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ion of vanadium oxide thin films
prepared by atomic layer deposition using X-ray
absorption spectroscopy

Yejin Kim,a Gwang Yeom Song,b Raju Nandi,b Jae Yu Cho,b Jaeyeong Heo *b

and Deok-Yong Cho *a

The chemical and local structures of vanadium oxide (VOx) thin films prepared by atomic layer deposition

(ALD) were investigated by soft X-ray absorption spectroscopy. It is shown that the as-deposited film was

a mixture of VO2 and V2O5 in disordered form, while the chemistry changed significantly after heat

treatment, subject to the different gas environment. Forming gas (95% N2 + 5% H2) annealing resulted in

a VO2 composition, consisting mostly of the VO2 (B) phase with small amount of the VO2 (M) phase,

whereas O2 annealing resulted in the V2O5 phase. An X-ray circular magnetic dichroism study further

revealed the absence of ferromagnetic ordering, confirming the absence of oxygen vacancies despite

the reduction of V ions in VO2 (V4+) with respect to the precursor used in the ALD (V5+). This implies that

the prevalence of VO2 in the ALD films cannot be attributed to a simple oxygen-deficiency-related

reduction scheme but should be explained by the metastability of the local VO2 structures.
Introduction

Transition metal oxides (TMOs) are being extensively studied
for various applications in catalysis, electronics, and sensors.1–3

Among these functional oxides, earth abundant vanadium
oxides (VOx) have garnered increasing attention due to their
multiple oxidation states and various local structures, including
octahedral, tetrahedral, triclinic, pentagonal bipyramids, and
square pyramids.4–6 VOx exhibit remarkable interactions with
ions and molecules, superior catalytic activity, suitable
intercalation/deintercalation, and strong electron–electron
correlations owing to their partially occupied d orbitals, which
empower their utilization in a wide range of technological
applications.5,7–9

Although research has mainly focused on VO2 and V2O5 for
numerous applications, including lithium ion batteries, gas
sensors, ber optic devices, actuators, data storage devices,
switches, smart radiators, and thermochromic smart
windows,3,4,10–13 other vanadium oxides with stable stoichio-
metric and sub-stoichiometric phases have also displayed
promising electrochemical properties.14,15 Since the chemical
and physical properties of VOx vary substantially with the
oxidation state of the vanadium cations, it is important to
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26593
synthesize VOx thin lms with proper stoichiometry for their
intended application.

Several thin lm growth techniques, such as molecular beam
epitaxy,16 sputtering,17 pulsed laser deposition,18 electrodeposi-
tion, chemical vapor deposition,19 and atomic layer deposition
(ALD)4 have been used to deposit VOx thin lms with different
stoichiometries. ALD is a proven, extraordinarily controllable
thin lm deposition technique with great features, including
atomically precise lm thicknesses due to self-limiting reac-
tions, uniform and conformal growth over large areas as well as
over three-dimensional structures, pinhole free morphologies,
and high reproducibility.4,20,21 With the ALD process, VOx thin
lms have been grown using different metal, metal–organic,
and metal–halide precursors as the source material for vana-
dium and H2O, H2O2, O3, molecular O2, and O2 plasma as the
oxidizing reactant.4,14,17,22–24 Among these, vanadyl tri-
isopropoxide (VTIP; V5+) is the most popular vanadium
precursor used for the ALD growth process.4 Conventional ALD-
grown VOx thin lms are amorphous in nature,25,26 except for
limited cases where crystalline lms were successfully ob-
tained.4,22,27 Meanwhile, postdeposition annealing (PDA) in an
appropriate ambient condition has been used to obtain single
phase crystalline lms.4,26,28

In an earlier work we reported the transformation of ALD-
grown amorphous VOx lms into crystalline VO2 and V2O5 by
annealing in forming gas (FG; 95% N2 + 5% H2) and O2,
respectively, and their electrochemical and metal–insulator
transition properties were investigated.29 However, a detailed
investigation of the local atomic structure was not undertaken
to evaluate the formation of vanadium oxides with phase purity
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 V L- and O K-edge XAS spectra of as-deposited VOx, as well as
the FG- and O2-annealed VOx, measured at 27 �C. Fundamentally
different lineshapes between the spectra clearly show the evolution of
local structures from the annealing process.
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and appropriate stoichiometry. Structural characterizations of
the ALD VOx lms in previous reports used conventional X-ray
diffraction (XRD).4,30,31 VOx systems, including VO2 and V2O5,
have distinct crystal structures depending on the stoichiom-
etry,11,30,32 and, furthermore, in the case of VO2, there exist
various phases, including A, B, M, and R, that possess distinct
crystal structures as well.32

However, in the oxides prepared by ALD, certain residue,
such as carbonates, or slightly nonstoichiometric regions oen
remain due to an insufficient purging time,4,31 thus hindering
the uniform long-range ordering of the atoms. In this case, the
signals from the less crystalline or defective regions might not
be captured evenly. This could hinder the accurate assessment
of the mechanism by which the VO2 phases (V

4+) are stabilized
in the ALD lms made from the VTIP (V5+) precursor. Therefore,
in this work, an alternative method, X-ray absorption spec-
troscopy (XAS) was employed to examine the chemical and
structural properties of atoms regardless of the microstructural
ordering.

XAS can provide information on the chemistry and local
structure of each atomic species, which are averaged within the
area of the beam spot (larger than 10 � 10 mm). In contrast to
XRD, which reects the crystal structures of long-range-ordered
phases only, XAS can reveal not only the well-ordered structures
but also the less-ordered or amorphous structures, so that
a complete assessment of the VOx phases in the grown lms can
be accomplished. In addition, by using circularly polarized X-
rays with a tunable external magnetic eld (B), the difference
between the spectra measured under opposite B directions
(called X-ray magnetic circular dichroism, XMCD) can probe for
possible ferromagnetic ordering. There have been reports on
a weak ferromagnetism in VO2 (ref. 33) or V2O5 (ref. 34) lms,
which most plausibly originates from remnant V d electrons
due to oxygen deciency.34,35 By using the V L-edge XMCD, the
magnetic moment of V ions (not O or other impurities) can be
obtained exclusively because XAS at the photon energies of the V
L-edge dictates that the signals must be from the V ions. Thus,
XMCD can measure the oxygen deciency of the ALD VOx lms
qualitatively, free from the effects of other impurities. There-
fore, in this work, XAS (and XMCD) was performed on the ALD
VOx lms to identify their averaged chemistry and local
structures.

Experimental

Ten nanometer thick VOx thin lms were deposited on a Si
substrate in a laminar-ow-type thermal ALD reactor (Atomic
Classic, CN1, Korea) at a substrate temperature of 135 �C. VTIP
(EG Chemical, Korea) and deionized water were used as the
precursor and reactant, respectively. One ALD sequence was as
follows: VTIP pulse (2 s), VTIP purge (15 s), H2O pulse (5 s), and
H2O purge (20 s). More details of the growth process are
described elsewhere.29 The as-deposited lms were then
annealed at 500 �C for 1 h in an FG (95% N2 + 5% H2) or O2

atmosphere in a box furnace (Hantech, C-A14P, Korea).
So XAS at V L- and O K-edges were performed at the 2A

beamline at the Pohang Light Source. The direction of the
This journal is © The Royal Society of Chemistry 2020
incident X-rays was normal to the sample plane and a circular
polarization (99%) was used. The base pressure of the
measurement chamber was �5 � 10�9 torr. The XAS data were
collected for the three samples rst at the room temperature
(RT, 27 �C) and later at an elevated temperature (87 �C) to
scrutinize a possible temperature-dependent phase evolution.
The heating process in the vacuum had negligible inuence on
the spectral lineshapes of the as-deposited and O2-annealed
samples, while it only slightly shied the spectrum of the FG-
annealed sample. Negligible chemical changes subject to
heating under such a low pressure reect utmost thermal
stability in as-deposited VOx and V2O5. For the XMCD
measurements, the samples were rotated by 23� with respect to
the incident X-rays, and an external magnetic eld of B¼�0.7 T
was applied parallel or antiparallel to the sample normal
direction.

Results and discussion

Fig. 1 shows the V L2,3- and O K-edge XAS spectra of the as-
deposited, O2-annealed, and FG-annealed samples. The line-
shapes of the three spectra are very different from each other,
reecting distinct local structures near the V and O ions.
Overall, the spectra can be split into three regions: V L3-edge
(515–521 eV, V 2p3/2 / 3d), V L2-edge (521–529 eV, V 2p1/2 /
3d), and O K-edge (529–550 eV, O 1s / O 2p hybridized with V
3d or 4sp).36 The lineshapes of the V L-edge regions are deter-
mined primarily by the electron–electron interactions within
the photoexcited V ions (Slater integrals, 3d Coulomb repulsion
U, 2p–3d interactions, etc.) as well as the interactions between V
and the neighboring O ions (crystal eld, hybridization, etc.).37

Thus, the chemistry and local structures of V ions can be
examined by analyzing the V L-edge features. In principle, the
lineshapes of the V L2-edge region should be similar to those of
the V L3-edge region except for a small contribution from the 3d
spin–orbit coupling.38 Thus, the difference in appearance
between the L3- and L2-edge regions originates predominately
from the difference in the lifetime-related broadening of
RSC Adv., 2020, 10, 26588–26593 | 26589
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Fig. 3 Spectra of FG-annealed VOx taken at 27 and 87 �C, and spectra
of references VO2(A), VO2(B), and VO2(M).7,8 The local structure of FG-
annealed VOx is likely a combination of the VO2(B) and VO2(M) phases.
The temperature evolution can be a signature of the transition from an
insulator to a metallic phase, or a slight reduction of the V4+ ion due to
vacuum heating (i.e., VO2�d) during the measurement.
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features.39 A detailed assessment of the V L-edge features is
provided in subsequent gures.

In most of the 3d TMOs, such as TiOx, FeOx, or CoOx,40–42 the
average valence of the TM ions can be roughly estimated by the
energy of the most intense peak in the TM L3- or L2-edge spec-
trum. The energy of the most intense peak for the as-deposited
VOx is 518.4 eV, which is the same as that of V2O5, as shown in
Fig. 2b. Thus, it is expected that the average valence of V ions
should be close to +5. However, the energy of the most intense
peak for VO2 (V4+), shown in Fig. 3, is also similar to that of
V2O5, although there exists some variance in the peak energies
among the polymorphs.7 Therefore, unlike most of the other 3d
TM oxides, it is difficult to determine from the L3/L2-edge peak
positions whether annealing alters the average valences in the
VOx samples.

Meanwhile, the O K-edge region reectsmainly the unoccupied
O 2p states that are hybridized with the V 3d (529–535 eV) or 4sp
(535–550 eV) states, which are almost free from the effects of the
core hole in the photoexcited nal state.37 The peak area of each
feature in the O K-edge region reects the number of unoccupied
levels of the V 3d sub-states (t2g or eg in the octahedral point group
notation) multiplied by the strength of the V 3d–O 2p orbital
hybridizations. It is clearly seen that the intensities of the peaks
near 529.5 eV for the three samples are different from each other.
This suggests the number of unoccupied V 3d states is different
among the samples, i.e., the chemical formula of the VOx varies
subject to the annealing itself or the gas environment during
annealing. This manifests the possibility of tuning the composi-
tion of ALD VOx via the PDA process.29

To scrutinize the chemistry and local structures of the VOx,
the spectra taken at two different temperatures (RT and 87 �C)
are displayed in Fig. 2 and 3. Fig. 2a and b show the spectra of
the as-deposited and O2-annealed VOx, respectively. For the as-
deposited sample, the lineshapes of the spectra are overall
much broader than those for the O2-annealed one. This is
Fig. 2 Spectra of the (a) as-deposited and (b) O2-annealed VOx

measured at 27 and 87 �C. The spectrumof V2O5 from ref. 8 is included
for comparison. The results indicate that the local structure of as-
deposited VOx is a mixture of VO2 (overall lineshape) and V2O5

(triangles), while that of the O2-annealed VOx is predominantly V2O5,
regardless of the measurement temperature.

26590 | RSC Adv., 2020, 10, 26588–26593
probably due to the signicant structural disorders in the as-
deposited VOx, which is supported by the lack of prominent
peaks in the XRD data.29 Additionally, the intensities of the rst
peaks in the O K-edge region, which is related to the V 3d (t2g)
states, are weaker than those for the O2-annealed (Fig. 2b) or FG-
annealed sample (Fig. 1). This can also be attributed to the
lower crystallinity of the as-deposited sample.

Despite the signicant structural disorder, the chemical
states of the V and O ions in the as-deposited sample are most
likely mixtures of those of the two annealed samples. As shown
in Fig. 1, the overall lineshape of the spectrum of the as-
deposited sample is nearly similar to the FG-annealed sample,
and the small features in the L3-edge spectra, highlighted by
triangles in Fig. 2a, are coincident with those of the O2-annealed
sample. For clarity, the spectrum of the as-deposited lm (27 �C)
is displayed additionally in Fig. 2a aer subtracting a half
intensity of the VO2 spectrum (in Fig. 3) so that the VO2-sub-
tracted spectrum would highlight the composition other than
VO2. Overall peak features in the difference spectrum are
similar to those of the V2O5 spectra (Fig. 2b) manifesting
substantial contribution of disordered V2O5 in the as-deposited
lm. The coexistence of two difference phases is reasonable in
that the poor crystallinity or amorphous mixed state can evolve
into a pure crystalline phase (for instance, either VO2 or V2O5)
subject to the thermodynamic equilibrium with the gas envi-
ronment during annealing. Interestingly, the spectra of the as-
deposited sample taken at both temperatures are very similar
to each other. This implies that the evolution in the chemistry
and local structure of the as-deposited VOx was negligible even
aer the vacuum heating to 87 �C. Therefore, it can be
concluded that the ALD VOx is resistant to moderate heat, even
though it is in a mixed phase.

For comparison, the spectrum of a-V2O5 powder from ref. 8
is included in Fig. 2b. The spectra of the O2-annealed sample
have very similar lineshapes to that of the V2O5 powder (but
with considerably enhanced experimental energy resolution),
indicating that the composition of the lm is indeed a-V2O5.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 XAS spectra taken at RT with B ¼ �0.7 T and the XMCD spectra
(B ¼ +0.7 T)–(B ¼ �0.7 T) for (a) as-deposited and (b) FG-annealed
VOx. The XMCD signals (magnified by 1000 times) show no noticeable
features except for noise, suggesting the absence of oxygen vacancies
in both samples.
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The temperature dependence (RT vs. 87 �C) is negligible, sug-
gesting a good thermal stability of the V2O5 lm.

Fig. 3 shows the spectra of the FG-annealed sample taken at
RT and 87 �C. For comparison, the spectra of the VO2 poly-
morphs (VO2 A, B, and M phases) taken from ref. 7 and 8 are
included in the gure. The spectra at both temperatures are
similar to those of the VO2 phases while they are very different
from that of V2O5 (see Fig. 2b). Additionally, the peak near
529.5 eV is weaker than that of V2O5 (V5+; d0), indicating
a smaller number of the unoccupied t2g levels. These ndings
suggest that the FG-annealed VOx is VO2 (V

4+; d1). The lineshape
of the spectra are most similar to that of VO2(B), reecting the
dominance of the VO2(B) phase. However, it is difficult to
discern whether small amounts of the other phases (A or M)
were incorporated or not.

The dominance of VO2(B) appears inconsistent with a recent
report,29 in which XRD data showed the existence of crystalline
VO2(M), and its insulator–metal transition, when voltage was
applied. However, XAS reects the averaged local structure
regardless of the crystallinity of each microstate, whereas XRD
only shows the structure the crystallites. Thus, the RT data may
contain a small contribution from the VO2(M) phase as well.
Schematics of the (local) structures of VO2(B) and VO2(M)43,44 are
included in Fig. 3.

Interestingly, the V L-edge peaks in the high temperature (87
�C) data show a rather rigid redshi by�0.1 eV compared to those
in the RT data. This could be attributed to a slight reduction of V4+

ions (i.e., VO2�d) that preserves the local structure of VO2(B). Such
partial reduction could occur during the vacuum heating; the
pressure of the measurement chamber was �5 � 10�9 torr, and
the duration for the vacuumheating (87 �C) was approximately 1 h.
Alternatively, the redshi could be attributed to the phase trans-
formation of the B or M phase to a metallic rhombohedral phase
[VO2(R)].45 This is reasonable in that d orbitals in a metallic state
would spread toward the bandgap, which can in principle lead to
a redshi of the unoccupied states. On the other hand, the O K-
edge peak (for instance, at 529.5 eV) did not suffer such a shi
because the chemistry of O2� would not be affected noticeably by
either the O deciency or metallicity. Therefore, it can be
concluded that both mechanisms (reduction and insulator-to-
metal transition) can account for the temperature dependence.

It is noteworthy that the ALD lm in the as-deposited state
was prepared from a VTIP source, in which the valence of V ions
is +5. In contrast, the averaged valence of V ions in the as-
deposited sample is between +4 (VO2) and +5 (V2O5), indi-
cating that the V ions are reduced compared to those in the
source. Also, FG annealing involves an additional reduction of V
ions by the partial release of O atoms. Indeed, as shown in Fig.
3, the V valence of the FG-annealed sample is +4 (VO2). Thus, it
is reasonable to assume that the as-deposited or FG-annealed
samples would bear signicant oxygen deciencies (y) based
on the V2O5 (V

5+) stoichiometry (e.g., V2O5�2y). However, this is
not the case for the ALD VOx lms, primarily owing to the
existence of metastable VO2 phases.

Fig. 4 shows the XAS and XMCD spectra of as-deposited and
FG-annealed samples taken with a magnetic eld of B¼�0.7 T.
The XMCD signals [(B ¼ +0.7 T)–(B ¼ �0.7 T)] show no
This journal is © The Royal Society of Chemistry 2020
noticeable features except for noise, even when they are
magnied by 1000 times, conclusively proving that there is no
ferromagnetic ordering of d electrons in the V ions in both
samples. The absence of V d magnetism in either the as-
deposited (VO2 + V2O5) or FG-annealed (VO2) lm rules out
the possibility of a ferromagnetic ordering of itinerant elec-
trons,34,46 as in dilute magnetic semiconductors,47,48 because of
the negligible carrier concentrations below the detection limit
(here, on the order of 0.1% of the d electron number). If
a substantial number of oxygen vacancies were created while
preserving the V2O5 local structure in the as-deposited VOx or
aer FG annealing, it must leave d electrons on V ions, serving
as the source of possible inter-site spin interactions. Therefore,
the lms cannot be regarded as intermediate defective systems,
such as VO2�d or V2O5�y, but as a stable composite of stoi-
chiometric VO2 and V2O5 (in the as-deposited sample) and
a VO2 (B + M) phase (in the FG-annealed sample). This implies
that the prevalence of V4+ (VO2) in the two samples, being
different from V5+ in the precursor, originates from the stability
of the VO2 local structures, not the oxygen vacancy itself.

Note that the results of the XAS analyses show that the
chemistry and local structures of the ALD VOx lms can be
tuned effectively by applying PDA under the appropriate gas
environment, i.e., the forming gas for VO2 and the O2 gas for
V2O5. This conrms that ALD with a subsequent PDA process
under a specic gas environment is a promising route to control
the phases in VO2 or V2O5 thin lms.
Conclusions

In conclusion, so XAS analyses on ALD VOx lms revealed that
the lms exhibit various local structural phases subject to the
PDA process: (i) the lm in the as-deposited state is a composite
of disordered VO2 + V2O5, and (ii) during FG annealing, it
transforms into VO2 with local structures of B or B + M phases,
while (iii) during O2 annealing, it transforms into V2O5. The
XMCD results conrmed the absence of oxygen vacancies in the
RSC Adv., 2020, 10, 26588–26593 | 26591
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ALD VOx lms, implying that the apparent reduction of V ions
(V4+ in VO2) from those in the precursor (V5+) is not associated
with the oxygen defects but is allowed by the stability of the local
VO2 structure itself.
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