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1. Abstract

Atomic Layer Deposition (ALD) is a method of choice for the growth of highly conformal
thin films with accurately controlled thickness on planar and nanostructured surfaces. These
advantages make it pivotal for emerging nanotechnology applications. This review sheds
light on the current developments on the ALD of vanadium oxide, which, with proper post-
deposition treatment yields a variety of functional and smart oxide phases. The application
of vanadium oxide coatings in electrochemical energy storage, microelectronics and smart
windows are emphasized.

2. Introduction

With 0.019% in the earth crust, vanadium can be considered a highly abundant ele-
ment, [1]. The strong electron-electron interactions in several vanadium oxide phases result-
ing from the localized character of partially occupied “d” orbitals provide these materials
with remarkable properties for numerous technological applications, [2]. Vanadium shows
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multiple oxidation states ranging from -3 to +5 and exhibits crystalline structures with
different oxygen coordinations like for example octahedra, pentagonal bipyramids, square
pyramids and tetrahedra sharing corners, edges or faces, [3]. In these compounds, vanadium
features either single or mixed oxidation states. The Magneli VnO2n−1 and Wadsley series
VnO2n+1 are examples of compounds with mixed oxidation states. The physicochemical
properties of the different phases vary substantially with the oxidation state of vanadium
cations, [4].

The strongly correlated and the layered vanadium oxide phases feature interesting chemi-
cal and physical properties making them valuable building blocks for the design of functional
and smart devices. Vanadium oxides find applications in microelectronics, [5, 6], energy stor-
age devices, [1, 7], smart windows, [8–10], and catalysis, [11]. Ternary vanadium oxides with
AVO3 perovskite, e.g. SrVO3 and CaVO3, do not feature strong Metal-Insulator (MIT)
behaviour, [6, 11], nevertheless they exhibit interestingly high transparency and electrical
conductivity with a plasmon energy superior to 1.33eV. These properties make them promis-
ing transparent conducting oxides, [12]. Rare-earth vanadate like LaVO3, however, feature
a Mott-insulator gap of 1.1eV, which makes them appealing as solar absorbers, [13].

Several review articles on the state of the art regarding the synthesis of vanadium oxides
address the physical vapour deposition, chemical vapour deposition and liquid-phase synthe-
sis, [14–16]; in this review we focus, instead, on Atomic Layer Deposition, a process which
has not been reviewed so far. Firstly introduced in 1960’s, this technique is currently receiv-
ing an ever-growing attention as a method of choice for the growth of conformal coatings on
nanostructures with high aspect ratios. The sequential and self-terminating character of the
ALD enables an exclusive surface reaction between the precursor and the reactant, while
excluding the precursor thermolysis. A detailed history of the ALD technique was recently
reported, [17, 18]. The self-termination of the sequential reactions is particularly appealing
for the deposition on nano-powder and nanostructured surfaces. This paper is organised as
following; Section 3 reviews the available precursors and developed ALD chemistries for the
growth of amorphous VOx while, section 4 discusses the (non-trivial) annealing conditions
required to convert VOx into crystalline phases. The last three sections focus on applications
where ALD has already found or we believe will find wide usage in the near term. In partic-
ular, section 5 focuses on energy storage applications, section 6 focuses on electronic devices,
particularly ones utilising electronic means to control the metal to insulator transition in
VO2 and finally, section 7 reviews the application of ALD grown VO2 in smart windows.

3. Atomic Layer Deposition of VOx

Controlling the ALD process of vanadium oxide is an efficient mean to secure conformal
coatings and achieve high control over the thickness on the nanometer scale. The ALD
process is cyclic, involving the chemisorption of the precursor until surface saturation, and
then its reaction with the reactants (H2O, NH3, O3. . . ) to form the desired coating. Efficient
purging between the sequential exposures is mandatory to confine the chemical reactions
during the growth sequences. The self-limitation of the sequential ALD surface reactions is
therefore a pre-requisite. Extending the subsequent surface exposure to the reactants should
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not influence the growth rate per cycle when this condition is satisfied, and an increase of the
growth rate per cycle when extending the surface exposure to the precursor is an evidence of
its thermolysis reaction, which is considered as a parasitic side-reaction in the ALD process.
A second characteristic of a controlled ALD process is the presence of a temperature window,
within which saturation occurs. This temperature window is often limited by the volatility of
the precursor on one side and its thermolysis on the other, [19–21]. Thirdly, the self-limiting
nature of the ALD half-cycles implies that coatings can be conformal on high-aspect ratio
structures. Indeed, ALD is nearly unmatched in high aspect-ratio coverage, which has been
essential for the development of microelectronics over the last decade, [22]. In the following
sections, we report on ALD chemistries of vanadium oxides.

3.1. β-diketonate compounds
3.1.1. Vanadyl Acetylacetonate (IV)

Vanadyl acetylacetonate, [VO(C5H7O2)2], is a blue-green solid compound in which the
vanadium cation is in the +4 oxidation state. The four oxygen atoms of the “acetylacetonate”
ligands (acac) form a square pyramid, while the vanadyl oxygen occupies the apex position.
The two acac skeletons of the same molecule are not coplanar and form an angle of 15.7◦ with
each other. The overall coordination geometry is displayed in the inset of Figure 1, [23].
VO(acac)2 features a molecular-type structure with temperature-sensitive intermolecular
Van der Waals interaction, [24]. The thermogravimetric analysis (TGA), Figure 1, reveals
a weight loss above 150◦C with no residue under vacuum (0.7 mbar) indicating its complete
sublimation, [25]. At atmospheric pressure, the TGA exhibits a weight loss above 250◦C
resulting in partial decomposition with a residue of 20 w%, [24]. A vapour pressure of 0.21
Pa was reported at 96◦C for this compound, which sublimes as a monomer [25].

While the VO(acac)2 synthesis was reported in 1957, [26], the first ALD results using
this precursor were reported by J. Keranen et al, [27]. In this study, the precursor was
maintained at 170◦C to generate sufficient vapour pressure, and the implementation of a
carrier gas was necessary. While, the thermolysis threshold was demonstrated at 180◦C, no
systematic study confirming the self-limited ALD half-cycles was reported. Upon interaction
with the deposition surface the vanadium content reached nearly the theoretical monolayer
of vanadate with 2.3 VOx/nm2.

The deposition of VOx starting from [VO(acac)2] and molecular oxygen was reported
by Dagur et al, [28], at a substrate temperature of 400-475◦C, resulting in crystalline VO2.
Although the ALD cycles were optimised at 4s and 1s of exposure to VO(acac)2 and oxygen
respectively, no evidence of self-saturating ALD half-cycles was provided. The growth rate
was nevertheless measured at 0.24 nm/cycle, which is nearly equal to one monolayer of
VO2 structure. As the reported TGA analyses show, Figure 1, [24, 25, 29], significant
thermolysis of the precursor occurs above 180◦C. Therefore, chemical vapour deposition
(CVD) is certainly dominating the growth at 400-475◦C.

The available literature with the commercially available [VO(acac)2] shows its limited
pertinence as an ALD precursor. While high temperatures are needed for the evaporation
(170◦C) its thermolysis occurs already at 180◦C, which leaves a very narrow processing
window for ALD growth. The only reported systematic study with this precursor was
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Figure 1: Thermogravimetric analysis of VO(acac)2 performed at 2◦C/min, [24]. Reproduced with permis-
sion from John Wiley and Sons. The inset corresponds to the molecular structure: V: blue; O: Red; C:
Grey, H: white.

performed at temperature far exceeding the thermal decomposition, where the CVD process
dominates the growth.

3.1.2. Vanadyl Tetramethyl Heptadionate
Vanadyl bis(2,2,6,6-tetramethyl-3,5,- heptadionate [VO(tmhd)2]/ [VO(C11H19O2)2], is a

solid compound in which the vanadium cation is in the +4 oxidation state. The skele-
ton structure is similar to that of vanadyl acetylacetonate except that the change from
methyl to tert-butyl group on the ketonate ring. The overall coordination geometry is dis-
played in the inset of Figure 2, [23]. [VO(tmhd)2] features a molecular-type structure with
temperature-sensitive Van der Waals intermolecular interaction from 105 to 295K [24]. The
thermogravimetric analysis (TGA), Figure 2, reveals a weight loss starting at 110◦C with no
residue under vacuum (0.7 mbar), [24]. At atmospheric pressure, the TGA exhibits a weight
loss starting at 160◦C and results in a 5 w% residue, indicating the occurrence of a partial
decomposition [24]. Relative to [VO(acac)2], [VO(tmhd)2] features a significantly lower frac-
tion of decomposition, which is in line with a higher thermal stability. A vapour pressure of
0.27 Pa was measured for this compound at 96◦C, which vaporises as a monomer [25].

Erik Ostreng et al, [30, 31], have implemented the reaction of [VO(tmhd)2] with ozone
(O3) for the ALD of VOx. The precursor was sublimed at 125◦C under a flow of inert carrier
gas. Self-limited reactions were reported at 186◦C, using exposure times above 2 and 3s for
[VO(tmhd)2] and O3 respectively. The growth rate per cycle was far below a monolayer and
is temperature-dependent within the 162-235◦C window. Furthermore, evidence of parasitic
CVD contribution were observed above 200◦C, [30, 31].

As the ALD growth requires on one side an efficient vaporization of the precursor and on
the other side its self-limited reaction on the surface, an operating ALD window within the
125-160◦C range might be expected based on the reported TGA results. The excessively low
deposition rate per cycle below 160◦C is probably the reason why the 125-160◦C temperature
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window was not given attention.

Figure 2: Thermogravimetric analysis of VO(tmhd)2 at 2◦C/min, [24]. Reproduced with permission from
John Wiley and Sons.. The inset represents the molecular structure: V: blue; O: Red; C: Grey, H: white.

Although the precursor contains a V4+ cation, the reported ALD processes implement
ozone, which results in its further oxidation to form amorphous or crystalline V2O5 films
depending on the temperature. The low reactivity of [VO(tmhd)2] has probably hindered the
investigation of its hydrolysis reaction in the ALD process. Beyond its low vapour pressure
and low reactivity, [VO(tmhd)2] is not commercially available, which considerably limits its
suitability for the ALD of vanadium oxide thin films.

3.1.3. Statement regarding β-diketonate compounds
The available literature on the ALD of vanadium oxide starting from β-diketonate com-

pounds is very limited, and the reported growth processes are systematically performed
at temperatures exceeding the thermolysis threshold of the vanadium precursor, which is
certainly related to their low reactivity.

The volatility and thermal stability of vanadyl β-deketonate compounds have been
compared, see Figure 3, [25]. Based on the weight-loss threshold temperature, the per-
formed TGA in argon ambient reveals a volatility that evolves in the order: [VO(hfa)2]>>
[VO(tmhd)2]> [VO(acac)2]. Furthermore, the thermal stability, assessed by the residual
mass, shows an equivalent performance for [VO(hfa)2] and [VO(tmhd)2], both are more
stable than [VO(acac)2]. Among the discussed compounds, VO(hfa)2 appears as the most
promising beta-diketonate for the ALD of VOx, however no study was reported so far with
this compound. The low reactivity of β-diketonates in general would be a significant draw-
back with this family of precursors.

3.2. Alkoxide compounds
Vanadium oxy-tri-isopropoxide (VTOP) [VO(OC3H7)3], is a liquid compound at room

temperature with vanadium in the +5 oxidation state. The molecule features a trigonal
pyramidal structure with vanadyl oxygen at the apex and alkoxide groups at the edges
(Figure 4). The precursor possesses a vapour pressure of 6 Pa at room temperature, [32],
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Figure 3: Thermogravimetric analysis of (1) [VO(acac)2], (2) [VO(tmhd)2 ] and (3) [VO(hfac)2 ] at
10◦C/min. hfac: hexafuoro acetylacetonate, [25]. Reproduced with permission from Springer Nature. The
table summarizes the vapour pressures and evaporation enthalpies of these compounds.

39 Pa at 45◦C, [33], and 268 Pa at 82◦C, [34]. According to the previous work, [35, 36], the
vanadium oxy-tri-alkoxide is reported to be monomeric in pentane solution. The formation
of oligomers in vanadium oxy-tri-alkoxide compounds depends on the temperature, solvent,
concentration and size of the alkyl groups. Compounds with smaller alkyl groups, e.g.
vanadium oxy tri methoxide, dimerize, whereas the compound with iso-butoxide groups
remains as a monomer. As the tri-iso-propoxide compound is bulky, the stabilization of the
monomer form is most likely. This precursor was widely used for the synthesis of vanadium
pentoxide but no TGA investigation has been reported so far.

Vanadium pentoxide films were grown by ALD from the reaction of VTOP precursor
with H2O, [33], O2 plasma, [37], or O3, [38].

D. Lincot et al have reported on the hydrolysis reaction of VTOP, [33], and the ob-
tained films were extensively investigated for electrochemical energy storage, [39–44]. The
evaporation of VTOP was performed either at room temperature, [33], or at 40-45◦C using
an inert carrier gas, [37, 38]. A temperature-independent growth rate was observed in the
50-100◦C window with a rate of 0.017-0.02 nm/cycle, [33]. Significantly higher growth per
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Figure 4: Molecular structure of VTOP. (V: blue; O: Red; C: Grey, H: white)

cycle was noticed above this temperature range, [33, 37, 45]. The observed slow reaction
of water with the adsorbed VTOP was attributed to the bulky iso-propoxide ligands that
hinder access to the vanadium–oxygen bond, [37]. The observed precursor thermolysis at
150-190◦C is kinetically limited and enables still a high conformality of the coating, [33].
It is worth mentioning that even at 190◦C, the growth rate was still below one monolayer
of vanadium oxide per cycle. As-deposited films were amorphous with vanadium in the +5
oxidation state, [33].

J. Musschoot et al have reported on the plasma-enhanced (PE-ALD) and thermal ALD
for the growth of vanadium pentoxide with VTOP precursor using either H2O or O2, [37].
Constant growth rate was observed between 50-100◦C with the typical self-saturating half
cycle reactions. PE-ALD with either water or oxygen has given a constant growth rate
of 0.07 nm/cycle, which is significantly high relative to the thermal ALD with water, [37].
Films obtained with PE-ALD exhibited however a higher carbon contamination using water
plasma, 22% versus 6.5% with the thermal ALD using water. However, when an oxygen
plasma is used, no carbon was reported in the as-deposited films, [37]. This indicates that
the oxygen plasma burns carbon species generating volatile products, resulting in pure films.

Chen et al have implemented the reaction of O3 with VTOP, [38], and reported an ALD
window with a constant rate of 0.027 nm/cycle at 170-185◦C. Nevertheless, the investigated
very short exposure times marginalize the CVD contribution. The as-deposited films under
these conditions were pure-phase, crystalline V2O5 with an enhanced (001) orientation. The
growth kinetics was noticed to be slow below 170◦C, which was attributed to the insufficient
energy to activate the reaction of O3 with surface ligands. Higher deposition rates, were
attributed to the precursor thermolysis, [38].

Other studies, Table 1, were devoted to the ALD of vanadium oxide starting from VTOP,
but no systematic demonstrations of the self-limitation of the sequential ALD reactions were
reported. A clear disagreement regarding the thermolysis temperature threshold of VTOP
is worth mentioning. Extending the exposure time of the surface to VTOP was observed to
yield an increasing growth rate even at 100◦C, [46], due to its thermal decomposition. Con-
sequently, the VTOP thermolysis is very likely affecting all experiments performed above
100◦C in Table 1. Therefore, only few studies were performed under thermolysis-free ALD
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process. In general, VTOP has been evaporated at RT-45◦C, which defines an appealing
ALD processing window at 45-100◦C. It is worth noting that other equivalent alkoxide com-
pounds are commercially available such as: vanadium(V) oxytrietoxide and vanadium(V)
oxytripropoxide. Although, these compounds feature comparable physicochemical proper-
ties, their thermolysis behaviour and reactivity with water vapour might exhibit signifi-
cant contrast. Unfortunately, these compounds were not investigated as ALD precursors so
far. [46–57]

Table 1: Summary of the ALD parameters used for the growth of VOx starting from VTOP precursor.
Ox-
i-
dant

Pro-
cess

Car-
rier
gas

Evaporation
Temp. (◦C)

Deposition
Temp. (◦C)

Exposure time (s)
VTOP/Oxidant

Rate
(Å/cycle)

Ref

O3 Ther-
mal

N2 45 170-195 0.5/2 0.27-
0.81

[38,
47, 48]

H2O
Thermal

N2
45

50-140 0.1/1.2 0.17 [33, 39,
41–44]

70-130 0.5/2 0.3 [49, 50]

125-175 2.6/0.2 0.2-0.3 [51, 52]

180 20/20 - [53]

40
135 2/5 0.3 [45]

Ar 50-200 2/5 0.2 [37]

- 110-150 0.5/2 0.37 [54]

- 150 120/120 0.8-1 [55, 56]

Plasma Ar 40 - 2/5 0.7 [37]

O2

N2 45 180 20/60 - [57]

3.3. Alkylamide compounds
Vanadium (IV) amide complexes are volatile, reactive, produce noncorrosive by-products,

and leave marginal impurities in the films, [58]. Alkylamide compounds with higher molec-
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ular weight decompose at higher temperatures due to the steric hindrance, [59, 60]. Ethy-
lamide compound have e.g. higher thermal stability relative to methylamide counterpart
but features a lower vapour pressure. Vanadium dialkyamides [V(NRR’)4], (R, R’ = methyl
or ethyl or both) are monomeric in nature [61, 62].

3.3.1. Tetrakis ethylmethyl amino vanadium (TEMAV)
TEMAV is a green liquid at room temperature and is commercially available. The

reported TGA measurement of the precursor, Figure 5, shows a clear temperature window
between evaporation and decomposition, where the ALD process can be optimized. The
thermal decomposition of the precursor takes place above 175◦C, whereas it is significantly
volatile under vacuum below 100◦C, [63]. The vapour pressure of this compound is reported
as a function of temperature in the form of the Clausius-Clapeyron equation log (P/torr) =
6.59-2640/(T/K) in the range of 343-383K, [64]. The implementation of TEMAV requires
heating the precursor source at 65-70◦C and the use of an inert carrier gas, [63, 65–67].

Figure 5: Thermogravimetric analysis of TEMAV, [63] . Reproduced with permission from the Royal Society
of Chemistry. The inset corresponds to the structure of the compound: V: blue; N: Black; C: Grey, H: white.

The TEMAV precursor was implemented with H2O, O3 and O2-plasma as reactants for
the synthesis of vanadium oxide, [65–67]. Authors reported a thermal decomposition above
175◦C, while the self-limited ALD reactions were observed up to 150◦C. TEMAV quickly
saturates the surface after 2s of exposure while 5s is required with ozone for the removal of
the ligands at 150◦C enabling a growth rate of 0.07 nm/cycle, [67]. The vanadium oxidation
state (+4) was retained in the as-deposited amorphous films H2O, O3, [65]. In the case of
plasma O2 as the oxidant, polycrystalline V2O5 was formed upon deposition, and vanadium
has therefore a +5 oxidation state.

T. Blanquart et al, [63], reported no temperature-dependence of the growth rate within
the 100-175◦C temperature range using the reaction of TEMAV with O3; nevertheless, the
growth rate rose when extending the reactants’ doses. This means that the half reactions
in the process were not self-limited. Similar behaviour was observed using the reaction of
TEMAV with H2O at 125-200◦C. The resulting films were amorphous and featured a +4, +5
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mixed oxidation states for vanadium. Despite the absence of self-limited reaction steps, the
authors demonstrated a conformal coating on textured surfaces with a 60:1 aspect ratio, [63].

The supply of precursors in ALD can be performed using the direct liquid injection
approach by diluting the precursor in an inert solvent. The precursor dose is then introduced
into a flash vaporiser before reaching the growth chamber. Premkumar, P. A. et al have used
this process for the ALD of vanadium oxide using the reaction of TEMAV with H2O and O3

as reactants, [68–70]. TEMAV in these reports was diluted to a concentration of 0.2M in
octane. Authors noticed the thermal decomposition of the precursor already at 100◦C, [68],
in the absence of any reactants. As a result, no self-limited reactions can take place at
≤100◦C, and the deposition rate per cycle increases with the extension of the exposure time
to the precursor. The obtained films were amorphous, and vanadium features a mixed +4
and +5 oxidation state, [69].

A summary of the reported studies with TEMAV is displayed in Table 2. The highly
dispersed growth rate, 0.45-1Å/cycle, is quite remarkable. It is also worth noting that 150◦C
is a common temperature for ALD in all reports regardless of the type of energy input and
reactive gas.

Table 2: Summary of the ALD parameters used for the growth of VOx starting from TEMAV precursor.
Oxi-
dant

Pro-
cess

Car-
rier
gas

Evaporation
Temp. (◦C)

Deposition
Temp. (◦C)

Exposure time (s)
TEMAV/Oxidant

Rate
(Å/cycle)

Ref

O3 Thermal
N2

70 150 5/5 0.7-1 [65–
67]

65 100-175 1.2/1 0.45 [63]
Ar - 100-150 5-10/10-5 1-0.4 [68,

70]
- 105-115 150 0.03-0.015/

0.05-0.045
0.77-0.9 [71–

74]

H2O
Thermal N2

70 150 5/5 0.67 [65–
67]

65 125-200 1.2/1 0.8 [63]
- 125-150 0.05/0.015 - [75,

76]

Ar - 150 5/10 0.5 [69]
Plasma 60 150 12/0.2 0.2 [77]

3.3.2. Tetrakis dimethylaminovanadium
TDMAV is a solid compound at room temperature. The TGA analysis, Figure 6, shows

a significantly low sublimation temperature, which confirms high volatility [78]. The TGA
analysis features however, a residue with open and closed cups, which is a clear indication
of the partial decomposition of the precursor in both cases. The vapour pressure of the
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compound was 133 Pa at 64◦C, which is significantly high relative to TEMAV that needs to
be heated at 107◦C to reaches this value. The compound exhibits a monomeric structure in
the gas phase [61, 62].

Figure 6: Thermogravimetric analysis of TDMAV, [78]. Reproduced with permission from Cambridge
University Press. The inset corresponds to the molecule structure: V: blue; N: Black; C: Grey, H: white.

Wang et al, [78, 79], have reported the thermal ALD of vanadium oxide by implementing
the reaction of TDMAV with H2O or O3. Authors reported that the volatility of the precur-
sor is high enough to allow sublimation at room temperature. A temperature-independent
growth rate was observed at temperatures between 50-120◦C. Below 120◦C, a growth rate of
0.045 nm/cycle was measured with O3, which is significantly high relative to 0.03 nm/cycle
obtained with H2O. A significant thermolysis of the precursor was noticed above 120◦C.
Authors have demonstrated self-limited surface reactions with TDMAV and H2O at 50◦C.
Increasing the temperature was however favourable for the attainment of pure films. Amor-
phous films with mixed +4 and +5 oxidation states of vanadium were obtained. Vanadium
oxide films obtained with H2O as a reactant had less carbon and nitrogen contamination
than films made using O3 oxidant, [78, 79].

Lv et al, [80], implemented the reaction of TDMAV with H2O in thermal ALD. The
precursor was evaporated at 60◦C and carried into the reactor using Ar flow. Temperature-
independent growth was reported at 150-200◦C, with a strong thermolysis contribution above
200◦C. Authors reported self-limed reactions at 150◦C. Amorphous films grew at the rate of
0.094 nm/cycle, and vanadium retained the oxidation state of the precursor (+4).

Although the implementation of TDMAV for the ALD of VOx was only addressed in a
limited number of articles, a clear controversy can be highlighted as far as the thermolysis
threshold, and temperature-independent growth rate region are concerned. The precursor
features a sufficient volatility at room temperature and a high reactivity with water vapour
as films could be grown at 50◦C.

3.3.3. Vanadium amidinates
Vanadium tris-diisopropylacetamidinate [(V(iPr-MeAMD)3)] is a red-brown solid com-

pound with a vapour pressure of 6.6 Pa at 70◦C, [81]. Due to the chelating effect, the pre-
cursor is thermally stable relative to the other nitrogen coordinated alkylamide compounds.
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The molecule features a distorted geometry from octahedral toward trigonal prismatic. The
precursor features a monomeric structure in the gas phase due to the bulky ligand and higher
coordination to vanadium (III), which presents a distorted octahedral geometry, [82].

Figure 7: [V(iPr-MeAMD)3]) molecular structure: V: blue; N: Black; C: Grey, H: white.

M. Weimer et al., [83, 84], have implemented the [(V(iPr-MeAMD)3)] compound with
different reactants for the growth of vanadium oxide thin films. The precursor was vaporized
at 190◦C, and a temperature-independent growth was observed at 0.16 nm/cycle below 225◦C
with O3. Using H2O2 reactant, however, the temperature-independent growth was extended
to 150-250◦C with a significantly lower rate 0.04nm/cycle. All reaction steps were confirmed
to be self-limited at 200◦C. Amorphous V2O5 films were deposited with O3 and H2O, O2

oxidants, whereas films grew neither with H2O, O2 nor H2. Authors reported about the
synergy effect between reactants and reported the growth of amorphous VO2 films with H2

dosing after the oxidation with H2O2. However, no self-limiting reactions were obtained.

3.4. Statements regarding the ALD of VOx

This section summarizes the reported studies on the ALD of vanadium oxide starting
from various precursors. It is surprising to see the limited number of investigated precur-
sors despite the immense interest towards vanadium materials and their growth by ALD.
A considerable number of commercially available potential vanadium precursors remains
unexplored. Surprisingly striking variations between different sources were observed regard-
ing the thermolysis threshold and the ALD window. The values stated in Table 3 refer to
the lowest reported thermolysis threshold. An increased growth per cycle when extending
the exposure time to the vanadium precursor is considered as a signature of a parasitic
thermolysis contribution. Among the investigated precursors, three featured a convenient
reactivity with the conventionally used reactants for the growth of oxides by thermal ALD.
These three precursors were also the ones exhibiting the highest vapour pressures: TDMAV;
TEMAV and VTOP. If vaporized at room temperature, these precursors should enable a
conveniently wide ALD processing window up to the thermolysis threshold. TDMAV can
be distinguished among the three valuable precursors by its higher thermolysis temperature,
which makes it particularly appealing for ALD processes with water vapour as reactant. In
fact, using water as reactant at low temperatures implies the use of excessively long purge
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times, which makes the process slower. VTOP is the most investigated precursor so far,
which is likely related to its convenient handling in air and the low toxicity of the reaction
products.

Table 3: Summary of the main characteristics of the investigated precursors for the growth of vanadium
oxide with ALD.

Precursor Vapour pressure Reactivity Thermolysis thresholdH2O O3 O2-Plasma
V3+ V(iPr-Me AMD)3 6.6 Pa @ 70◦C X

√
- -

V4+ V(N Me2)4(TDMAV) 133 Pa @ 64◦C
√ √ √

120◦C

V(N Et Me)4(TEMAV)
13 Pa @ 25◦C √ √ √

>175◦C24 Pa @ 45◦C
57 Pa @ 82◦C

VO(acac)2 0.21 Pa @ 96◦C X
√

- 180◦C
VO(tmhd)2 0.24 Pa @ 96◦C X X

√
160◦C

V5+

VO(OiPr)3 (VTOP)
6 Pa @ 25◦C √ √ √

100◦C39 Pa @45◦C
268 Pa @ 82◦C

4. Post-treatment of ALD-grown vanadium oxides

The as-deposited VOx do not always feature the desired characteristics. The art of
post-treatment in VOx is far more challenging, as implied by the richness of the V-O phase
diagram. This section addresses the relevance between the oxidation state of vanadium in
the as deposited film, and the post-treatment parameters; temperature, pressure and partial
pressure of the oxidant, or reducer. We summarize the literature and highlight some new
alternatives and un- or under-explored areas.

ALD-grown vanadium oxides already come in a wide range, i.e. from amorphous to crys-
talline and with vanadium in various oxidation states, as extensively discussed in section
3. However, the degree of crystallinity often plays a large role in the device characteristics.
For example, amorphous V2O5 thin films, powders and aerogels have been reported to store
lithium more efficiently and with higher capacities compared to their crystalline counter-
part, [85–87]. As another example, the same vanadium IV oxidation state in a different
crystal lattice form, i.e. VO2(M1/R) compared to VO2(A) or VO2(B), can either exhibit
thermochromic properties in the former case while no thermochromic behaviour is observed
in either of the latter lattices, [88]. Often, the degree of crystallinity can be controlled
in-process, as described in section 3.1.2 for ALD using [VO(tmhd)2] and O2 (amorphous
162-196◦C, crystalline V2O5 196-235◦C) [31], or using TEMAV and O2 plasma as high-
lighted in section 3.3.1, which produces amorphous films below 100◦C, but crystalline V2O5

at higher temperatures, [37, 65, 67, 87, 89].
Besides the crystal structure, the vanadium oxidation state also plays a major role in

device characteristics. The vanadium oxidation state can often be tuned in-process by
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choosing precursors with an appropriate vanadium oxidation state. As highlighted in section
3, three oxidation states of vanadium are presently found in literature (table 3). If this is not
sufficient, the oxidation state can be raised by utilizing an oxidizing ALD reactant such as
oxygen plasma and ozone or lowered by utilizing a reducing ALD reactant such as hydrogen
or ammonia plasma. Furthermore, deposition temperature also plays a role, as demonstrated
by for example the TEMAV/ozone process, where the density of the grown films varied from
∼0.3 mole/cm3 to more than 0.4 mole/cm3 from 100 to 175◦C, respectively, [90].

Despite this large degree of in-process control already found in the ALD processes re-
ported, there is a limitation in the films grown. In general, all reported films are either
amorphous or crystalline VO2 or V2O5. When the phase diagram derived by Wriedt et al
in figure 8 is observed, [91], five principal single-valent vanadium oxides exist V, VO, V2O3,
VO2 and V2O5, with vanadium in the 0, +2, +3, +4 and +5 oxidation state, respectively.
Besides that, two families of mixed-valence vanadium oxides do exist: the Magnéli and Wad-
sley series, which can be written as VnO2n−1(n= 4-9) and VnO2n+1(n= 3,4,6), [14, 91, 92].
The wide range of stable oxidation states and polymorphic forms, each with their own
physicochemical properties and application range, indicates that the crystallinity and phase
control exhibited in-process during ALD is insufficient, and often a careful post-deposition
treatment is necessary to obtain the required crystal phase. The complexity of the V-O
phase diagram, ranging from the primary stable oxides as VO2 and V2O5 to metastable
states such as VO2(B), makes the annealing very sensitive to all environmental parameters.
Below, we will discuss the influence of ambient, temperature, substrate and deposited film

4.1. Processing parameters
4.1.1. Influence of temperature and ambient
Role of temperature. The influence of temperature on the crystallization of the ALD-made
Vanadium oxide thin films cannot be understood only by simply reading the phase diagram
in Figure 8. This would assume that the oxygen content in the film remains constant, which
is not the case, as shown in many examples hereafter. Oxygen content in the film after the
thermal treatment is largely influenced by the ambient, substrate, nature of the films as well
as temperature. Furthermore, the annealing is not simply a function of temperature, but a
function of the total thermal budget. A higher thermal budget is reached either by increasing
the exposure temperature or the exposure time. This was for example demonstrated by
Tangirala et al, which showed that the crystallization of a TEMAV+H2O-grown film could
be attained by a 30 min annealing at 450◦C under a controlled N2/O2 atmosphere, while 5
min were not enough, [75]. Similarly, Lv et al found that annealing-induced crystallization
of a TDMAV+H2O-grown film features a long nucleation time at 450◦C in Ar ambient, as
shown in Figure 9 . Nanocrystalline films were formed after 30-min of annealing, whereas
fully crystallised films are obtained after 100 minutes, [80]. In general, it can be stated that
raising the temperature induces crystallisation and can raise the oxidation state, provided
sufficient partial pressure of oxygen is available.

Oxidizing atmosphere. Mattelaer et al separated the concepts of thermodynamic phase for-
mation and kinetic phase formation by applying in-situ XRD to observe the phase formation
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Figure 8: Assessed V-O phase diagram (Condensed System, 0.1 MPa). Reprinted by permission from
Springer Nature: Springer, Bulletin of alloy phase diagrams [91], Copyright 1989.

Figure 9: XRD patterns of (a) VO2/Si deposited using TDMAV and water at 200◦C after 100 min annealing
in Ar or (b) different duration at 450◦C, Reprinted from [80], Copyright 2017, with permission from Elsevier.
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of TEMAV-grown films dynamically in a range of oxygen partial pressures (3.7, 7.4, 14.8,
29.6 and 48.1 Pa, and ambient air), as shown in Figure 10. The summary of this dataset, also
shown in Figure 10, should not be interpreted as a thermodynamic phase diagram, since the
process is not isothermal. The phase formation diagrams displays the kinetic path the films
go through while being heated at 0.25◦/s in the ambient under study. From these results, the
trend in temperature confirms that higher temperatures favour crystallisation and eventually
a change of oxidation state depending on the oxygen partial pressure. Phases emerge in ox-
idative ambient in order of increasing oxidation state: VO2–V6O13–V4O9–V3O7–V2O5 with
respective to the average oxidation states for the V of 4–4.33–4.5–4.67–5, [65, 87].

Figure 10: (left) in-situ XRD on TEMAV-grown ALD films with (a) H2O or (b) O3 as a reactant, at
various oxygen partial pressures while annealing at 0.25◦/second. (right) Phase formation diagrams resulting
from the in-situ XRD monitoring. Reproduced from , [65, 87] with permission from the Royal Society of
Chemistry.

Besides varying oxygen partial pressure at atmospheric pressure, Tangirala et al also
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examined annealing at lower pressure. They found that TEMAV+H2O-grown amorphous
VO2 film crystallised only at well-defined conditions, i.e. 425◦C or 450◦C with a flow con-
taining 1.22% or 1% O2, respectively, under atmospheric pressure conditions. However, in
mild vacuum conditions (∼10−2 Torr), the oxygen component in the flow could be much
higher, and crystallisation to VO2 was also achieved at 500◦C in a 100% O2 flow [75]. This
opens up another parameter in phase-space, which is only marginally explored, the influence
of the pressure on the oxidation/crystallisation.

Finally, Rambelberg et al showed that combining a well-defined partial pressure of an
oxidizing gas (such as O2) to an otherwise reducing ambient (such as H2) resulted in a higher
degree of control over the phase formation, [93]. This indicates that further research in the
direction of bi-functional ambient could also be interesting.

Reducing atmosphere. Most art on post-deposition annealing of ALD vanadium oxide films
deals with controlling the oxygen concentration between 0% (inert atmosphere such as He,
N2 or Ar) and 100% (pure O2), and investigates the effect of this ambient on the crys-
tallisation and oxidation/reduction behaviour of the ALD-made VOx films. In general, the
crystallisation of films into a low oxidation-state oxide as VO2(B) or VO2(M) is much more
challenging than forming crystalline V2O5, as this is the high-temperature stable phase:
traces of oxygen in the ambient will readily cause oxidation of crystalline VO2 to higher oxi-
dation states, as shown in Figure 10 . However, besides controlling the oxygen concentration,
the introduction of a reducing ambient can facilitate the formation of low-valence vanadium
oxide films. Song et al investigated the crystallisation behaviour of VTOP+H2O-grown films
in air and in forming gas ambient (95% N2+ 5% H2, FGA). Figure 11, shows the results
of 1h isothermal annealing at 300, 400 or 500◦C. While V2O5 was readily formed already
at 300◦C in air, monoclinic VO2 was formed at 500 ◦C via monoclinic V3O7 at 400◦C, [45].
However, the obtained crystalline VO2(M) features nanoparticles morphology rather than
continuous films.

Figure 11: XRD patterns of the as-deposited and post-deposition annealed VOx thin films at 300, 400, and
500 ◦C for 1h in (a) air and (b) forming gas. Reprinted from , [45]. Copyright 2017 American Chemical
Society.

The presence of oxygen during crystallization is a critical factor to maintain a continuous
VOx film, [66, 69, 78]. This implies that, if an enhanced surface area is required, as for catal-
ysis or energy storage, annealing in oxygen-free ambient can be the optimal pathway. Very
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few researches have been performed using reducing ambient, which is potentially interest-
ing to control the oxidation state further and form oxides below VO2 or metallic vanadium
nanoparticles.

4.1.2. Influence of deposited film
Several precursors have been used for the deposition of vanadium oxides by atomic layer

deposition, as extensively discussed in section 3. Generally, they can be divided into three
classes according to their vanadium oxidation state as summarised in table 3: +III vana-
dium precursors such as V(iPr-Me AMD)3, +IV vanadium precursors such as [VO(tmhd)2],
[VO(acac)2], V(N Me2)4 (TDMAV) and TEMAV, and +V vanadium precursors such as
VTOP and VOCl3. According to pure ligand exchange reaction chemistry, this also deter-
mines the oxygen content into the deposited films, for example TEMAV+H2O ALD leads
to VO2 films, [37, 89], and VTOP+H2O leads to V2O5 films, [94]. However, the oxidative
(O2 plasma, H2O plasma, ozone) or reductive (acetic acid) ALD chemistry used alters the
vanadium oxidation state in the films compared to that in the precursors, rendering differ-
ent oxygen contents and often inducing crystallisation. The oxygen content (or vanadium
oxidation state) in the deposited film will have a direct influence on the crystallisation and
initial oxidation/reduction stages during post-deposition annealing of these films. Peter et
al, and later Mattelaer et al, found that the deposition of films using TEMAV yielded al-
most identical amorphous VO2 films using either water or ozone as a reactant, except for
the density, which was significantly higher for the water-grown films than for the ozone-
grown films, [65] , and strongly influenced by the deposition temperature and O3 exposure
time, [69]. Rampelberg et al linked those density differences to the different crystalline states
of VO2, i.e. higher-density VO2(M1) or lower-density VO2(B), [90]. As shown in Figure 10
, at low oxygen partial pressure this indeed resulted in the crystallisation of VO2(M1) or
VO2(B) from the water- or ozone-grown films, respectively. Similarly, Peter et at linked the
density of the as-deposited films to either close to VO2 or V2O5, resulting in much smoother
VO2 films using optimized conditions at 1.6Pa O2, [69].

Furthermore, as not all ALD chemistry is able to deposit a ‘clean’ vanadium oxide film,
impurities such as carbon or hydrogen can often be incorporated into the films. Musschoot
et al. showed that this carbon content in the films can delay the crystallisation of amorphous
ALD vanadium oxides. They examined VTOP as an ALD vanadium source with thermal
and PE-ALD. While water plasma enhanced the growth rate compared to thermal ALD,
the carbon content was higher. Both films were amorphous as deposited, but crystallisation
was delayed. The water-grown film crystallized between 400-450◦C to V3O7, and further
oxidized to V2O5 between 450-500◦C, while the higher C-content PE-ALD grown film only
crystallized at 500◦C to V2O5, [37, 89].

4.1.3. Influence of substrate
The crystallisation and oxidation/reduction behaviour is sensitive to the oxygen content

in the films (section 4.1.2) and to the oxygen partial pressure during post-annealing (section
4.1.1). Both parameters retain particular attention during the design of the post-deposition
annealing process. However, the effect of the substrate on which the films are deposited
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is often overlooked. An easily oxidizable substrate, such as copper or titanium nitride,
can scavenge oxygen from the vanadium oxide film, some substrates can donate oxygen to
the films and act as an oxygen source, while a third class of substrates can be classified as
oxygen-indifferent, such as Pt films which neither donate nor scavenge oxygen from the ALD
films during anneal. Permkumar et al. studied the crystallisation behaviour of VO2 from
amorphous ALD VOx films grown from TEMAV+O3 at 150◦C. It was observed that VO2

could be crystallised at 500◦C in oxygen partial pressures up to 11Pa O2 on a 1 nm SiO2 on
Si substrate. In contrast, further oxidation to mixed-phase VO2/V3O7 was observed already
at ≥6Pa O2 on 90 nm SiO2, indicating an oxygen loss from the amorphous film through
the thin SiO2 layer into the silicon substrate, which was prevented using a thicker SiO2

barrier, [68].
In the same way, the difference between SiO2, TiN or Pt/TiN substrates was examined

by Mattelaer et al. The phase formation diagrams on the SiO2 substrates in Figure 10 can
be compared to those in Figure 12, where the same annealing conditions were applied on
TiN or TiN capped with Pt. Besides the larger number of phases that are formed on SiO2

substrate, the oxidation of the vanadium oxide films to higher oxides was delayed on both
TiN and Pt/TiN substrates. This was related to oxygen scavenging from TiN in both cases,
demonstrating a clear influence of substrate, [65].

Besides the influence on the oxygen content of the vanadium oxide film, crystallisation is
also influenced by the underlying surface. When studying the crystallisation of TEMAV+O3

grown amorphous ALD vanadium oxides, it was found that on alumina the formation of the
meta-stable VO2(B) phase was possible using mild annealling conditions, while only the mon-
oclinic VO2(M) phase was found using SiO2 substrates. Permkumar ascribed this behaviour
to different reactive sites available on these different surfaces, facilitating a preferential crys-
talline state during the post-deposition annealing, [68].

4.2. Influence of post-deposition annealing on the surface morphology
4.2.1. Thickness and temperature

As highlighted in the previous section, an excellent control over the crystallinity and
oxidation state of vanadium oxide films can be achieved by post-deposition annealing of
ALD-made films. However, besides crystallinity, film and surface morphology also play
a paramount role in device characteristics, as wll be shown in the following sections on
applications of ALD VOx films in energy storarage (section 5), micro-electronics (section
6) and thermochromic glazing (section 7). For example, electrical devices, such as the
electrochromic films discussed in section 7, can only be operated if they are continuous,
while for catalysis the enhanced surface area is beneficial. Rampelberg et al. investigated the
morphology evolution upon the conversion to VO2(M1) and revealed a significant sensitivity
to the annealing step, as shown in Figure 13. While the crystallisation behaviour was
thickness insensitive (∼450◦C in 1Pa O2), lowering the film thickness or further increasing
the thermal budget resulted in faster agglomeration of the films to form isolated particles,
and films below 11 nm fell outside the processing window to obtain a closed VO2(M1)
film, [66].
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Figure 12: Phase formation diagrams of the VOx crystal states (2 < x < 2.5) on TiN substrates (left) and
on Pt/TiN substrates (right), at 0.25◦/s for He ambients with oxygen partial pressure of 3.7, 7.4, 14.8, 29.6
and 48.1 Pa, and in ambient air. The absence of the melt-line on the left figure is related to the presence
of rutile TiO2 from the substrate, complicating the analysis of the VO2(R) phase on the TiN substrate at
high temperatures. Reproduced from, [65] with permission from the Royal Society of Chemistry.

4.2.2. Surface and ambient
Peter et al further showed that, besides film thickness and temperature, the presence

of oxygen in the annealing ambient, and the nature of the substrate, also played a role in
agglomeration of films, more specifically of VO2 films. They suggested that post-deposition
annealing, especially in the case when a valence change is necessary to obtain stoichiometric
VO2, is typically accompanied by rough morphology and agglomeration on dielectric sub-
strates, [69]. These were attributed to dewetting of the dielectric surfaces by the metallic
VO2 and is strongly enhanced by the volume change during the heat treatment, [69]. A sys-
tematic coarsening of vanadium oxide was reported on fused silica substrates upon annealing
in pure N2, [78]. When very similar films were annealed by Lv et al in inert ambient (pure
Ar in their case), film cracking was observed, but no agglomeration was seen, indicating a
better adhesion to the Si surface compared to the fused silica, [80]. The interplay between
the presence of oxygen in the ambient and the nature of the substrate is not yet completely
understood, and requires further research.
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Figure 13: (top left) Process window for the crystallisation of amorphous vanadium oxide films grown from
TEMAV and O3 in a 1Pa O2 ambient, illustrating the effect of thickness and temperature on the morphology.
(bottom left) SEM images of 11, 23 and 23 nm films after isothermal anneal for 30 minutes in 1Pa O2 at 450,
500, 550 or 600◦C, (right) in-situ XRD demonstrating the independence of thickness on the crystallisation
temperature under the same conditions (same precursors, reactant and an annealing ambient of 1Pa O2)
Reprinted from [66], Copyright 2014, with permission from Elsevier.

Figure 14: SEM top-view images comparatively showing the accompanying morphological change of a
TDMAV+H2O-grown VOx film (a) before and (b) after the annealing process in pure N2 at 600◦C on
fused silica substrates, reproduced with permission from, [78]. (c) AFM image of a TDMAV+H2O-grown
VOx film on n-type silicon after anneal at 425◦C in Ar, Reprinted from [80], Copyright 2017, with permission
from Elsevier.
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5. Applications of Vanadium Oxides in Energy Storage

The global energy scarcity and environment deterioration have compelled an intensive
exploration of sustainable and clean energy storage. Rechargeable batteries and supercapac-
itors are considered as the most favourable options among various energy storage technolo-
gies. Hereinto, the choice of electrode materials is of vital importance for the electrochemical
performance. Typically, materials of interest are found amongst those with an open crys-
tal structure and a relatively low density. The vanadium oxides in the Wadsley series,
i.e. VO2, V6O13, V4O9, V3O7 and V2O5, are known as the layered vanadium oxides, and
have attracted a continuous and fervent attention as promising electrode materials for next-
generation advanced electrochemical energy storage owing to their high specific capacity,
abundant resource and low cost, [95–97]. Therefore, many synthesis methods for vanadium
oxides electrode have been shown to exhibit excellent electrochemical performance, includ-
ing wet-chemical approaches, [98, 99], CVD, [100], and (ALD), [30, 50, 65, 87, 94, 101, 102].
Vanadium oxides prepared by ALD as electrodes have delivered remarkable properties for
energy storage.

5.1. Lithium-ion batteries
Among various energy storage technologies, lithium ion batteries (LIBs) are one of the

most attractive rechargeable batteries due to their high energy density, long cycling life, no
to little memory effect, and reduced environmental impact, [103–107]. The layered vanadium
oxides allow the insertion of ions, which makes them high capacity cathode materials for
LIBs as shown in Figure 15, [108]. The conformal nature of ALD allows the construction
of very thin electrodes on highly structured 3D electrodes, such as (MW-)CNTs and silicon
etch-based structures as pillars or trenches. This enables a very fast charging thanks to
the reduced diffusion length in thin film and a considerable capacity attributed to the area
enhancement factor of the substrate compared to the footprint area, [87], ultimately allowing
the integration into 3D all-solid-state thin-film batteries, [109]. On the other hand, the
excellent phase control and high quality of the films allows for the study of ALD vanadium
oxides as ‘model system’ electrodes.

Despite the phase-richness of vanadium oxides, most research was concentrated on the
lithium-ion insertion into V2O5, [86]. Theoretically, the specific capacity of V2O5 can reach
147 mA h g−1 with 1 Li-ion inserted per V2O5 unit, 294 mA h g−1with 2 Li-ions inserted per
V2O5, and 440 mA h g−1with 3 Li-ions inserted per V2O5, i.e. full lithiation to Li3V2O5.

The theoretical capacity of the complete lithiation of V2O5 is much greater than the typ-
ically commercialized materials such as LiMn2O4 (148 mA h g−1), [110], LiFePO4(170 mA h
g−1), [111], and LiCoO2(274 mA h g−1), [112], as shown in Figure 15. When one lithium per
unit cell is stored (charging to LiV2O5), the original lattice structure is maintained, causing
V2O5 to be extremely reversible (over 1000 cycles without capacity loss, [30, 113], and to
display an excellent kinetics thanks to the high electronic conductivity in this range [114].
However, charging beyond 1 lithium per V2O5 unit cell is accompanied by irreversible lattice
changes from up-up-down-down alternations of VO4-pyramids to up-down-up-down alter-
nations, [115]. This structure transformation, along with lowered conductivity and poor
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Figure 15: Diagram illustrating the lithium-ion capacity and electrochemical reduction potentials of con-
ventional anode and cathode materials, [108].

structural stability (solubility of V3+ and V4+ species), leads to inferior electrochemical
performance, [116–118].

Constructing nanostructures for V2O5 by ALD is one of the most attractive strategies
to overcome these drawbacks and thus further optimize its property in LIBs, [30, 50, 53,
56, 57, 94]. For example, Østreng et al. deposited nano-structured cathodes of V2O5 with
different thicknesses, particle sizes, and morphologies using ALD. A cathode layer of 10 nm
(500 ALD-cycles) delivered a superior electrochemical performance relative to other cathodes
thicknesses. This sample delivered a high specific capacity of 118 mA h g−1at 1C within the
potential window of 2.75-3.8V. It even handled discharge rates of up to 960 C and showed
stable capacity up to 650 cycles with a modest capacity fading that remained within 80% of
the original capacity after 1530 cycles and endured up to 4000 cycles without failure at 120
C. This remarkable performance is due to good contact with the current collector and the
electrolyte, along with small particle size, [30]. Chen et al. reported a detailed study of ALD
V2O5 as a high capacity cathode material, using VTOP precursor (see section 3.2 for details
of ALD process) and comparing two oxidants, O3 and H2O. O3-based films were crystalline
and exhibited an improved electrochemical performance, compared to H2O-grown film, which
was amorphous. This crystalline film showed a high capacity of 127 mA h g−1for 1Li/V2O5,
283 mA h g−1 for 2Li/ V2O5, and 389 mA h g−1 for 3Li/ V2O5 at 1C , [50]. In addition, the
hybridization of V2O5 with other materials such as carbon, CNTs, and TiO2, has also proven
to be extremely effective for enhancing the electrochemical performance, [53, 56, 94, 119].
Chen et al. successfully fabricated MWCNT/ V2O5 sponges for LIBs cathode by ALD as
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shown in Figure 16. This cathode delivered a high initial area capacity of 1.284 mA h
cm−2 for 3 Li transfer (4.0-1.5V), although cyclability was poor. In the 4.0-2.1V range for
2Li/V2O5, the initial area capacity was 0.818 mA h cm−2 at 1 C and the cycling stability was
largely improved. Furthermore, the capacity of 0.155 mA h cm−2 was maintained with 50 C
rate, giving an outstanding rate property. The excellent electrochemical performance of this
hybrid cathode can be ascribed to its unique nanostructure. The sponge structure exhibited
a high surface area, allowing for a high amount of active material loading while the multiwall
carbon nanotubes (MWCNTs) offer fast electrons transport channels. Furthermore, the thin
uniform layer of V2O5 (<16 nm) enables fast (de)/ lithiation of the active material. Finally,
the high porosity of the sponge provides an easy access of electrolyte to the active storage
material, [94].

Figure 16: The synthesis schematic and electrochemical performance of V2O5-coated MWCNT sponge, [94].

However, the cycling stability of two lithium ions into V2O5 is still not perfect, as the
lower oxidation state vanadium can still dissolve in the liquid electrolyte. Kurttepeli et al.
constructed a heterogeneous TiO2/V2O5/MWCNT structure to tackle this issue, as shown in
Figure 17. Here, it was shown that the core-shell-shell structure still enabled all the excellent
properties found by Chen et al, but the addition of a lithium-conductive protective coatings
prevented V-dissolution and further stabilized the electrode, as shown in Figure 17, [119].

Despite the main focus on V2O5, ALD also allows the study of model system electrodes.
On the one hand, the excellent phase control shown in the previous sections on ALD films also
allows the study of all other vanadium oxides in the Wadsley series as potential electrodes.
Mattelaer et al. found that all phases, i.e. VO2(B) up to V2O5, were able to store lithium.
VO2(B) was found to exhibit good cyclability along with storage of one lithium into V2O5,
while V4O9 exhibited the highest initial capacity (1380 mAh/cm3). Their rate performance
is summarised in Figure 18, [87].

Besides crystalline phases, the low-temperature nature of ALD also allows the study
of amorphous vanadium oxides. Le Van et al synthesized amorphous ∼200 nm VOx films
using ALCVD, resulting in good cyclability and much higher capacity than the crystalline

January 16, 2019



Figure 17: Cross-section SEM image (left) and HRTEM image (middle) of 25 ALD cycles TiO2-coated
V2O5/CNTs. (right) Cyclability testing of uncoated V2O5/CNTs and of 5 and 25 ALD cycles TiO2 on
V2O5/CNTs samples at a current corresponding to 2C between 2.0 and 4.0 V vs Li+/Li. Reprinted with
permission from [119]. Copyright 2017 American Chemical Society.

counterparts (455 mAh/g), [43]. Similarly, Mattelaer et al were able to obtain amorphous
VO2 and V2O5 by tuning the process conditions using the TEMAV precursor (refer to
sections 3.3.1 and 4.1 for more details). As can be seen in Figure 18, very high capacities
up to 1.4Ah/cm3 were found for amorphous VO2 (∼20 nm), alongside excellent capacity
retention at high rates (80% at 100C), related to both higher lithium diffusion coefficients
compared to their crystalline counterparts and the thin-film nature of the electrodes, [87].

Figure 18: (left) comparison of the performance of various ALD-derived crystalline vanadium oxides (Pub-
lished by The Royal Society of Chemistry) and (right) benchmarking of amorphous to crystalline vanadium
oxides, [30] [43] [87] [65].

5.2. Supercapacitors
In addition to LIBs, supercapacitors are also promising for energy storage because they

are able to deliver high power density which is also important for practical applications, [120].
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Therefore, vanadium oxides used for supercapacitors have also been explored due to the
broad range of their oxidation states and low cost, [47, 51, 52, 121]. Surprisingly, the
aforementioned unique hybrid nanoarchitecture composed of vanadium oxides and MWNTs
prepared by ALD also showed excellent performance when used as supercapacitor electrode,
see Figure 19. A very high capacitance of up to 1550 F g−1 was achieved at the current
density of 1 A g−1. Such high capacitance values are unprecedented for supercapacitor
electrodes measured in a symmetrical two-electrode configuration in aqueous electrolytes.
Its capacitance can reach up to above 1550 F g−1even at a current density as high as 20 A
g−1. Furthermore, it also showed an excellent cycling performance. The capacitance loss was
only 8% at a current density of 5 A g−1 after 5000 cycles. This striking performance of such
hybrid nanomaterial makes it an ideal candidate as electrode material for supercapacitors in
real applications, [121]. Hybrid nanostructures resulting from the incorporation of vanadium
oxides with carbon or other conductive materials have also been used as electrode materials
for supercapacitors with enhanced performance [47, 51].

Figure 19: Changes in the specific capacitance of the produced electrode samples for: (a) composite electrode
and (b) contribution of VOx coating as a function of current density. (c) Charge-discharge profiles of the
produced electrodes at the current density of 20A/g. (d) A typical capacitance retention of VOx coating as
a function of charge-discharge cycle numbers, [121].

Interestingly, Daubert et al found an intrinsic limit to the potential improvements of
carbon-based supercapacitive performance. Due to the excellent conformality of ALD, pore
sealing can occur in nanoporous carbon electrodes. They found that, using VTOP as a
precursor, pores with diameters below 13Å, i.e. close to the precursor diameter (9.6Å) are
closed during deposition as shown in Figure 20. Counter-intuitively, they found much larger
increases in coated macroscopic carbon black or activated carbon, compared to microscopic
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carbon-based electrodes, as this pore-sealing fraction was much smaller [52].

Figure 20: (a-c) Illustration of pore sealing that can occur by deposition of a pseudocapacitive material
using ALD, and (d) a model used to study this pore sealing, based on a series of narrowing tubes. Reprinted
from [52].

6. Electronic phase control of VO2

To allow either electronic or photonic applications, electronic phase control of VO2 is
key. By controlling the phase of VO2 to be either the metal or insulator, one can switch
electronic current or voltage signals for nanoelectronics applications, or modulate electro-
magnetic waves, in photonics applications. A memory function arises if both phases, or
memory states, can be maintained for a sufficiently long time at the same device operating
conditions (input signals, temperature and other). Now, how can VO2 be switched between
its phases electronically? We will treat the current understanding of the electronic switching
of VO2’s phase. This allows to deduce challenges and opportunities for ALD VO2 thin films
for electronics and photonics.

In recent years, ALD has become a prominent technique for the deposition of dielectric,
[122] and metallic thin-films for nanoelectronic applications, [123–125]. The self-limiting
surface reactions of ALD enable a precise control over film thickness and stoichiometry
which are essential for the (deca)nanometer thin films employed in nanoelectronics. In
addition, the high conformality allows deposition onto three-dimensional (3D) structures,
as increasingly required for advanced nanoelectronic applications. ALD of VO2 presents a
manufacturing friendly technique for potential VO2 applications.

The direct way to switch VO2 is to heat or cool it across its MIT electrically by means of
Joule heating either by a nearby heater element by running a current through the VO2 itself
or by the Peltier effect. In section 6.1 the switching of VO2 2-terminal devices is discussed.
In such devices a current is run through VO2 itself. The switching mechanism of such devices
has been a subject of recent discussion in literature. The use of ALD VO2 films, which have
become available very recently and which are suitable for manufacturing of nano-sized and
3D devices, has been reported in such device research.
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Heating however, requires a significant amount of power, which is an impediment for
some contemporary applications. Low power is very important, for example, in highly mo-
bile Internet of Things (IoT) applications. Researchers have explored alternative switching
mechanisms and have attempted to switch VO2 at constant temperature, looking for a so-
called field-induced MIT in Field Effect Transistor devices (FET), which can be considered
a holy grail in the field. In the second section an overview is given of this VO2 FET re-
search. In 3-terminal FET devices a channel current runs through VO2 between source and
drain terminals. This channel current is controlled by a third, gate terminal. Most of this
research has a fundamental character and has not been done with techniques suitable for
manufacturing such as ALD, however, the ALD deposition of dielectric thin films has played
a key role in this work and has allowed the fabrication of VO2 FETs with high quality gate
dielectrics.

6.1. Switching of VO2 2-terminal devices
Two-terminal thin film VO2 devices show an abrupt decrease of resistance when the

current or voltage applied exceeds a threshold value. Investigations of few-micron-sized
thin film VO2 two terminal devices have widely reported that the observed steep decrease
of resistance at a critical current or voltage is related to a field-induced metal–insulator
transition, [126–133]. However, recent work, [134–141], has found the switching to be induced
by Joule heating rather than directly by the applied electric field.

The fabrication of VO2 coplanar two terminal devices (20-100 µm length) by Duchene et
al, [142], allowed measurements of the pre-transition region and the transition parameters of
the current-voltage (I-V) characteristic. It is proposed that when a voltage is applied between
the electrodes, the internal temperature rises and the device switches to the “on” state.
Threshold voltage and current were investigated versus ambient temperature. Below about
10◦C, switching was proposed to be a pure thermistor effect; above this point, application
of voltage was proposed to cause the device temperature to rise to the phase transition
temperature, when the conductivity increased sharply. The I-V characteristics in the pre-
transition region and the I-V thermal transition phenomena were explained by means of a
theoretical model.

Zimmers et al, [135], used fluorescence spectra of rare-earth doped micron sized particles
as local temperature sensors on VO2 two terminal devices (10, 20 µm length). As the
insulator-metal transition was induced by a dc voltage or dc current, the local temperature
reached the transition temperature indicating that Joule heating played a predominant role.

Freeman et al, [137], examined the structural evolution of tensile strained vanadium
dioxide thin film devices (6 x 9.4 µm2) across the electrically driven insulator-to-metal tran-
sition by nanoscale hard X-ray diffraction. A metallic filament with rutile (R) structure was
found to be the dominant conduction pathway for an electrically driven transition, while the
majority of the channel area remained in the monoclinic M1 phase. The filament dimensions
were estimated using simultaneous electrical probing and nanoscale X-ray diffraction.

Nano-scale VO2 two terminal devices were fabricated with different electrode separations
down to 100 nm and the dc switching voltage and current dependence on device size and
temperature were studied, [140]. The nanoscale devices allowed the evaluation of VO2 as
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an electronic switching material at a relevant scale for future nanoelectronics applications.
Redicung the electrode separation to the VO2 grain size is used as an approach to limit the
occurrence of inhomogeneous (filamentary) and cascaded switching, since the current will
traverse less or no grain boundaries between the electrodes. This allows to study the tran-
sition in devices more closely approximating intrinsic single-crystal behavior. Studying the
origins of geometrically uniform switching which is expected to show the most straightfor-
ward behavior and is most relevant for nanoscale devices. The observations of the geometrical
and temperature dependence, and hysteresis of switching were found to be consistent with
a Joule heating mechanism governing the switching. The power at which a device switched
decreased linearly with increasing temperature, characteristic for a Joule-heating induced
transition. Pulsed measurements showed a switching time to the high resistance state of
the order of one hundred nanoseconds, consistent with heat dissipation time. In spite of the
Joule heating mechanism which was expected to induce device degradation, devices can be
switched for more than 1000 cycles.

The work by Tadjer et al, [141], reported on two terminal switching devices making use
of an ALD deposited vanadium oxide layer. Amorphous vanadium oxide (VO2) films were
crystallized with an ex situ annealing at 660–670◦C for 1–2 h under a low oxygen pressure
(10−4 to 10−5 Torr). Under these conditions the crystalline VO2 phase was maintained,
while formation of the V2O5 phase was suppressed. Electrical transition from the insulator
to the metallic phase was observed in the 37–60◦C range, with an ROFF/RON ratio of up to
about 750. The lateral electric field applied across two terminal device structures induced a
reversible phase change. Both the width and slope of the field induced MIT I-V hysteresis
were dependent upon the VO2 crystalline quality.

The power needed for reaching a MIT decreased linearly with temperature, confirming
Joule heating was the predominant switching mechanism for that sample. However, this
was not the case for partially crystallized VO2 film and a soft (non-abrupt) transition profile
was measurable even near room temperature in the 1.8–2.5 V range. The behavior in
this “soft-MIT” region was attributed to the fact that the thermal conductivity of VO2 is
also phase dependent and could change by as much as 60 percent over the course of the
MIT, ultimately leading to a non-abrupt field switching profile as the critical temperature
is approached during measurement.

6.2. The Transverse Field-induced Metal-Insulator Transition and the Transverse Field Ef-
fect in VO2 Field Effect Transistor devices

A question which has instigated both fundamental and applied research is whether VO2

could possess an electrostatic field induced metal-insulator transition - or not. More specifi-
cally, the switching of a strongly correlated material such as VO2 between a metallic and an
insulating phase by means of applying an electric field transverse to the material’s interface
with a gate electrode evokes the possibility of a switch device outperforming the present
Metal Oxide Semiconductor Field Effect Transistor (MOSFET). Such a device is also re-
ferred to as Mott transistor or an MIT FET. The MOSFET is the dominant switching device
in contemporary nanoelectronics and relies on the modulation of the surface conductivity of
a semiconductor by a transverse field applied with a gate electrode. A metallic on-state in
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an MIT FET would allow a much lower on-resistance and a significantly higher transistor
drive current.

It is important to rule out electrochemically and thermally driven effects (e.g. Joule
heating) before ascribing certain encountered characteristics to Metal-Insulator Transitions
induced by electrostatic charging as in the aforementioned hypothetical MIT FET. In some
work in literature, Joule heating has not been satisfactorily ruled out for transitions oc-
curring at a certain drain-source bias or for gate voltage dependence of such a transition.
Electrochemically induced phase transitions are typically induced at significantly longer time
scales than electronic effects. Electrochemically switched devices (e.g. Resistive RAM) tend
to have lower cyclability, the amount of repeated switching possible before device failure
occurs. However, electrochemical switching might enable memory applications. Crucial as
well is to work with high quality and well-characterized VO2 films, to assure that the in-
tended phase is obtained while also assuring a well-insulating gate insulator on top or below
the VO2 film. At present, MIT or Mott FET behavior not induced by Joule heating or
electrochemical effects has not been rigorously proven to exist in correlated oxide FETs. For
VO2, the basic understanding of the field effect, the change in surface conductance with an
applied transverse electric field is of fundamental and applied interest as well, and is not yet
fully understood.

Ruzmetov’s work, [143], emphasized that the quality of the gate dielectric layer and
its interface with VO2 were critical factors for detecting the field effect in 3-terminal VO2

devices. For this reason the authors explored a number of ways of synthesizing the gate
dielectric within the device: e-beam evaporation of SiO2 and Al2O3, RF sputtering of SiO2

and Si3N4, and atomic layer deposition of HfO2 and Al2O3. It was found for the gate-on-top-
type devices with non-ALD dielectric that, while the high quality of VO2 can be preserved
within the hetero-structure, the devices suffered from large leakage through the gate dielec-
tric and poor dielectric/VO2 interfaces. These devices showed gate voltage modulation of
drain current which was history dependent and of which the resistance continued to increase
for some time (∼10min) even after the gate voltage was removed.

However, it was found that the devices with the gate below the VO2 film offered better
quality of the gate dielectric layer and its interface as opposed to the gate-on-top devices.
For the better quality bottom gate devices, a highly uniform 25 nm thick Al2O3 insulating
layer was deposited by ALD on top of n-Si conducting substrate which served as a base for
60-150 nm VO2 growth by means of RF sputtering from a V2O5 target. The ALD-grown gate
insulator/VO2 interfaces exhibited reproducible electrical response to applied gate voltages,
with no time dependence or persistence beyond removal of the gate voltage. At T = 60◦C
applying gate voltages of 0.5V led to a systematic, reversible and low drop in the channel
resistance of about -0.26%. Gate leakage was ruled out as a possible cause of the modulation
and no modulation was detected at lower temperatures or at the inverse bias.

The authors ascribe the subdued gate field modulation to VO2’s small Debye length which
at 300K is of the order of a few nm, assuming the carrier density to be n = 2×1018cm−3.
The density was deduced from Hall measurements which assumed itinerant carriers, an
assumption not necessarily valid for VO2. Nevertheless, at the quoted carrier density it is
expected that, if VO2 were to behave like a conventional semiconductor, a significant portion
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of a 100 nm film should be depletable and some modulation ought to have been observed.
The authors suggested the future use of ultrathin films of VO2 to avoid shunting by bulk
VO2 of the gate modulated interfacial VO2.

Figure 21: The gate voltage modulation of source-drain resistance of the VO2 channel as observed by
Ruzmetov et al. The inset shows the device diagram. Reprinted from [143] with the permission of AIP
publishing.

Ji et al, [144], attempted to modulate the VO2 MIT in single-crystal VO2 nanowires
via electrochemical gating using an ionic liquid. Individual single-crystal VO2 nanobeams
grown by vapor phase transport were used with a width and thickness of a few 100 nm. To
attain high charge densities by applying a static electric field, a nanowire electric-double-
layer transistor (EDLT) was used involving an organic ionic liquid (DEME-TFSI) as gate
electrode. Stray water contamination in the ionic liquid was found to lead to large, slow,
hysteretic conductance responses to changes in the gate potential applied by means of the
ionic liquid. It was suggested that these changes were the result of electrochemical doping via
hydrogen. In the absence of this chemical effect, gate response was found to be minimal. The
authors suggested that significant field-effect modulation of the metal−insulator transition
is not possible, along the crystallographic directions of the reported nanowires.

Using an ionic liquid as an electrolytic gating medium, induced surface charge densities
of ∼1014/cm2 at the liquid-VO2 interface are expected. The absence of any detectable gating
effect in the insulating state was found to be surprising. Certainly some gate response would
be expected for a conventional semiconductor with a band gap of ∼0.5 eV. Surface states
were asserted to be a possible impediment, but Ji et al. note that surface states had not
been a problem for field effect modulation in a number of oxide systems.

Nakano et al., [145], reported that semiconducting VO2 can be rendered metallic by
applying a strong electric field transverse to the VO2 interface with an ionic liquid (DEME-
TFSI) in an EDLT device. In these devices no gate dielectric was present and VO2 was
in direct contact with the ionic liquid. These field-effect transistors consisted of VO2(001)
epitaxially grown on monocrystalline rutile TiO2(001) substrates by means of pulsed laser
deposition. They reported the temperature dependence of resistance of the VO2 devices for
different gate biases. At high bias they observed that the temperature dependence of channel
resistance and the MIT were suppressed. The gate bias dependence of channel resistance at
260K showed hysteretic switching.
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Figure 22: a) Optical micrograph of an ionic liquid gated EDLT device. B) Schematic cross section of an
EDLT device. Adapted with permission from [144]. Copyright 2012 American Chemical Society.

The authors proposed that electrostatic charging at a surface drives all the previously
localized charge carriers in the bulk VO2 material into motion giving rise to collective carrier
delocalization, leading to the emergence of a three-dimensional metallic ground state.

Figure 23: a) Temperature dependence of channel resistance of a VO2 EDLT device for different gate biases
and b) gate bias dependence at 260K. Reprinted with permission from Nature, [145].

Jeong et al., [146], showed similar temperature dependence of resistivity for different
ionic liquid gate biases and similar hysteretic gate bias dependence at constant temperature
in similar devices as in [145]. The hysteretic gate bias dependence was reported in [144] as
well, in which the modulation was ascribed to water contamination. Jeong et al. argued that
electrolyte gating of VO2 leads not to electrostatically induced bulk carriers as proposed in
[145] but instead, to the electric field–induced creation of oxygen vacancies, with migration
of oxygen from the oxide film into the ionic liquid. The devices were gated to the metallic
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state in vacuum and reverse-gated to recover to the insulating state in an 18O2 ambient. The
18O2 was found to be incorporated in the VO2 films by means of SIMS. XPS observations
indicated a reduction in the oxidation state of V from V4+ toward V3+ after gating. It was
also observed that the gate bias dependence of conductance depends on oxygen pressure,
with gating absent at higher oxygen pressure. Jeong et al. showed that oxygen migration
occurs during ionic liquid gating.

Belyaev et al. deposited 100 nm of amorphous vanadium oxide at room temperature by
magnetron sputtering, on a Si substrate with a 100 nm SiO2 gate dielectric followed by a
10m Torr, 520◦C post deposition anneal, [147]. These solid gated FET structures showed a
temperature-induced MIT with a resistivity jump of about 2 orders of magnitude. The VO2

channel resistance was found to weakly depend on gate bias, showing a change with only
tenths of a percent when the gate voltage reaches a value of about 120V, corresponding to
an oxide field strength of 107V/cm. As the temperature increased, the resistance change
under the applied electric field was found to decrease.

Martens et al investigated the field effect on devices with ultrathin layers of VO2 epitax-
ially deposited by pulsed laser deposition on single crystalline TiO2, [148]. These films were
combined with ultrathin high quality gate dielectrics, amongst which ALD HfO2. These
structures allowed the measurement of the VO2 field effect. The 3-9 nm thick single crys-
talline VO2 films avoided large unmodulated “bulk” conduction which has made measur-
ing the small VO2 field effect problematic. Due to the high dielectric breakdown strength
and high-k value of the ALD HfO2 films, VO2 FET devices could attain a charge density
of ∼5×1013cm−2, which is similar to the density quoted in [145] for ionic liquid gating,
5.6x1013cm−2at 0.9V.

The gate bias modulation of channel conductance was found to be low (<0.6%/V) and
no gate bias induced MITs were observed. Depletion behavior was found to be strongly
suppressed, as observed in both subdued field effect modulation of channel current and
capacitance. No signatures of defect dominated behavior were encountered in admittance
spectroscopy of gate capacitance and channel conductance, and STM. The mobility of the
field-induced carriers was derived at 80K-400K. Based on the low, thermally activated field-
induced carrier mobility (∼1×10−3cm2/Vs at 300 K) these excess carriers were concluded
to be strongly localized. The excess charge mobility was in agreement with that of small
polarons described by an adiabatic Holstein polaron model with an extracted optical phonon
frequency of the expected magnitude, }ω = 8–22 meV for hopping distances of a = 0.3–0.5
nm, fitted to the observed activation energy Ea = 0.11 eV. The low mobility of the field-
induced carriers provides an explanation for the strongly subdued field effect found in VO2.

Yajima et al used single-crystalline niobium-doped TiO2, an N-type semiconductor, as
a back-gate electrode, [149]. VO2 was grown on top of this Nb:TiO2 substrate with PLD.
The depleted single-crystalline Nb:TiO2 at the interface with VO2 can be regarded as a gate
dielectric for a VO2 FET channel, enabling a high permittivity as well as high breakdown
voltage. As an ‘inverse-Schottky gate’, the VO2 channel was regarded as a metal electrode
and TiO2 as a semiconductor. The inverse-Schottky gate geometry allows electron densities
of more than 1x1014 cm−2 to accumulate in VO2 at the VO2/Nb:TiO2 interface.

The hysteretic temperature dependence of channel conductivity across the MIT was
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measured for different gate biases. A gate bias dependence of the derived transition tem-
peratures is observed. Accumulating ∼9.0x1013cm−2 gate induced carriers results in an
observed change in TMIT of ∼1 K. The gate bias dependence of conductivity at constant
temperature was studied as well. Outside of the transition temperature region this gate bias
dependence was found to be small (∼10% at 306 K) and was found to occur fast (<100 ms).
Near the transition region starting in the highly resistive state, it was found that applying
gate bias resulted in a significant 2 order of magnitude increase in conductivity. This larger
change was found to occur slowly in about ∼10 s. The authors ascribed this slow change
to a possible nucleation mechanism. Reverse voltage induced switching from low to high
resistive was not reported. Small transition temperature shifts observed, were found to be
inconsistent with Joule heating. It was argued that the current modulation was taking place
not only in the vicinity of the interface, but in the whole VO2 film, and hence that a carrier
delocalization effect is taking place as proposed in [145].

Wei et al found that the modulation of VO2 nanowire channel resistance near the metal-
insulator transition temperature by a gate was significantly larger than that of larger thin
film based FETs, [150]. The authors proposed that the enhanced resistance modulation of
the nanowire channels was primarily due to the expansion of metallic nano-fractions in an
insulating matrix by applying gate bias especially at the edge parts of channel where the
electric field was higher.

There is plenty left to be learned and confirmed about the field effect in VO2. A significant
modulation of VO2 by means of a transverse electric field has been observed in ionic liquid
gated devices and was ascribed to oxygen migration. Cyclability and speed of this effect
remain to be further investigated for applications. The field effect in solid gated devices has
so far largely appeared to be subdued. Improvements in film quality and defect content,
especially near the gate dielectric–VO2 interface, the careful avoidance or control of Joule
heating, gate leakage and electrochemical effects, and the use of advanced characterization
techniques may lead to further understanding of the physics and the development of the
application potential of the VO2 field effect.

6.3. VO2 applications and ALD VO2 challenges
Electronic switching applications for VO2 that have been proposed so far include: selector

elements for cross bar array memories [140, 151–155], RF switches [156–158], steep threshold
devices [159], non-Boolean computing [160, 161], reconfigurable photonic devices [162–166],
plasmonics [167, 168], terahertz applications [169–172], metamaterials [173–175] and others.

A key challenge across VO2 based electronics and photonics is the compatibility with
commercial and industrial operating temperature range requirements (70-85◦C) and the
even more challenging range of military and automotive applications. To comply with these
requirements the VO2 film transition temperature would need to be sufficiently above the
operating temperature range, in order to avoid switching all VO2 when the chip temperature
is at the higher end of the operating range. During electronic switching the local device
temperature is then brought above the operating temperature range in order to switch the
device. A workaround would be to provide temperature control of the nanoelectronics or
photonics chip which keeps global chip temperature below the transition temperature. This
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might be feasible for some specific applications, but not for all, especially when competing
with alternatives that do not require such temperature control. To address the operating
temperature range challenge ALD VO2 films might be strained [176] or doped to raise the
transition temperature. Ti doping has been reported by some to lead to higher transition
temperature [177] or to have little influence on the transition temperature by others [178,
179]. While raising the transition temperature sufficiently, the abruptness and magnitude
of the resistivity change across the transition should be maintained, or even improved.

Another key ALD challenge is improving the VO2 ALD film quality to reach similar
magnitudes of resistivity change across the transition as those obtained in the best reported
VO2 material. Control of crystallinity, stoichiometry, and defects in VO2 films are key to
obtain the desired electronic properties.

Atomic Layer Deposition forms an attractive technology to deposit thin (<50 nm) VO2

films suitable for mass manufacturing, and further progress in film quality, change in con-
ductivity across the transition, and transition temperature tuning, could enable VO2 appli-
cations.

7. Thermochromic windows – principle of operation.

Approximately half of the energy that reaches the surface of the Earth from the Sun
is in invisible to humans, near-infrared wavelengths, [180]. Developing adaptive coatings
that modulate this particular part of the terrestrial solar spectrum, is presenting us with
an excellent opportunity to balance the energy needs for the heating and cooling of build-
ings, without affecting the visual perception and comfort of their inhabitants, [181]. In this
regard, the purpose of a smart thermochromic coating is to regulate the amount of solar
radiation that is transmitted through the windows of a building, depending upon the am-
bient temperature. During hot weather (hot-state), a smart window should ideally reject
the majority of the Sun’s infrared radiation and pass all or part (in cases where a diming
effect is desirable) of the incident visible radiation; thus, the need for air-conditioning is
limited. During cooler weather (cold-state), both infrared and visible radiation should fully
be transmitted, minimising heating and lighting energy loads, Figure 24. Vanadium dioxide
is the prime material choice for thermochromic window applications due to its favourable
intrinsic properties, summarised below; i) the material exhibits a substantial change to its
optical properties when switching from one phase to the other (see also discussion on VO2

refractive index in the following section). This change is more prominent in the infrared
wavelengths (>700 nm), inducing a large modulation to the transmittance of NIR radiation
between the cold and hot states; ii) the transition temperature of VO2 can be tuned over a
broad range and hence, the properties of thermochromic coatings can be tailored to the spe-
cific climatic conditions of a particular geographic location; iii) a large number of deposition
methods and precursor materials for VO2 thin-films are already available, some compatible
with widely deployed, scalable manufacturing processes. This promises a short path from
research to the market; and finally, iv) vanadium is a relatively abundant material and is
already in use on industrial scale. There are largely two lines of research in association with
VO2 smart window technologies under intense investigation at present. The first employs
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thin-films of VO2 to control NIR radiation, most commonly via modulation of a window’s
reflectance, [182]. The second, exploits the changes in the absorption cross-section of VO2

nanoparticles to regulate the solar heat gain through a window’s surface. The latter area,
frequently termed nanothermochromics, [183], will not be the subject of this review as there
is no evidence of conjunction with atomic layer deposition processes in the literature. In-
stead, we will focus on the former area, where we believe that most of the breakthroughs
may come about by application of ALD methods.

Figure 24: Illustration of thermochromic window functionality: (a) Cold-state enabling both visible and
infrared radiation to be transmitted through. (b) Hot-state that cuts off infrared radiation and part of
visible radiation.

7.1. Optical constants in hot and cold state.
As mentioned in previous sections of this review, VO2 behaves as a semiconductor with

monoclinic crystalline structure below the transition temperature Tt, (T<Tt), while it trans-
forms into a rutile-like, semi-metallic phase for T>Tt. We therefore expect the real and
imaginary parts, (n,k), of its refractive index to vary quite distinctly between these two
states. It is, in fact, the drastic variation in the optical constants of VO2 that is responsible
for its striking properties that make it a suitable material for smart window applications. In
spite of numerous studies having been devoted to the evaluation of the wavelength dependent
VO2 refractive index, [73, 184–186], the literature has yet to converge to an accurate and
commonly agreed set of values. This is primarily because the quality of the measurements
is affected by deviations on the density and morphology of the produced films, as well as
the concurrent presence of other oxide polymorphs. The inherent anisotropic nature of crys-
talline VO2 may imply at first that the complete refractive index tensor needs be quantified.
Nonetheless, most films produced in practice consist of polycrystalline domains, giving rise
to an isotropic effective index over sufficiently long range. While substantial discrepancies
between the absolute values of the reported optical constants are met among different stud-
ies, all published data still share the same qualitative characteristics. Figure 25, shows the
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values for both hot and cold states, obtained by spectrometric ellipsometry [186]. The cold
state is consistent with a semiconductor structure with a bandgap of 2.5 eV (∼495 nm),
arising from the separation between the oxygen 2p-orbitals and the vanadium 3d-bands in
the monoclinic phase and additional absorption peaks at around 3 eV and 4 eV due to
interband transitions within the vanadium 3d-bands, [184]. These features manifest as an
abrupt increase in the extinction coefficient for wavelengths <500 nm, which accounts for in-
creased losses in this region. This is undesirable, as it is responsible for the yellow-brownish
coloration of typical VO2 films, which is generally considered unattractive for commercial
purposes. The relatively large values (>2.3) of the refractive index across the whole visible
spectrum contribute to high reflectance in this spectral region, which is also undesirable
as natural light is equally blocked in hot and cold states. An additional absorption peak is
observed at ∼1.2-1.3 eV, consistent with the literature [73, 184, 185], which is responsible for
the milder and broader peak in the extinction coefficient around 1000 nm. In the hot state,
purely metallic behaviour is observed for energies higher than 2 eV (∼620 nm) and a stark
increase in the free-carrier absorption with a concomitant increase in the extinction coeffi-
cient in the infrared occurs. The consequence of this behaviour is dramatic, as far as smart
window applications are concerned. Vanadium-dioxide thin-films exhibit a surge in their
reflectivity [182], while VO2 nanoparticles exhibit acute enhancement to their absorption
cross-section [183], as the temperature increases past the transition threshold and the ma-
terial undergoes the SMT. Thereupon, the amount of radiation that is transmitted through
a smart window can substantially be modulated, with this effect being more prominent for
NIR wavelengths, as already mentioned before.

Figure 25: Spectroscopic analysis of VO2 refractive index: (a) Real part. (b) Imaginary part. Data repro-
duced from [186].

7.2. Metrics for Thermochromic Window Performance.
Before discussing the synergies between thermochromic coating research and atomic layer

deposition in more detail, it is useful to introduce some key metrics that are used extensively
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to characterise the performance of smart windows, [181–183]. It is customary to use spec-
trally weighted average transmission quantities and assess the performance of the window in
the visible wavelengths, associated with human comfort aspects, separately. Consequently,
the luminous transmittance T c,h

lum and solar transmittance T c,h
sol metrics are defined in the cold

and hot states as following:

T c,h
lum,sol =

∫
φlum,sol(λ)T c,h(λ) dλ∫

φlum,sol(λ) dλ
,

where, T c(λ) is the transmittance at wavelengthλ in the cold state and T h(λ) in the hot
state correspondingly, φlum is the photopic spectral sensitivity of the light-adapted eye (CIE
2008, 380 nm < λ < 780 nm) and φsol is the solar irradiance spectrum for air mass 1.5
standard (280 nm < λ < 2500 nm). The solar transmittance modulation (∆Tsol) can then
be deduced from the above as ∆Tsol = (T c

sol − T h
sol)/T

c
sol. This parameter, outlines the

potential of a thermochromic coating to regulate the admitted solar radiation in the summer
and winter months. As a general rule of thumb, efficient thermochromic coatings should
be designed to simultaneously maximize T c,h

lum and ∆Tsol. We mention in passing that the
transmittance based metrics presented above are not the only parameters that smart window
researchers need to consider when developing next generation coatings. Equally important,
albeit broadly overlooked in the literature, are the hysteresis width and gradient of the
coatings, which need to be tightly controlled or otherwise the performance of the windows
may be inexorably compromised [187].

7.3. Key challenges of thermochromic window research
After several decades of research and a smart window product has yet to appear in the

market, unveiling the hurdles still needed to be overcome for the commercial translation
of the work in this area. The key and often conflicting challenges facing thermochromic
coating research are; (a) The refractive index of VO2 admits large values across the entire
solar spectrum, as already discussed in the previous section. This results in high reflectance
in both hot and cold states, limiting T c,h

lum and suppressing ∆Tsol; (b) The solution that
usually is advanced to improve ∆Tsol, is to increase the thickness of VO2 layers. This has
the adverse effect of diminishing T c,h

lum, pointing to a critical trade-off between T c,h
lum and ∆Tsol

the difficulty in concurrently maximizing both; (c) The native transition temperature of
VO2 is 68◦C, which is impractical for real life applications and needs to be brought closer
to room temperature; (d) Steep switching promotes higher energy savings and hence, the
hysteresis and the gradient of the transition curve have to be kept to a minimum; (e)
The unappealing coloration of VO2 coatings needs to be addressed to produce aesthetically
desirable products; (f) Durability is an issue of prime importance, as coatings need to survive
harsh conditions over prolonged periods of time. The two most common threats encountered
by VO2 coatings are oxidation when exposed to air and weak adhesion to substrates; (g)
As a final remark, we note that additional multifunctionality (for example, self-cleaning,
oil-repellence, high-conductivity, scratch resistance, ice nucleation delay, photocatalytic and
antimicrobial activity and other) is desirable for add on value and creation of high-end
products.
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7.4. Role of ALD in smart window research and future outlook.
Atomic layer deposition is emerging as a promising technology platform to address some

or all of the key challenges encountered in smart window research. As a first example,
ultrathin layers of amorphous Al2O3 were deposited atop VO2 films by Wang et al in, [188],
as protective layers. In this study, it was found that Al2O3 layers as thin as 5 nm were
sufficient to prevent oxidation of VO2, even when samples were heated up to 350◦C for over
1h. This was in complete contrast with the control sample that was fully oxidised to V2O5

and lost its thermochromic properties when subjected to the same heat treatment. Such
protective layers can, in the future, be used as barriers to prevent oxidation but also to
improve the durability and wearability of thermochromic films, [189]. As far as the issues
associated with the transition temperature and aesthetics of the VO2 coatings are concerned,
researchers have traditionally sought solutions in elemental doping. This is a very vibrant
area of work and over 60 elements have been investigated by theory or experiment at present,
as potential dopants to improve the optical properties of VO2 films, [190]. The complete
coverage of the subject is outside the scope of this review but the general strategies to lower
by doping aim to increase the carrier concentration and to induce directed internal strain,
both of which have shown to decrease the energy barrier for the SMT. The prototypical
dopant is W, a higher valency (+5) transition metal, which was shown to lower the transition
temperature by ∼20K/at%, [191]. On the other hand, doping with Mg was employed to
widen (blue-shift) the bandgap of VO2 to 2.32 eV [192], which had a beneficial effect on
the hue and the T c,h

lum of the films. Atomic layer deposition can play an important role as a
means to controlled and precise doping, as has been demonstrated with the nanolaminate
technique, [193]. According to this method, ultrathin nanolaminates of different materials
are alternately deposited by successive ALD cycles and doping is facilitated upon high
temperature annealing via interlayer diffusion. A first attempt in the context of smart
windows was made by Lv et al in, [194], where doping with Mo up to levels of 10 at% was
examined and results were encouraging.

A popular method to surpass the trade-off barrier between luminous transmittance and
solar modulation is by employing multilayer, antireflective films [197–199]. By carefully
optimising the optical path in each layer, constructive interference conditions can be attained
for the transmitted field suppressing reflections and thus, enhancing T c,h

lumand ∆Tsol. A triple-
layer TiO2/VO2/ TiO2 made by magnetron sputtering in [197] reported T c

lum = 63% and
T h

lum = 57%, compared with T c
lum = 47% and T h

lum = 42.5%, for a single VO2 layer deposited
under identical conditions and on a similar substrate. Another triple layer SiO2/VO2/TiO2

structure [199], demonstrated additional photocatalytic activity, showcasing the possibility
of combining thermochromicity with extra functionalities. The broadband and incoherent
nature of sunlight pose a great challenge to the design and fabrication of multilayer structures
for thermochromic applications. Any system designed needs to maintain steady performance
over a broad range of wavelengths and, crucially, be insensitive to the incident polarisation
as well as the angle of incidence. Such demanding design rules can only be met by systems
comprising a large number of layers [200], the thickness of each one of which needs to very
precisely be controlled as even miniscule errors aggregate rapidly across the full stack. This
imposes stringent requirements to the fabrication processes. Atomic layer deposition is a
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Figure 26: Bioinspired, antireflective, superhydrophobic thermochromic concept. (A) Side and top elevations
of nanotextured surfaces with hexagonally arranged paraboloid cones that were simulated in [195]. c○ 2013
Optical Society of America. (B) Fabricated moth-eye VO2 structures. Adapted with permission from [196].
Copyright 2014 American Chemical Society.

very attractive method for this purpose, as it provides with a highly repeatable, accurate,
scalable and automated route for the uniform deposition of multiple material layers in a
single batch [201].

The outlook of atomic layer deposition in thermochromic window research is bright, as
argued in the previous paragraphs. It is our belief however, that the full potential of ALD
will truly be harnessed only when it combines with the rapid advances in nanotechnology and
nanofabrication. The first step to merge the worlds of smart windows and nanotechnology
was taken by Taylor et al, [195], with the design shown in Figure 26(A). In their paper, it was
shown theoretically that T c

lum > 70% and ∆Tsol > 15%. are achievable by using bioinspired,
anti-reflective structures in a glass substrate, conformally coated with ultrathin layers (10-
20 nm) of VO2. Moreover, this design satisfies the requirements for broadband operation,
is agnostic to the polarization and angle of the incident light and introduces virtually no
haze to the smart window. Finally, such moth-eye structures are well known to induce
extreme superhydrophobicity, ice formation delay, omniphobicity and other functionalities
when their surface energy is lowered by silanization or other processes, [204, 205]. Along
similar lines, Liu et al proposed [202], a design, whereby a SiO2 substrate patterned on a
nanogrid array showed theoretical values of T c

lum > 78% and ∆Tsol > 15%, when coated with
VO2 layers of ∼300 nm, Figure 27(A). Thermochromic coatings were also combined with
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Figure 27: (A) Nanogrid thermochromic modelled in [202]. c○ 2015 Optical Society of America. (B)
Fabricated microgrid patterns in [203] - Published by the Royal Society of Chemistry.

opal photonic crystals in [206] where theoretical results of T c
lum > 49% and ∆Tsol > 11%

were obtained. However, the real strength of photonic crystals lies in the ability to tune
their photonic bandgap, which can be leveraged to achieve virtually any desired tint, as was
demonstrated in this publication, Figure 28. Some attempts to fabricate the above structures
were made in the literature [196, 203] where in all cases, sol-gel processes were used to deposit
the VO2 coatings. In spite of best efforts, all experimental systems exhibited suboptimal
results compared to their theoretical counterparts, mainly because the fabricated structures
could not match the explicit design requirements arose from modelling. The above reveal the
unique opportunity for ALD, as the only known process that can provide ultrathin, carefully
doped, conformal and high-aspect ratio coatings, to meet the demanding requirements of
nanotechnology and produce highly efficient, multifunctional thermochomic coatings that
can outperform almost any other design.

8. Conclusions

The ALD of vanadium oxide has been addressed from various perspectives. A close look
at the processing chemistry reveals the availability of vanadium precursors where the cation
features the oxidation state III, IV and V. Considering the volatility of these precursors
near room temperature and their thermal stability, two precursors can be distinguished in
terms of reaction with various typical reactants. Thermal ALD using water vapour or ozone
as a reactant and plasma-enhanced ALD using molecular oxygen are readily enabled us-
ing TEMAV and VTOP. The ALD-required saturating chemisorption of these precursors
was reported. The absence of a consensus regarding the thermolysis temperature of VTOP
and the growth per cycle at saturation with TEMAV is noteworthy. Nonetheless, VTOP
presents clear handling advantage and high volatility at room temperature while TEMAV
features a conveniently high thermolysis temperature. A considerable number of commer-
cially available volatile vanadium compounds were not reported so far as ALD precursors.
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Figure 28: Photonic crystal based thermochromic windows. Adapted with permission from [206]. Copyright
2016 American Chemical Society.

The ALD-made vanadium oxide layers are typically amorphous and the post-deposition
treatment is essential for the attainment of a single crystalline phase. A thorough review in
this respect shows a tight dependence of the crystallization kinetics on the nature of the sub-
strate, gas-phase composition, pressure, temperature, content and nature of contaminants
in the film and the film thickness. In situ monitoring has played a major role for the estab-
lishment of phase-formation diagrams to rationalize the processing of the various vanadium
oxide phases. The processing-induced morphological impact is substantial and it its com-
plexity is worth of dedicated investigations. Among vanadium oxides phases, the Wadsley
series presents a particular interest for the electrochemical energy storage. The implementa-
tion of ALD leverages the potential of these coatings by the possibility to target amorphous,
nano-crystalline or polycrystalline oxides; uniformly coating powders or CNTs; and by the
possibility to engineer core/shell architectures. The reported investigations display improved
performance and stability. The interest towards VO2 that features a semiconductor to metal
transition was reviewed for microelectronics and thermochromic windows. This near room-
temperature transition, 68°C, finds pertinent application for switching and light modulation.
For microelectronic applications, an understanding of the electronic control of the transition
with its thermal shifting above 85°C is suitable. In contrast, decreasing it around 30°C
is essential for glazing applications. The ALD-based development for thermochromic VO2

windows is emphasized by the introduction of bioinspired surface structuration.
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