2 nm) deposited on zinc oxide nanowire (ZnO NW)
arrays protected the nanowires against photocorrosion and significantly enhanced the overall
photocatalytic activity (Figure 1).'? This core/shell photocatalyst took advantage of the
high carrier mobilities, the high crystallinity of the ZnO core, and the chemical robustness of
the ultrathin titania shell. The net effect was to protect the ZnO core from photocorrosion
and to increase photocatalytic activity. Through operando time-resolved photoluminescence
spectroscopy studies, it was determined that the titania reduced the overall surface recom-
bination rate by ~ 40%.%%

To date, atomic layer deposition (ALD) has been the most common technique used for



fabricating such layers due to a low processing temperature and excellent reproducibility. "
Due to the self-limiting chemisorption of monolayers or submonolayers of alternating precur-
sors, ALD can produce thin films that are uniform and conformal over target substrates.'®
However, in the limit of ultrathin films, the details of the film nucleation process during the
first few reaction cycles can dominate the film morphology with the consequence that island
growth can be observed to varying degrees.'® If not carefully addressed, this problem can
limit the degree of conformity achieved for films of few nanometers thickness. Also, even
under optimal growth conditions, ALD grown conformal films are typically amorphorous due
to the low temperatures used. This significantly complicates understanding the atomic-scale
motifs. In particular, there is a missing link to the electronic structure of the amorphous
titania layers with implications for such important characteristics as the carrier transport
mechanisms. Resolving atomic scale structure in disordered materials is always challenging.

Constructive characterization is further complicated for coatings on nanostructured target
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Figure 1: (a) Scanning electron microscopy (SEM) image of as grown ZnO nanowires (ZnO-
ag). (Inset) High resolution transmission electron microscopy (TEM) image of an as grown
ZnO nanowire. (b) Polarization curves of ZnO and ZnO/TiO, nanowire photoanodes un-
der simulated AM1.5 illumination, in an aqueous electrolyte of 0.1 M KOH. The higher
photocurrent for ZnO/TiO clearly demonstrates its improved photocatalytic activity.



material, such as nanoparticles or nanowires.

Here we report the optimization of ALD grown, ultrathin (2 - 3 nm) titania films to
achieve conformal layers on nanowires. Systematic changes to the surface processing tech-
niques applied to the ZnO nanowire cores are investigated. We observe that island growth
dominates the TiO, film morphology for growth over untreated ZnO nanowires. However,
plasma sputtering applied to the ZnO core results in subsequent growth of TiO, films that
are significantly more uniform and conformal. We then turn to the atomic-scale structure
of the titania shell and show that it is distinctively different from the bulk forms of tita-
nia. In particular, X-ray absorption near edge structure (XANES) studies, combined with
analysis based on first-principles calculations, show that there is a high fraction (~ 50%) of
under-coordinated Ti sites in the titania shells. This contrasts with the octahedral coordina-
tion shell around Ti centers found in all three crystalline polymorphs of titania, i.e., rutile,
anatase, and brookite.

The ZnO NW arrays studied in this work are synthesized using a low temperature, seed-
mediated hydrothermal method that is slightly modified from the one developed by Greene
et al.?%?! On average the nanowires have a diameter of 40 — 50 nm and a length of 500 nm.
They are wurtzite single crystals (space group P63mc) growing along the c-axis ([002]), with
clearly resolved atomic lattice planes and well-defined facets in the high resolution TEM
image (Figure la, inset). A thin shell of titania (TiO,) is deposited on the nanowires by
atomic layer deposition (ALD) at 250 °C, using titanium isopropoxide (TTIP) vapor and
water vapor as precursors. Typically, 100 ALD cycles are performed to achieve a nominal
thickness of 2 nm. The conformal coating of the nanowires by titania is confirmed by
transmission electron microscopy (TEM). The titania shell appears amorphous and is easily
distinguishable from the crystalline ZnO core, suggesting that the core/shell interdiffusion
is negligible (Figure 2, lower panel).

The titania coating deposited on as-grown ZnO nanowires (ZnO-agT) appears rather

uneven. Overall, it is thin (1 — 2 nm) and amorphous, but also exhibits islands that are
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Figure 2: (Upper panel) Post-growth treaments, including annealing in Oz at 500 °C (A) and
sputtering in low pressure Oy (P), are applied to as grown ZnO NWs prior to titania ALD
coating (T). Samples were prepared by different sequences of processing followed by growth
and denoted accordingly. (Lower panel) TEM images for each corresponding ZnO/TiO,
heterostructure that resulted, with the TiO, shells false colored in cyan. False color is based
on the Z-contrast between ZnO and TiOs. Scale bars = 5 nm.

thicker and contain crystalline domains of 3 — 4 nm in diameter (Figure 2, bottom left
and Figure S1(b, c¢)). The coating uniformity can be significantly improved if post-growth
treatments are applied to the ZnO core prior to titania deposition. As summarized in Figure
2, the treatments include various combinations of thermal annealing in Oy at 500 °C (A)
and sputtering by low pressure (< 25 mTorr) Oy plasma (P), and the samples are denoted
accordingly. For example, sample ZnO-APT stands for ZnO nanowires sequentially treated
by thermal annealing (A) and plasma sputtering (P), and finally coated with titania (T).
Comparing across the four samples shown in Figure 2, the titania shells over the Oy plasma
treated NWs (ZnO-PT and ZnO-APT) are thicker and more uniform than the ones without
plasma treatment (ZnO-agT and ZnO-AT). On average, the titania shell thickness is ~ 3
nm for ZnO-PT and ZnO-APT, but only 1 — 2 nm for ZnO-agT and ZnO-AT.
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Figure 3: Ti 2p (a) and Zn 2p (b) X-ray photoelectron spectra of selected ZnO and ZnO/TiO,
nanowire samples processed and grown as shown in Fig. 2. For each spectrum the experimen-
tal data is fitted to two Gaussian peaks that correspond to 2p; /o and 2p3/, states respectively.
(c) Surface atomic fractions for Ti and Zn in each sample, normalized to the sum of Zn 2p3 s,
Ti 2p3/2, and O 1s (not shown) peak areas (Wagner sensitivity factors applied).

The differences in the titania shell characteristics are confirmed at the ensemble level by
X-ray photoelectron spectroscopy (XPS) (Figure 3). All four samples show distinctive Ti
2p3/2 and Ti 2py /o peaks (Figure 3a), with the peak positions corresponding to titanium in the
4+ valence state.?? On the other hand, the Zn 2p; /2 and Zn 2p, ;o peaks corresponding to Zn
2+ are observed across all four samples (Figure 3b). The XPS line widths (FWHM) vary little
across the four samples, which are 1.7 eV (2ps/5) and 2.3 eV (2p;/2) for Ti, and 2.1 eV (2p3)2)
and 2.2 eV (2py/2) for Zn. The Zn signal for samples sputtered by O, plasma (ZnO-PT and
ZnO-APT) are significantly weaker than the rest (ZnO-agT and ZnO-AT'), which corresponds
to a decrease of surface zinc atomic fraction by over one order of magnitude (Figure 3c).
Given that the probe depth of XPS is only few nanometers, this result indicates that samples
ZnO-PT and ZnO-APT do have thicker and more conformal titania coatings, so that fewer
zinc atoms are exposed. Previously, it was reported that the solar water splitting activity
of ZnO-APT is significantly improved over ZnO-agT, although it was entirely attributed to
the improvement to the ZnO core in the earlier work.'? Given the new finding based on
high resolution TEM and XPS, we may infer that the improvement is partially due to the
higher quality, more uniform titania coating over the plasma sputtered ZnO NWs, which

offers a chemically stable surface and reaction sites that would not be consumed during



photocatalysis.

It is intriguing that the quality and thickness of titania coatings may vary so much
depending on the post-growth treaments received by the ZnO core, despite the otherwise
identical conductions under which all the titania coatings are deposited. In the case of as
grown ZnO nanowires (ZnO-ag), one may speculate that the surface is contaminated by the
organic reactants or products from the hydrothermal growth, which could hinder the ALD
nucleation and growth, leading to island formation and overall slow growth. However, the
titania coating quality is not improved for sample ZnO-AT, which has the ZnO core annealed
in O, at 500 °C, a condition that should have removed all organic contaminants. On the
other hand, it is the plasma sputtering that significantly improves the wetting of the ZnO
surface by titania during ALD growth. To understand this, we note that ZnO nanowires
grown by the hydrothermal technique are terminated by the nonpolar [1010] facets that has
a very low surface energy. As such, the ALD precursors, namely titanium(IV) isopropoxide
and water, may not be chemisorbed strongly over the pristine ZnO [1010] facets, thus leading
to delayed nucleation and growth. In our previous work, through XANES studies at the Zn
K-edge, we have discovered that the low pressure Oy plasma is more of a sputtering process
that introduces a high level of oxygen vacancies and an enhanced surface dipole on the ZnO

3 in contrast to the oxidizing effect borne by O, plasma at higher pressures

nanowire surfaces, 2
(> 25 mTorr).?* We suggest that the increased polar character of the surface increases the
coverage of the precursor adsorbates and decreases the nucleation barrier for titania ALD
growth. As such, nucleation can happen more uniformly with shorter delay, thus improving
the coating thickness and quality for samples ZnO-PT and ZnO-APT.

Comparing the X-ray diffraction (XRD) pattern before and after titania growth shows
that the titania shell contributes to no identifiable peaks (Supporting Information Figure S1).
This suggests that the titania shell is highly amorphous. XANES spectra at the Ti Ly 3-edge
(Figure 4a) further confirm this conclusion. The spectrum of the titania shell (ZnO-APT) is

clearly different from those of crystalline bulk TiO, in either of the anatase or rutile crystal



structure. In particular, focusing on the L3 edge near ~ 461 eV, the spectrum for the titania
shell shows a single, broad peak while spectra from the crystalline polym rphs show a clear
doublet. This difference has been previously observed in Ti L-edge for amorphous titania
prepared by other means.?® Simulations of spectra for cluster models based on crystalline
fragments reveal that the splitting observed in spectra from crystalline samples only appears
when the cluster has more than 30 atoms,?® which corresponds to a diameter over 1 nm.
In otherwords, the splitting is a clear signature for at least intermediate range order in the
sample. This analysis suggests that the titania shell is predominantly rather amorphous with
internal crystalline domains having a size of 1 nm or smaller. This is consistent with our
TEM measurements where some larger nanocrystalline regions are seen, but these represent
a small fraction of the film.

At the Ti-K edge, the XANES spectra from the titania shells are also clearly distinguish-
able from those of rutile and anatase (Figure 4b), both in the white line region (4980 to 5010
eV) and the pre-edge region (near 4970 eV). The XANES spectra from the titania shells in the
four differently prepared samples are very similar (Figure 4c), although there are some small
variations to discuss. First, the intensity ratio between the white line doublet (D; ~ 4987
eV and D, ~ 5000 eV) varies slightly between the four samples, following the order of ZnO-
PT (1.06) > ZnO-APT (1.05) > ZnO-agT ~ ZnO-AT (1.04). According to Harada et al.,
feature D; corresponds to a ground state and a final state that are both in a charge transfer
configuration (CT, 1s?3d*L — 1s'3d'4p'L), i.e., one electron in Ti 3d orbital and one hole in
ligand (L), while feature Dy does not involve CT (1s%3d° — 15'3d%4p').?" Tt is the core hole
interaction that substantially lowers the energy for the CT final state (1s'3d'4p'L). Given
that more prominent CT corresponds to higher electron density and lower average oxidation
state at the center atom (Ti), the observed trend suggests that the oxidation state of the
titania shell is lowered for plasma sputtered ZnO cores. Since plasma sputtering introduces
more surface oxygen vacancies to the ZnO surface and leaves the surface electron-rich,??

the ZnO interfacial region will have excess electrons to donate to the titania shell in the
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Figure 4: (a) The Ti Lys-edge and (b) K-edge X-ray absorption near edge structure
(XANES) spectrum of ZnO-APT is compared to those of anatase and rutile. (c¢) Ti K-
edge XANES spectra of ZnO-agT, ZnO-AT, ZnO-PT and ZnO-APT. Inset, a zoom-in of the
pre-edge region. (d) The Ti K-edge XANES spectrum of ZnO-APT is compared to those of
anatase and rutile in the pre-edge region. Offsets are applied along the y-axis if noted.

ZnO-PT as compared to ZnO-agT samples, and similarly in the ZnO-APT as compared to

the ZnO-AT samples, through interfacial electron spill-over. Second, in the pre-edge region
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(Figure 4c, inset), a closer examination reveals small variations in the spectra. These may
indicate less of an influence of interfacial effects in the samples with thicker, more conformal
titania shells and better developed spectral signatures of the amorphous titania as such.
Between the titania shell and crystalline TiO,, the difference in Ti-K edge spectra is
particularly pronounced in the pre-edge region (4963 — 4977 ¢V, Figure 4d). Specifically, the
ZnO-APT spectrum is dominated by a single, asymmetric feature that has stronger intensity
than the maxima in either rutile or anatase. Also, there is a ~ 1 eV redshift of peak position
relative to that of the strongest pre-edge peak in either rutile or anatase. Similar pre-edge
feature was previously observed in TiO,-SiO; glasses?® and heat treated Xerogels.?® The
transitions in this energy region are formally dipole-forbidden due to inversion symmetry
in the case of octahedral Ti centers. In practice, quadrapole transitions and coupling with

30,31

near-neighbor Ti sites play a role, as do static structural distortions of Ti octahedra and

32 resulting in the sequence of relatively weak absorption peaks in this

thermal vibrations,
region for the anatase and rutile crystalline samples. On the other hand, studies of other
titanium oxides have shown more intense and red-shifted pre-edge peaks for crystal structures
with tetrahedral and five-coordinated Ti centers that lack inversion symmetry. The result
is a trend correlating red-shift and intensity increase with the decrease of the coordination
number of the absorbing atom.3? This broadly suggests that the observed XANES spectra
from the titania shells in the present samples contain a high level of undercoordinated Ti
atoms and Ti octahedra with a large degree of structural distortion. However, the lack of
measured Ti-K edge spectra from confirmed sources of undercoordinated Ti atoms in titania
limits further analysis on the basis of experimental spectra.

To quantify the analysis of the spectra and the deductions concerning local structure
motifs, two approaches based on first-principles theory are developed. In the first approach,
a simulated annealing procedure is used,3* together with Density Functional Theory based

molecular dynamics implemented in the VASP suite,3%3¢ to develop a model structure for

amorphous TiO,. The resulting structure consists of 108 atoms in total and represents a
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Figure 5: (a) The experimental Ti K-edge spectrum of the sample ZnO-APT (black), com-
pared to a computed spectrum for an amorphous TiOy model (inset) that contains 50% Tis..,
47% Tige, and 3% Tiz.. (b) Same experimental spectrum compared to non-negative least
squares fitting to a representative dataset of computed spectra for a set of crystalline TiO,
polymorphs. One fit includes spectra for 4-, 5- and 6-coordinated Ti atoms (solid red), and
the other fit is restricted to using Tig. spectra only (dotted red). The best fit corresponds
to 10% Tia., 32% Tis,. and 58% Tig. atoms.

constructive model of the amorphous structure that contains 50% Tis., 47% Tig. and 3%
Tir., where the subscript refers to local coordination number (inset to Figure 5a). In a
second approach, we generalize the widely used procedure of fitting an unknown spectrum
to reference spectra. Naturally, this approach is properly applicable to a polyphase sample
with micro or nanocrystalline content. However, to the extent that the Ti K-edge XANES
spectra are largely determined by the local structure, this approach may still give insight
even in the limit of an amorphous sample. In both approaches, we simulate the XANES spec-
tra. To assure the robustness of the analysis, the Ti K-edge XANES spectra are computed
with different methods, including the core-hole pseudopotential method implemented in the
XSpectra module of QUANTUM ESPRESSO,37 4% and the Bethe-Salpeter equation-based

method implemented in exciting*'*? and OCEAN.*3% Results are systematically com-
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pared. Details on methods and validation are described in the Supporting Information. > 4°

The computational spectrum of the amorphous model based on XSpectra, including
contributions from all the Ti sites, is shown in Figure 5a in comparison to the experimental
spectrum. The overall agreement for the features of the spectrum between the model and
the experiment is excellent. In the pre-edge region, the computed peaks are slightly closer to
the main edge, as compared to experiment. This is also observed when this computational
method is tested against rutile and anatase (Supporting Information, Figures S2 and S3).
An even better agreement in the pre-edge region is found between the OCEAN spectrum
and the experimental spectrum as shown in the Supporting Information (Figure S4). These
results suggest that an amorphous structural model with no nanocrystalline regions can
account for the primary features observed in the spectra for the titania shells formed on the
ZnO nanowires.

To fit the unknown spectrum with reference spectra in the second approach, a large
number of titania polymorphs listed in the Materials Project database® are used to build
a database of titania structures with energy optimized internal structure at the density
functional therory level, for which Ti K-edge XANES spectra are calculated. The resulting
sample of 334 symmetry distinct local Ti structure motifs show a distribution of coordinations
spanning Tiy., Ti5., and Tig. centers. Using a clustering approach, a representative set of
11 reference spectra are developed using XSpectra spanning 4-; 5-, and 6-fold coordinated
Ti centers, as detailed in the Supporting Information (Figure S5).5! Linear regression is
used to match the experimental spectrum as a (non-negative) linear combination of the
computational XANES basis set.®? The best fit obtained from the whole basis set is compared
to the one from the basis set that only contains Tig. elements in Figure 5b. The results are
consistent with the broad expectations described above and semiquantitatively with the
results found based on the synthetic amorphous model structure. Inclusion of Tiy. and Tis,
spectra significantly improves the agreement in the pre-edge region, which is particularly

sensitive to the first coordination shell. The best fit consists 10% Tis., 32% Tis. and 58%
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Tige.

Both computational approaches capture the changes in the pre-edge region and in the
white line region of the spectrum, while the full spectrum range has been considered during
the comparison between theory and experiment. Both approaches demonstrate that the
sample contains a significant proportion of undercoordinated Ti atoms. The glassy nature
of the TiO shell found here is comparable to that observed in molten TiO,%® and in a

455 Both types of sample were found

bulk phase TiO, glass prepared at low temperature.
to contain undercoordinated Ti atoms, at various fractions depending on the processing
parameters. In our case, although the precise breakdown of the distribution of local Ti atom
coordination deduced does vary somewhat with the approach, we have carefully explored the
factors involved, giving confidence in the main result, namely that roughly a half of the Ti
atoms in the titania shell are undercoordinated. Compared to bulk phase TiO, glass, the
atomic motif of ultrathin TiO, shell is more affected by surface and interfacial energy. For
example, although it was reported that a relatively well defined anatase phase emerges from
a bulk phase TiO glass when heated above 200°C,5* there is no evidence for the formation
of the anatase phase in our TiO, shell, despite a growth temperature of 250°C. Interestingly,
our second computational approach to analyze the Ti K-edge data identifies about 10% four-
coordinated Ti centers as contributing. Considering that the interface to ZnO represents a
transition from four-coordinated to six-coordinated metal oxides, the structure in this region
could have characteristics similar to those found in Zn-Ti-O ternary oxides where lower
coordinated Ti has been observed.®® This may also hint at a templating effect near the
interface that stabilizes lower coordination numbers in the titania shell.

In summary, we report that the quality of ALD titania coatings over ZnO nanowires
is strongly correlated to the post-processing procedures performed on the NWs, including
thermal annealing and plasma sputtering. We find that plasma sputtering in O, wets the
ZnO nanowires and significantly improves the uniformity and growth rate of the titania

shell. Ti K-edge XANES studies at high spectral resolution indicate that the titania shell
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over ZnO has a significantly different structure from those of crystalline TiO,. Ti L-edge
XANES studies suggest that the titania shell is highly amorphous with crystalline domains
limited to a size of 1 nm or smaller. Based on two different first-principle computational
approaches to analyze the Ti K-edge data, we demonstrate that the experimental spectrum
can be satisfactorily fitted only by introducing a large fraction (~ 50%) of undercoordinated
Ti atoms. Trends in the intensity ratio between the white line doublet in the Ti K-edge
spectra measured for different post-processing procedures point to a lower oxidation state in
the titania shell due to the plasma sputtering of the ZnO cores. In turn, this may play a role

in the observation of improved photocatalytic performance with this processing approach.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website.
X-ray diffraction pattern of ZnO/TiO, nanowire arrays, computational methods, and

details for simulated Ti K-edge X-ray absorption near edge structure (XANES) spectra.
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