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Abstract

Global energy demand propelled humankind in search of clean and renewable
energy sources. Among them, solar energy outstands all the available renewable
sources. In this context, concentrated solar thermal technology (CST) and
hydrogen storage via solar water splitting feature significant contributions in
global power generation. Nevertheless, the major challenge in CST technology is
achieving a high solar absorption selectivity with thermal stability above 923 K.
Whereas the limited chemical stability and low performance remain significant
challenges in solar water splitting technology.

We address these technologies' critical issues through multiwalled carbon
nanotubes (MWCNT)-metal oxide hybrid materials. MWCNTs are known for
their high solar absorption, thermal and electrical conductivity. While metal
oxides such as VO, Al-doped ZnO are known for their infrared reflecting
properties with high transparency in the visible region. TiO, and ZnO have
appropriate band positions for water splitting reactions. Here, combining CNTs
and metal oxides at the nanoscale leads to unique properties, not present in
individual constituents. We fabricate the MWCNT-metal oxide through the
hybrid chemical vapor deposition-atomic layer deposition (CVD-ALD) process.
Here the CVD is implemented to grow MWCNTSs, while ALD is used to grow
conformal metal oxide shells on the 3D porous MWCNT structures.

The MWCNT-VO, nanostructures performed in this study feature a solar
selectivity modulation across the semiconductor-metal transition temperature of
VO, i.e., 67°C. The thermally induced optical modulation was investigated as a
function of the morphology of VO, phase. The grown VO, nanoparticles on
MWCNT illustrate an enhancement in the spectral emissivity across the SMT
temperature. A contrasting optical modulation is displayed by the continuous VO,
layer on MWCNT. Aluminium doped zinc oxide (AZO) layer (4.7 at %)
illustrated solar absorbance of 0.96 and thermal emittance of 0.6. The limited
thermal stability of the engineered MWCNT-AZO was enhanced by the
deposition of a thin Al,O3 layer at the MWCNT-AZO interface. A core-double
shell structure, i.e., CNT-Al,03-AZO, withstands thermal treatment at 1000 K for
72 h.

Solar water splitting study on MWCNT-TiO, and MWCNT-ZnO nanostructures
revealed a significant performance improvement relative to the respective oxides.
For MWCNT-TIiO; core-shell structure, an enhancement of photocurrent by 400
% was observed relative to planar Si-TiO,. While in MWCNT-ZnO core-shell
structure, similar results as CNT-TiO; is observed but with higher photocurrent
density because of better electrical properties of ZnO. We observed an increase
of 458 % of the photocurrent density relative to Si-ZnO. The difference in
performance between Si-ZnO/TiO, and MWCNT-ZnO/TiO, was associated with
the diminished electron-hole recombination, efficient electron collection and
increased relative surface in the core-shell structure.
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1 INTRODUCTION

Global energy consumption report by US energy information administration projects an
increase in the energy consumption by 50% in 2050. Raise in energy consumption is mainly
driven by the rise in the global population from 7.8 billion in 2020 to 9.9 billion by 20502.
Energy sources such as coal, oil and natural gas are utilized to meet the current global energy
demand. However, fossil fuels have limited reserves, consuming them for a long duration can
completely deplete the energy resources. It is projected that coal will last for 114 years,
natural gas for 53 years and oil for 52 years3. Statistical projections can vary in time with global
consumption rates and newly found reserves. The fossil fuels scarcity would negatively affect
the health care sector, agriculture, pharmaceutical and chemical industries which use 99%
fossil fuel as feedstock for their product production*®. There are no economically viable
alternative raw materials other than fossil fuels for the cost-effective production of some of
the chemical products used in these sectors®. For the sake of the above-mentioned critical
issues, the consumption of fossil fuels for global energy demand must be reduced.
Concurrently, the combustion of fossil fuels leads to the emission of CO; into the atmosphere,
which remains in the atmosphere for longer time, >1000 years, relative to other greenhouse
gases. Simulation study for the effect of carbon emission on climate change projects a
complete dissolution of the Antarctic ice sheet with 10,000 gigatons of carbon emission into
the atmosphere, which would concurrently raise the sea level’. Hence, it is recommended to
have a global cumulative CO; emission budget to maintain global surface temperature. Paris
climate agreement limits the global CO; emissions by 600-800 gigatons, so the surface
temperature remains less than 2°C above the pre-industrial temperature level®°. However,
with the current CO; emission of 43 gigatons per year, we run out of the carbon budget by
20381, Nevertheless, lower carbon emission per year can give little more time before
reaching the end of the limit, as described in figure 1. Alternative renewable energy sources
such as solar, wind, hydroelectric, geothermal, and tidal are prominent pathways to meet
global energy demand with zero emission®’. Since the last few years, renewable sources have
accounted a considerable share in electricity generation, projected to increase significantly
by 2050 to reduce the global required carbon emission. Paris climate policy upsurges electric
vehicles in transportation that reduced fossil fuel consumption and carbon emissions.



CARBON CRUNCH

There is a mean budget of around 600 gigatonnes (Gt) of carbon dioxide
left to emit before the planet warms dangerously, by more than 1.5-2°C.
Stretching the budget to 800 Gt buys another 10 years, but at a greater

risk of exceeding the temperature limit.
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Figure 1: Left image shows surface temperature projections with respect to the cumulative CO, emissions in Gt CO; since
1876. The black line shows the warming calculated by Earth system models based on historical emissions. The red line shows
the projected warming based on a business-as-usual scenario taken from Ref?. While the right image illustrates the available
years before reaching the carbon budget limit. 600 Gt of carbon dioxide budget is left to emit before increasing by 1.5-2°C.
Extending the budget to 800 Gt brings a greater risk of exceeding the temperature limit taken from Ref'°.

Among the available renewable technologies, solar technology provides the most prominent
energy resource. Energy received from the sun for 1h accounts for 430 EJ, which exceeds the
global energy production in 2011, i.e., 410 EJ'2. In the last decade, rapid cost reduction in solar
energy production from 0.355/KW-h in 2010 to 0.05 S/KW-h in 2020 is associated with an
increased global solar energy contribution to 2.7 EJ. International Energy Agency projects a
solar energy contribution of 27% in the global energy production by 2050%*14. Solar energy
utilization can be categorized into two sections: a) solar capture and conversion technology,
b) energy storage.!?

Two technologies are considered in the capture and conversion of solar energy. Photovoltaics
(PV) and concentrated solar thermal (CST) technologies harness solar energy for electricity
generation, as shown in figure 3. Photovoltaics directly convert sunlight into electricity by
using semiconductor materials. While a concentrated solar thermal system converts sun-heat
into electricity via conventional steam power generator®. Photovoltaics is a very mature
technology with a global installation of 630 GW in 2019, However, PV technology is non-
dispatchable with intermittency, leading to the requirement of an external storage system to
meet energy demand. In contrast, concentrated solar thermal technology is dispatchable with
built-in thermal energy storage capability?’. In the last decade, numerous CST power plants
were installed throughout the world, and intense R&D gave rise to cost-effective advanced
materials with high performance, such has Pyromark 2500, black oxide material8. Presently
electricity generated from CST technology costs around 0.15 $/kW-hr, and an increased
production could reduce the price below 0.10 $/kW-hr'°. As a result, solar thermal power has
enormous capability to meet global energy demand. Theoretically, the total global electricity
demand can be fulfilled by covering 1% of the Sahara Desert with solar thermal power plants.
Thus, solar thermal power systems are expected to play an essential role in future electricity
supply and account for 11% of global energy production by 2050.
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Figure 3: Installation of solar power plants: Photovoltaics (left) and Concentrated solar thermal (right)*>

Energy storage systems are implemented along with the solar plants to mitigate intermittency
issues. These are classified into five major sections for grid application: mechanical, electrical,
electrochemical, chemical, and thermal storage?°. Among them, mechanical storage in the
form of potential energy is a widely used technique. Here energy is stored by pumping the
water uphill in a reservoir, and when in need, uphill water can drive the turbine to generate
electricity. The required large geographical location, slow response and long development
time are apparent drawbacks of this approach?!. Electrochemical storage via batteries is next
in line for power grid application. Some batteries have high self-discharge proceeding with
short-term energy storage?%?2. However, extensive large scale energy storage is limited due
to high costs, low energy storage density, and limited life cycles?3. In this context, chemical
storage in the form of hydrogen is promising because of the long term storage capability, high
efficiency, and minimal environmental effect?*. Solar power is used in splitting water into Ha,
O2 through electrolyser. Produced H, and O can be reused for electricity generation through
fuel cell technology?®, as shown in figure 4.
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Figure 4: schematic of regenerative solar fuel cell system?® .

Nevertheless, solar thermal systems and chemical storage via solar water splitting
technologies have materials-based limitations in achieving high vyields. Therefore, new
materials are in great need to address the technical challenges related to their performance.



1.1 SOLAR THERMAL ENERGY HARVESTING

In the CST system, heat generated by the solar absorbance is transferred via steam to a power
generator for electricity production. Currently, four CST technologies are available: Linear
Fresnel reflector (LFR), parabolic trough collector (PTC), solar tower collector (STC) and
parabolic dish collector (PDC)?’, as shown in figure 5.

Parabolic trough collector (PTC) system consists of reflecting mirrors, solar absorber tube and
support structures. Reflecting mirrors are in a parabolic shape, concentrating the sunlight on
to absorber tube along the focal line of mirrors. A single-axis tracking mechanism is used in
the orientation of sunlight throughout the day onto the absorber. Linear Fresnel reflector
(LFR) system is like PTC, instead uses flat or curved mirrors to concentrate the sunlight onto
the long tubular absorber. Here the absorber position is fixed, and individual mirrors are
oriented towards the sun using a single-axis tracking mechanism. Solar tower collector
(STC) system consists of computer-controlled mirrors called heliostat, a central absorber
tower. Here all the sunlight is concentrated onto the central tower with the help of two-axis
tracking mechanism mirrors. Finally, a parabolic dish collector (PDC) consists of a parabolic
shaped dish reflector that concentrates the sunlight into a single focal point towards the
receiver end. It uses a two-axis tracking mechanism to focus the sunlight throughout the day.
Among all these systems, the solar absorber remains the primary component.

Parabolic trough Central receiver

. Solar Tower

Yol Elg . Heat
: generation
4> Reflector absorber

Absorber tube K}
«— Solar field piping
W0 R ey W - e
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Heliostats fluid
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i ! &S
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Figure 5: Schematic of various concentrated solar thermal technologies?® (left), components of concentrating solar thermal
system (right)

Solar absorbers are central in solar thermal energy harvesting technologies. These materials
should have selective solar absorptance characteristics. An Ideal solar selective absorber
should exhibit a high absorptance in the solar spectrum region (Am1.5) and low absorptance
(emittance) in the mid-far infrared region??, as shown in figure 6.

According to Kirchoff’'s law for opaque bodies, the spectral absorptance(a) or thermal
emittance (€) can be given in terms of total hemispherical reflectance (R), as shown in
equation 1



a,0) =1—-RA,0) ore A, T)=1—R(A,T) Eql

A is the wavelength, 0 is the angle of incidence, T is the body temperature in kelvin. Solar
absorptance (o) is defined as the ratio of solar weighted absorbed radiation to the total solar
irradiance given by equation 2.
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Where Iam1s is the spectral solar irradiance intensity on the earth surface. From the black
body radiation given by equation 3, thermal radiations emitted by any material depend on
the body temperature. Therefore, thermal emittance (€) is defined as the ratio of emitted
radiation from a hot body to radiation emitted from a black body at that temperature, given
by equation 4.

Cy

BB(L,T) = ey s
Ziﬁﬁ[l—mwm,nda
€ = 25um Eq4
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C1, C; are Plank’s constants (C;= 3.74X107%® W m?; C,=1.44X102 m K), T is the temperature in
Kelvin. Thermal emittance is dimensionless; and is unity throughout the spectral range. While
it is 0 in the near IR spectral range for an ideal solar selective black coating.
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Figure 6: Spectral characteristics of an ideal selective solar absorber?®,

Solar to the heat conversion efficiency of the solar absorber is based on factors such as solar
absorptance (o), thermal emittance (€), given in equation 5 under the assumption of no
heat loss due to conduction and conviction3.

as.CF.Q— eoT*

T1=T Eg5

where CF is the solar concentration in a number of Suns, Q is the solar radiative heat flux on
absorber (1000 W/m?), o is the Stefan-Boltzmann constant (5.67x10% W/m? K#), and T is the



absorber temperature in kelvin. Interaction of light with different materials are illustrated in
the ANNEX section.

Selective solar absorption can be achieved by intrinsic characteristics or implementing various
structural designs such as semiconductor-metal tandem, multilayer, cermet and surface
texturing!, as shown in figure 7. Among them, cermet design was researched extensively
because of its potential high-temperature stability32. Temperatures above 923K are required
for the next-generation solar thermal harvesters to achieve high efficiency. However, at high
temperatures, diffusion, agglomeration, oxidation of the embedded metallic nanoparticles
negatively impact the cermet solar absorbance and the thermal emittance3°. Addition of
barrier layers along with non-metallic substrates, and embedded noble metal or bi-metallic
particles in the matrix, have reported to improve the thermal stability of solar absorbers.
However, still, upon implementing new designs, cermet’s have a non-satisfactory
performance-thermal stability trade-off.

Intrinsic selective material T Metal
— Dielectric

Metal

Substrate

a) Intrinsic absorber d) Metal-dielectric composite

Antireflection coating Metal
Semiconductor
Metal

e) Surface texturing

b) Semiconductor-metal tandems

Dielectric

H Metal SnO5:F...
Dielectric Black enamel. ..
Substrate Substrate

c) Multilayer absorbers

/) Solar-transmitting coating/blackbody-like
absorber

Figure 7: Schematic designs of different solar selective absorbers?°.

Carbon-based black paint was developed, showing thermal stability up to 1000K but without
any solar selectivity33. Later carbon-based tandem solar absorbers were designed to achieve
a solar selective absorption3*3°, owing to the metallic nature of the support. However, the
last is prone to metal oxide formation leading to a degradation of the performance. Therefore,
to counter the thermal stability-solar selectivity trade-off, we consider designs based on
MWCNT-metal oxide hybrid materials without relying on the optical properties of the metallic
substrate.

1.2 CHEMICAL STORAGE VIA SOLAR WATER SPLITTING
Solar water splitting technology can be broadly categorized into photovoltaic coupled with
electrolyser (PV-EC) and photo-electrochemical catalysis (PEC)3®, as shown in figure 8. In the



PV-EC system, two mature technologies are coupled to produce H; fuel. An electrolyser
represents a typical electrochemical cell with electrically connected electrodes where the
water redox reactions occur. This system is conceptually simple, but tandem photovoltaics
are required to get the desired overpotential for water splitting that increases the energy
consumption. It is not cost-effective relative to H, production from fossil fuels®’. In the PEC
system, the photo-absorber material is in direct contact with the electrolyte; photovoltage
formed by separation of generated electron-hole pairs drives the redox reactions. This system
gives the flexibility to explore earth-abundant catalysts that can reduce the capital investment
costs3,

PVi-n PVi=2 PVi-1

_____ L - - Light-harvesting
element

il /T L.

M bubbles J

Electrolyzer !
TRL
high Technology Readiness Level low
more  Use / Cost / Raw materials less

Figure 8: Schematic representation of PEC and PV—Electrolysis system with their comparison3’.

Clean hydrogen generation by solar-electrochemical water splitting is an appealing approach.
Photo-electrochemical splitting of water utilizes semiconductors as electrode material. The
redox reactions are driven by the minority charge carriers of the semiconductor when they
reach the surface?®® asillustrated in figure 9. Solar absorption in n-type semiconductors excites
electrons to the conduction band, leaving holes in the valence band. This phenomenon
generates electron-hole pairs, which are separated by the electric field of the electrode-
electrolyte interface. Thus, the holes drift towards the surface, while electrons drift towards
the electron collector. In this context, oxygen evolution reaction (OER) occurs at the n-type
semiconductor (anode) involving holes. In contrast, the hydrogen evolution reaction (HER)
occurs at the p-type semiconductor (cathode) involving electrons. See equations 7 and 6,
respectively.

2H,0 + 2e” = Hy + 20H" (HER) Eq6
40H = 0+ 2H,0 + 4e” (OER) Eq7
OH + surface site* - HO*+ e (intermediate steps of OER)

HO*+ OH - O*+ H,0 + e



O*+ OH > HOO*+ e
HOO* + OH > surface site* + O+ H,0 + e”

The O; evolution reaction involves 4 electrons along with the formation of O-O double bond.
While 2 electrons are involved in the hydrogen evolution reaction. The formation energy of
110 kcal/mol is required for O-O double bond, whereas 104 kcal/mol for H-H bond
formation®. In principle, due to sluggish kinetics in OER reaction, an overpotential beyond
1.23 Vgue is required for the OER, while the overpotential required for Hy evolution is
significantly small*!. Hence, OER is typically considered as a rate-limiting step in the water-
splitting reaction. Therefore, high-performance anode materials are in need. Following are
the critical requirements that a photoelectrode should fulfil:

Strong light absorption: Light absorption in a material is determined by the optical bandgap.
Thermodynamic water splitting equilibrium potential is at 1.23eV, but an overpotential due
to kinetic losses is required. Therefore, materials with an optical bandgap of 1.9-3.5eV are
suitable®?.

Better charge carrier separation: Photogenerated charge carriers must reach the respective
electrode-electrolyte interface for a water-splitting reaction. Therefore, efficient charge
separation is required. In addition, good electronic properties such as high carrier mobility
and large carrier diffusional length are needed. In this context, nanostructured electrodes
feature better carrier dynamics with a consequent reduction of the electron-hole
recombination®3.

Fast electrode reactions: At the electrode-electrolyte interface, charge transfer must be fast
without accumulation at the surface, or surface recombination. One of the mitigations is to
attach catalyst material at the electrode surface to improve the typically sluggish kinetics #4.

High chemical stability: In principle, electrode material should be stable in an aqueous
solution for a long duration in both dark, light conditions and under bias application.
Semiconductor materials are chemically stable when the material's self-oxidation potential is
more negative than water oxidation potential*. Other aspects such as non-toxic, highly
abundant, and inexpensive, are highly relevant for electrode material.



Photoanode Photocathode

Figure 9: Schematic illustration of a typical photoelectrochemical cell represented through band energy. Photogenerated
majority carriers move to the counter electrode, while the minority carriers drift to electrode-electrolyte interface®.
Conventional photovoltaic semiconductors are considered promising materials because they
have an appropriate bandgap for the absorption of a broad portion of the solar spectrum.
However, these materials have self-oxidation potential positive to water oxidation potential,
which indicates the likeliness of material oxidation before the occurrence of water splitting
redox reactions, as shown in figure 10. The chemical instability promotes the degradation of
solar water splitting efficiency?®.

Most metal oxides marked in the orange box of figure 10 display their self-oxidation potential
more negative to the water oxidation potential value. Thus, indicating better chemical
stability for metal oxides, which features additional merits such as cost-effectiveness, non-
toxicity, and high abundance. In this context, TiO2, ZnO, WOs, Fe;03z and BiVO4 have been
intensively investigated in PEC water splitting®*. Nevertheless, metal oxides have poor
electrical properties, i.e. low charge carrier mobility, short diffusion length charge carrier3°.
Therefore, reducing their thickness to match the diffusion length scale or nano-structuring is
usually used to improve the performance*®. Further improvement was reported using several
approaches such as doping, forming a heterojunction with other semiconductors, and
applying a co-catalyst32.
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Figure 10: Red bar indicates self-oxidation potential, black bars represents self-reduction potentials, blue and green boxes
shows conduction and valence band potentials respectively for various semiconductors*>.

CNTs have high electrical conductivity. The addition of CNTs to semiconductors has improved
water splitting performance®’. However, until now, CNT-metal oxide semiconductors are
synthesized by sol-gel and hydrothermal processes, both of which are affected by the
challenging CNT dispersion in aqueous media as the unmodified CNTs are hydrophobic*®. The
necessary chemical processes for the functionalization are difficult to control, and post-heat
treatments are needed to crystallize films. Furthermore, the electronic structure of the CNT-
oxide interface is degraded due to the chemical modification of the CNT surface, which limits
the PEC water splitting performance*°. Therefore, the core-shell CNT-metal oxide
synthesized by the gas phase process is proposed in the present study. This architecture is
expected to significantly reduce the electron-hole recombination of the photogenerated
charge carriers.

1.3 CORE-SHELL APPROACH FOR BOTH TECHNOLOGIES

Synergetic properties of CNT-metal oxide hybrid feature potential application in various
technologies such as microelectronics, batteries, sensors, catalysis °1°2°3°4 |n general,
MWCNT-metal oxide hybrid fabrication is categorised into ex-situ, in-situ methods®®. In ex-
situ process, synthesized metal oxide nanoparticles are attached to the CNT surface via
covalent, non-covalent or electrostatic interactions as shown in figure 11.
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Figure 11: Schematic illustration of Fe,O3 nanoparticles deposition on CNT via electrostatic interaction using
polyelectrolytes>>.

Pristine CNTs tend to bundle due to van der Waals forces, feature limited solubility in organic
solvents and aqueous solution. Surface functionalization can improve the solubility through
formation of new surface group on CNTs, which facilitates hybrid material synthesis. CNTs are
functionalized by two methods:

Non-covalent methods: Here, functional molecules are adsorbed or wrapped around the
CNTs. The delocalized m-electrons of CNTs interact generally with the conjugated compounds
via the Van der Waals forces, m—m stacking interactions, hydrogen bonds or electrostatic
forces®®. In general, this process retains the original structure of the CNTs, whereas the
properties are adjusted due to weak bonding.

Covalent methods: Here the chemical groups are attached to the CNT surface through
bonding the m-conjugated skeleton of the CNT. The most common covalent functionalization
involves an aggressive treatment in acid, where the carbonyl and carboxyl groups are
attached to the CNT surface®’. However, covalent functionalization comes with detrimental
features like structural defects, which disrupts the delocalized electron system in the CNT,
consequently degrading the electrical thermal and mechanical properties that affect the
material performance?®>8,

For in-situ process, the metal oxide phase is directly grown on the CNT surface. Wet chemical
techniques such as electrodeposition®?, sol-gel*® and hydrothermal®® are most widely used
synthesis methods. In all these techniques, the CNTs surface functionalization is a mandatory
sub-step. Through these methods discontinuous metal oxide structures are grown on the CNT
surface, as shown in figure 12. Achieving CNT-metal oxide core-shell structures through
chemical techniques is limited. Few reports concern the synthesis of a core-shell structure of
CNT-TiO2 with functionalization of CNT surfaces through chemical synthesis®%¢2, However,
most of the time TiO, were attached as particles on CNT surface despite of
functionalization®®4%>, raising the question of core-shell synthesis reproducibility via
chemical methods. The SWCNTSs functionalization via acid treatment was found to alter their
electronic structure and lower the electrical conductivity by 3 orders of magnitude®. Oxygen
or hydrogen plasma treatment of pristine MWCNT has reduced the electrical conductivity
from 0.125 to 0.025 Siemen/cm®’.
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Figure 12: TEM images of metal oxides growth on CNT through various chemical process; (a) ZnO rods deposited on CNT by
hydrothermal®8, (b) Cos04 particle on CNT via sol-gel®®, (c) NiCo,04 porous layer on CNT via electrodeposition’®.

Single MWCNT has a high thermal conductivity, 3000 W/m-K at room temperature, which
makes them efficient a heat conductor’?. Nevertheless, this outstanding heat conductivity
reduces to 200 W/m-K for MWCNT network because of inter-tube interactions and defect
scattering that reduce the phonon mean free path’2. In general, structural defects created via
surface functionalization on CNTs decrease the thermal conductivity further’®74, Relative to
pristine CNTs, the functionalized CNTs feature both lower electrical (from 640 to 160
Siemen/cm) and thermal conductivity (from 55 to 22 W/m-K) of the CNT-epoxy composite
material’”>. An optimized benefit from the electrical and thermal conductivity of CNT would
require a firm contact of the individual CNT with the substrate.

The fabrication of CNT-metal oxide device on various substrates through wet chemical
technique is a multistep methodology that includes the implementation of additives’®’’. The
required post-deposition treatments can adversely further affect the film-substrate interface,
with consequent deterioration of performance. Furthermore, the CNTs are not individually
presenting a firm contact with the substrate. Therefore, the thermal and electrical conduction
along the CNTs faces several interfaces prior reaching the surface of the substrate. This makes
the direct CVD growth of CNTs on the surfaces is inherently advantageous.

Surface functionalization is an inessential step in some gas-phase methods. Physical vapor
deposition techniques such as sputtering’?, have been implemented to grow crystalline metal
oxide on CNT surfaces. Nonetheless, core-shell structure of CNT-metal oxide is challenging,
figure 13, as the sputtering technique is a line-of-sight deposition technique. therefore, the
growth of metal oxides on and throughout the length of CNT is not reported so far (cross-
section of sample).
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Figure 13: SEM images of pristine CNT® (left) and ZnO nanoparticles deposited on CNT (right).

Conformal core-shell structures of metal oxide on free standing CNT was reported with the
pulsed laser deposition (PLD) technique’?, as shown in figure 14. Nevertheless, conformal
coatings on very high aspect ratio 3D MWCNT structures is as challenging as with sputtering
for the same reason. Both processes are line-of-sight.

(d) ZnO, (e} Au

Figure 14: TEM images of various metal oxides deposited on free standing CNT via PLD technique’.

Chemical vapor deposition is a non-line-of-sight process that can enable the growth of oxides
on the CNT surface. However, it suffers from non-uniform growth though out the CNT
length®, as shown in figure 15. CNT-metal oxide core-shell structures are highly feasible with
Atomic Layer Deposition (ALD), which is a variant of the CVD process, as shown in figure 15.
ALD enables a uniform and conformal coatings with precise thickness control on geometrically
complex nanostructures because of its self-limiting surface reaction steps®..
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Figure 15: SEM images of ZnO deposited on CNT via CVD process (left)°, TEM image of conformal TiO; on CNT via ALD
process (right)2.

In this work, we develop CNT-metal oxide hybrid materials through the CVD-ALD process.
Here MWCNTs are grown on silicon substrates by CVD followed by metal oxide layer
deposition by the ALD process, as illustrated in figure 16. The details of each process will be
explained in the next chapter. The hybrid materials CNTs-AZO (AZO: Aluminium doped zinc
oxide) and CNT-VO; oxides are proposed for selective solar absorption, while CNT-ZnO and
CNT-TiO; are proposed for solar water splitting.

Ethanol CVD

MWCNT Precursor
A S -
Promoter [ X puree
Catalyst ALD 1
Cycles

A

V MWCNT core
Purge
~ ’ + Metal oxide

“ shell

Figure 16: Schematic representation of hybrid material synthesis by CVD-ALD process.

1.3.1 Solar selective absorber
MWCNTs act like a black body absorber in our design, while degenerate metal oxide

semiconductors like Al-doped ZnO or thermally-responsive VO, act as an infrared reflecting
material.

1.3.1.1 Carbon nanotubes
S.Lijima first described carbon nanotubes in 1991 as a tubular graphitic structure®3. Carbon

nanotubes (CNTs) are an allotrope of carbon that consist of hexagonal carbon sheets rolled
14



up in a tube-like structure. CNTs consisting of single graphene sheets are called single-walled
carbon nanotubes (SWCNTSs), and multi-walled carbon nanotubes (MWCNT) are formed from
multilayers of graphene sheets®®, shown in figure 17. SWCNTs have a diameter in the range
of 0.4-3nm, and MWCNTSs can have a diameter up to 150nm with lengths up to centimetres.
Single-walled carbon nanotubes are categorized into three types, i.e. armchair (n = m),
zigzag (m = 0), and chiral (n # m). Chiral indices (n, m) is given by the orientation of the tube
axis to the hexagonal lattice as shown in figure 17.

Figure 17: Structural view of (a) MWCNTs; (b) SWCNTSs, taken from reference>S(left); Various chirality’s of SWCNTs® (right)

SWCNTs have inter-band and m-plasmon electron transitions from infrared to UV region®>,
shown in figure 18. Optical properties of SWCNT depends on the chirality. However, in
MWCNTs, optical properties are insensitive to chirality; only mt-plasmon electron transitions
are present®®, Optical properties such as transmittance or reflectance depend on the
thickness of the MWCNTSs. High visible transparency of 90% is observed for very thin MWCNTSs
(t=50nm) on a transparent substrate. Transparency is further reduced with an increase in
MWCNT thickness (t=240nm)3”8, In porous vertically aligned MWCNTs with few micrometres
length, low reflectance <1% with high solar absorbance is achieved®>°%°1, Because of their
high solar absorbance, MWCNTSs are used in straylight space applications®%°3,
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Figure 18: Schematic illustration of the electronic spectrum of a typical SWNT sample8> (left); index of refraction and the
absorption coefficient as function of MWCNT array spacing®® (right)

1.3.1.2 Metal oxide semiconductors
Vanadium has multiple oxidation states +2 to +5 and exhibits different crystal structures with

different oxygen coordinations®®. V,0s and VO, phases are studied extensively due to their
attractive properties. Outer 3d electrons of vanadium can be localized or in a free state,
depending on the electron-electron correlation strength and electron-lattice interactions®>.
Along with layered crystal structure, exciting chemical, physical properties with numerous
applications are reported®®.

VO, phase is of particular interest for our application because of its semiconductor—-metal
transition near room temperature®’. This material behaves as a semiconductor at room
temperature with a monoclinic crystal structure, while it shows metallic characteristics with
a change in crystal structure to tetragonal phase above 67°C. If the phase transition
mechanism is due to structural change (Peierls-type) or (Mott-Hubbard type) is not clear.
Electrical and optical properties change abruptly at the transition point, as shown in figure
19. VO2 has shown wide application as electrical switches, oscillators, thermal sensors, optical
switches, metamaterials, and smart windows?%9%100,
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Figure 19: Electrical resistance as function of temperaturel® (left); (right)-Optical property of VO3 in cold (a), hot state®® (b)

ZnO is an n-type semiconductor with a direct bandgap of 3.37eV. The reason behind the
intrinsic n-type conductivity is not apparent, yet some studies have pointed it to native
defects such as oxygen vacancies and Zn interstitials formed during the synthesis'®!, Later, it
is attributed to inevitable hydrogen incorporation into the film during the synthesis!02103,
High visible transparency combined with a tuneable electrical conductivity enables its use in
a wide range of applications, e.g. thin-film transistors (TFTs), buffer layers of solar cells, light-
emitting diodes, photodetectors, piezoelectric devices, chemicals, or gases sensors'9419>,

Extrinsic doping with Al,O3 enhances the conductivity by electron donation from the
associated substitutional occupation?, as shown in below equation.

27n0 1
Aly03—2Alzy + 205 +2¢~ +20, 1

With the doping-induced increase in the charge carrier concentration the plasmon frequency
shifts to high frequency range (shorter wavelength)%’. Thus, AZO displays an increased optical
reflectance in the infrared region. Furthermore, the bandgap of ZnO increases with Al doping
because of an increase in the Fermi level above the original conduction band minimum, also
known as the Burstein-Moss shift. Based on these properties, AZO is reported as a promising
material for low emittance coatings in the glazing industry®, as transparent conductors®®.

1.3.2 Solar water splitting
MWCNTSs act like an electron transport layer in our design, while metal oxide semiconductors
like TiO2 or ZnO as photocatalyst materials.

1.3.2.1 Carbon nanotubes
Electrical conductivity in SWCNTSs is determined based on their chiral vector — Metallic: for

[n—m=3q(q=0,1,2,3...)]; Semiconductor: for [n —m =3qg +1(q = 0,1,2,3...)]*°.
SWCNTs have unique electrical properties because of the graphite structure (Sp2) and
guantum confinement effect associated with their 1D character and small size. MWCNT
consists of several layers of SWCNT with different chirality’s, and interaction between the
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inner shells complicate the interpretation of conductivity!!!. Four-probe electrical resistivity
measurement on MWCNTSs with various diameters have demonstrated unique conductivities
with both metallic and non-metallic characteristics!'%13, Individual MWCNT has shown high
thermal conductivity of 3000 W/m-K at room temperature and can conduct heat efficiently’?®.
While the MWCNT films have reported low thermal conductivity of 200 W/m-K at room
temperature due to intertube interactions, defect scattering can reduce phonon mean free
path’?2, MWCNTs have ballistic electron conduction, which facilitates the highest current
density of 10° A/cm? relative to copper wire ( 10°® A/cm?)114115 Besides, 3D MWCNT porous
structures feature enormous surface area, which facilitates applications in supercapacitors!e,
ion-battery!!’, electrocatalyst'*® and sensors'!® field. CVD grow MWCNTSs act as an electron
transport network, and the inherent porous structure increases the electrode-electrolyte
interface area.

1.3.2.2 Metal-oxide semiconductor
ZnO nanoparticles are extensively studied for organic pollutants photocatalytic degradation.

ZnO features high abundance with nontoxic character?, Besides, ZnO nanoparticle facilitates
antibacterial activity*?!. ZnO nanostructures feature a favourable band alignment with a more
negative conduction band (-0.15 Vrue) relative to water reduction potential (0 Vgue) and a
more positive valence band (3.05 Vrue) relative to water oxidation potential (1.23 Vrue)'?2.

Anatase TiO; is widely studied due to its interesting properties. TiO, is nontoxic,
biocompatible, has a high dielectric constant, and chemical stability'?3. It is a semiconductor
with a bandgap ranging from 3.0 to 3.2 eV. Intrinsic n-type conductivity in TiO; is attributed
to native defects such as oxygen vacancies, titanium interstitials’?*. TiO2 nanomaterials have
shown potential applications as anode material in supercapacitors!?®, Li-ion batteries!?,
photocatalysts'?’. TiO; has suitable positioning of the conduction and valence band energies
to drive Hydrogen evolution (HER) and oxygen evolution reactions (OER)?8,

Nevertheless, ZnO, TiO2 nanostructures suffers from poor electrical conductivity, attachment
of CNTs improves the transfer of electrons to the counter electrode as shown in figure 20.
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Figure 20: lllustrative band diagram of MWCNT-TiO, before (a); after contact at dark equilibrium conditions (b); and under
illumination with an external bias (c).

18



2 EXPERIMENTAL PART

2.1 Material Synthesis

2.1.1 Chemical Vapor Deposition

2.1.1.1 Fundamentals

Chemical vapour deposition is a gas-phase synthesis used to deposit thin films by chemical
reactions. CVD is a versatile technique, extensive usage in semiconductor and optoelectronics
industries, because of excellent repeatability, controllability, high quality, and cost-effective
depositions'?®. Chemical vapour deposition enables the deposition of solid thin films due to
the chemical reaction of vapour phase reactant molecules (precursor) with the surface of the
substrate. In general, these chemical reactions are initiated by external stimuli such as heat
(Thermal-CVD), electromagnetic radiation (Photo-CVD) or plasma (Plasma enhanced-CVD).

In Photo-CVD process, chemical reactions are directly or indirectly driven by light energy.
Conventional light sources are arc lamp, CO; laser, excimer laser, and Nd-YAG laser. Film
growth can occur in both atmosphere and low-pressure conditions. In the indirect process,
substrate is heated by light absorption, and precursor decomposition on the heated substrate
leads to heterogenous chemical reaction. Selective depositions by localised substrate heating
can occur through this process®*°. In the direct process, light interaction with precursor
promote formation of intermediate radical, which react in the gas phase to produce the final
products that diffuse to substrate!3l. Low-temperature depositions are possible from the
direct light interaction process. The slow deposition rate is the major limitation for the Photo-
CVD process.

In plasma enhanced CVD process, chemical reactions are induced by the electron energy.
Application of high-frequency electric field to gaseous species promote plasma formation,
consisting of electrons, ions, and electronically excited species. Precursor molecule
dissociates into radical species upon impact with the high energy electrons, which induce
heterogenous chemical reactions at the substrate. Microwave at 2.4 GHz and radio frequency
at 13.5 MHz are most used plasma sources. The temperature of the energetic electrons is
equivalent to thousands of kelvins. Thus, films with a high growth rate are formed at low
temperatures compared to other CVD variants. Secondary or high vacuum are an essential
condition for the film deposition. Nevertheless, contaminated films and ion-bombardment
induced substrate deteriorations are major limitations of the PECVD process32.

Thermally activated CVD, referred as conventional CVD process, is extensively used for
deposition of diverse materials. Chemical reactions are initiated by thermal energy in the form
of resistance heating or Rf heating. Thermal CVD is limited by substrate material because of
the requirement of high temperatures for film deposition. However, with the usage of metal-
organic precursors, deposition temperatures are reduced*33. The film deposition can occur in
all three pressure conditions, i.e., atmospheric, secondary vacuum and high vacuum.

In the conventional CVD process, the gas-phase precursor chemically reacts at the heated
substrate. The general sequence of events that occur during the CVD process is described in
19



figure 21. Primarily, gas reactants (blue circles) are transferred into the reactor (step a). The
inertial force exerted by substrate on the gas stream yield boundary layer, where the velocity
of the gas stream reduces gradually, reaches zero at the substrate. Similar gradient of
temperature and concentration is observed in the boundary, which influences the growth
kinetics'34. Gas reactant diffuses through the boundary layer (step b) and is adsorbed onto
the substrate (step c). However, there is the possibility of a homogeneous gas-phase reaction
(step d) which produces intermediate reactants (green circles) that are absorbed onto the
substrate and which the reaction generates by-products (red circles). Adsorbed molecules
undergo surface diffusion to form nucleation sites, and subsequent heterogeneous reactions
(step e) lead to the nuclei growth to form a film. Lastly, formed by-products and unreacted

molecules are desorbed from the substrate and extracted out of the reactor as exhausts (step
f)135.
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Figure 21: Schematic of basic steps of a typical CVD process?.

Following events might be rate-limiting in the CVD process: Precursor feed rate into the
reactor, diffusion of precursor through the boundary layer, and surface reaction rate. Process
parameters like temperature and pressure indirectly control these events!36:137,

For instance, at low temperature, the surface reaction kinetics is slow, which follows the
Arrhenius equation given in equation 8, as shown in figure 22

growth rate « e_% Eq 8
E,is the activation energy, R is the universal gas constant, and T is the temperature. So, at
low-temperature surface kinetics becomes rate-limiting process. At elevated temperatures,
growth rate is reduced due to desorption of the precursors from the deposited surface or its
depletion due to parasitic gas-phase reactions. Last lead to formation of unwanted deposition
on reactor walls or to particles formation.

At intermediate temperatures, the growth kinetics no longer follows the Arrhenius equation
and the weak temperature-dependence growth results from a diffusion-limitation, given in
equation 9.
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1 3
growthrate « ~uz Tz_(p?r) Eq9
Di is the diffusion coefficient, proportional to the temperature (T) and inversely proportional
to the total pressure of the reactor (P). § is the boundary layer thickness, proportional to u
the reactant velocity. C; is concentration of the reactant, proportional to the partial pressure
of the reactant (pr)*32.

The mass transport rate is enhanced by decrease in the total pressure. Boundary layer
thickness is reduced with increase in the gas velocity in the bulk, leading to more rapid growth
rates. Surface reactions are rate-limiting step in the low-pressure process*?. However, low-
pressure reduces reactant gas partial pressure, which lowers the growth rate because the
reaction kinetics depends on the reactant partial pressure!3®. To achieve high growth rate at
low pressure process, reactant partial pressure needs to be high, as given in equation 9.
However, boundary layer conditions need to be controlled because of viscous gas flow,
leading to non-uniform film growth.
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Figure 22: Plot of the growth rate as a function of growth temperature'?’,

Thin film growth is indicated as successive process that consists of nucleation, coalescence,
and thickness. Three modes of growth mechanism can occur in the CVD process*3, as shown
in figure 23.

Volmer-Weber mode: Here, adsorbed atom nuclei coalescence into 3D clusters or islands on
the substrate. This occurs when the interaction strength between the adsorbed atoms is
greater than the interaction between the adsorbed atom and substrate.
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Frank—Van Der Merwe Mode: Here, adsorbed atom nuclei coalescence into a homogenous
layer on the substrate. This occurs when the interaction strength between the adsorbed atom
and substrate surface is strong.

Stransky-Krastanov: It is referred as a mixed-mode, involving both 3D-island and homogenous
2D-layer mechanism. The substrate is initially covered with homogenous 2D-layers grown in
Frank—van der Merwe mode, followed with 3D-islands on the surface in the Volmer—Weber
growth mode.
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Figure 23: Three types of growth mode (6= coverage, ml: monolayer): (a) Volmer-Weber mode, (b) Frank-Van Der Merwe
mode and (c) Stransky-Krastanov133,

In a CVD process, the operation parameters influence the nucleation and growth modes,
which further impact the microstructure and properties of the deposited film?0.
Supersaturation in the CVD reaction system leads to nucleation. Supersaturation is defined as
ratio of partial pressure of reactant species in the gaseous phase deviated from equilibrium
state to partial pressure of reactant species in the equilibrium state!4!. Blocher established

142 as shown in figure 24. In

morphological dependence on supersaturation and temperature
general, three types of microstructures can be obtained: Epitaxial single crystal,
polycrystalline, and amorphous®’. Epitaxial growth occurs when lattice parameters of the
substrate and the film is matched. For epitaxial growth, high temperature with low saturation
promotes surface diffusion of adsorbed precursor to nucleating!32. The whisker/nanotubes
structure is formed with the aid of catalysts at high temperatures and low super saturation
conditions. Nucleation occurs at specific sites such as the terrace, ledge and kink on the
substrate surface. The polycrystalline film is obtained at intermediate temperature and
growth rate. The morphology of crystalline film is formed into columnar and or equiaxed
grains. Low temperature, high supersaturation induces the formation of equiaxed grain*3®. In
contrast, high temperature favours the columnar grain growth with increases in grain size.
Amorphous growth is favoured at low temperatures with a high growth rate. Here the surface
diffusion is low relative to adsorbed precursor molecules. At sufficiently high supersaturation
with the very low temperature, gas phase molecular collision is enhanced, leading to

homogeneous nucleation and growth of powder.
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Figure 24: impact of supersaturation and temperature on the microstructure of CVD films'42,

2.1.1.2 Chemical Vapor Deposition of CNT
Carbon allotropes can be grown on a solid surface by the CVD process through pyrolytic

decomposition of hydrocarbons 143, The synthesis of CNTs is possible from the CVD process
through thermal decomposition of hydrocarbons on transition metal catalysts where the
nucleation of the CNTs occurs. Metal-catalyst is categorized into two types: supported and
unsupported (floating) catalyst.

In the supported catalyst, the metal particles are deposited on the substrate before the
hydrocarbon vapor introduction. According to the Young-Laplace relation, for metal particle
formation on any substrate, the substrate's surface energy y, should be smaller than the
surface energy of the metal y,,. In general, metals have higher surface energy than their oxide
counterpart. Hence, we observe de-wetting behaviour leading to the formation of metal
particle clusters during the heat treatment process!**. It was observed that the diameter of
CNTs depends on the metal particle morphology'** and size'*®. However, graphitization was
not possible on large metal clusters'#’,

In the floating catalyst method, the catalyst is introduced along with the carbon source
feedstock. This method avoids the separate heat treatment process required in the supported
catalyst approach, promoting a large scale yield of CNT*48,

A growth mechanism of CNT was first proposed by Baker et al., in 1972, based on the
hydrocarbon vapor — metal-carbon liquid — crystalline carbon solid (VLS) process!*°. Here
carbon source decomposes at the surface of the molten catalyst nanoparticle. Carbon is
therefore dissolved in the nanoparticles to form metal carbide. The continuous supply of
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carbon beyond the solubility limit promotes the precipitation of tubular carbon structures.
Depending on the interaction strength between the catalyst and the substrate, two growth
modes can prevail, i.e. catalyst at the tip (weak adherence) and catalyst at the bottom (Strong
adherence)'®?, as shown in figure 25.
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Figure 25: Schematic of CNT growth mechanism. (a )Tip-growth model and (b) base-growth model*>1,

The catalytic decomposition of hydrocarbons into CNT has also been reported on thermally
stable metal-oxide nanoparticles such as alumina®®?, zirconia®3. The VLS growth mechanism
accepted for metal catalyst CNT synthesis is not valid for oxide metal free catalysts since
carbon dissolution is unlikely. In the vapor-solid-solid growth mechanism, catalyst is in solid
phase during the process'>. It is believed that nanoscale surface protrusions act as nucleating
sites for the CNT growth by surface diffusion>>1>2156 |n this scenario, the role of catalyst
particles is to provide an active interface where carbon rearrangement can occur. Magrez et
al. have proposed a CNT growth mechanism on a non-metallic support surface based on the
active Bronsted basic-Lewis acidic sites, where an electron transfer between the support
surface and hydrocarbon adsorbate takes place. At Bronsted basic (electron donor) sites,
negatively charged carbanion radical condensate are formed and stabilised by the
disintegration of attached alkyl groups. The dehydrogenation process promotes the
formation of aromatic compounds. Further addition of hydrocarbon leads to a polyaromatic
hydrocarbon which can quickly diffuse towards the nanoparticle to integrate into CNT
structure, as shown in figure 26. However, at the Lewis primary site (electron acceptor), CNT
growth is hindered due to the formation of large complex fragments with a low degree of
aromatization®>’.
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Figure 26: Scheme describing the growth mechanism of CNTs by CVD based on a two-step process'>’.

Process used in thesis: Here, we introduce cobalt acetylacetonate Co(acac);, magnesium
acetylacetonate Mg(acac);, ethanol mixture as a single feedstock for CNT synthesis, shown in
figure 27. Mg(acac), is thermally decomposed into MgO particles, and ethanol reduces
Co(acac); into metallic cobalt catalyst as shown in the below equation. A combination of Co-
MgO (catalyst-support) and OH radicals formed upon thermal decomposition ethanol
promote the randomly oriented CNT growth. Details of the process are described in the
published paper'>2,
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Figure 27: Schematic of hybrid CVD-ALD reactor used for deposition of MWCNT-metal oxide nanocomposite.
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2.1.2 Atomic layer deposition

2.1.2.1 Fundamentals

Atomic layer deposition (ALD) is a variant of the CVD process, well established owing to its
high conformal depositions on complex substrates and a variety of materials. ALD emerges as
an essential processing technique for microelectronics with reduced dimensions!>°. The ALD
process is defined as a sequential implementation of self-terminating gas-solid reactions. In
principle, it is regarded as a cyclic process because of two self-terminating reactions, as shown
in figure 28. In the first half cycle, the self-limiting reaction of the precursor takes place, and
the formed by-products and unreacted reactants are evacuated during the purge phase. This
is followed by a second self-limiting reaction with the co-reactant and a purge phase. The
whole sequence is considered as one ALD cycle, and the thickness of the film is precisely
controlled by adjusting the number of applied ALD cycles. As both half-reactions are self-
terminating, the surface saturation occurs when all accessible reaction sites have reacted with
the reactant molecules!®. As a result, the film growth is independent of the transport
conditions in the deposition reactor. Therefore, ALD is highly suited for complex 3D substrates
because of their accurate control of thickness.
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Figure 28: Schematic of an ALD process cycle, consisting of two half reactions®0,

The precursor molecule adsorption aspect on the substrate surface describes the adsorption
kinetics in the ALD process. Adsorption phenomenon is classified into Physisorption (physical
adsorption) and Chemisorption (chemical adsorption)!. In physisorption, intermolecular
forces, such as van der Waals attraction or hydrogen bonding exists between the precursor
molecule and the substrate surface, resulting in multilayer adsorption. While a chemical bond
is formed between the precursor and the substrate in the chemisorption process, resulting in
monolayer adsorption. Physisorption is a reversible process, while chemisorption may be
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reversible or irreversible. Adsorption kinetics can be understood from coverage (Q) of the

162

adsorbent sites as a function of time'®?, given by below equation.

Q = Qeq(l — e_(Kap"'Kd)t)

Ka is adsorption rate constant, Kq is desorption rate constant, p is the partial pressure of
reactant, Qeq is the equilibrium coverage, and t is the time. For self-terminating reaction,
adsorption should feature irreversible chemisorption characteristics (K¢ =0 and Qeq =1). Self-
termination saturation is achieved faster with the high partial pressure (p) and adsorption
rate constant (K,)%3.

Following chemisorption, mechanisms feature as the main event for self-termination
reactions: Ligand exchange, dissociation, association, and oxidation6416>163,

Ligand exchange: In this mechanism, precursor ligands are removed as volatile products
through ligand swapping with the surface group. Basically, exchange mechanism is
understood from Bronsted-Lowry (BL) acid-base reactions. Metal organic precursor ligands
act as BL basic, and proton abstraction from hydroxyl surface group acts as BL acidic'®®. The
best example for this mechanism is the chemisorption of trimethyl aluminium (TMA) onto the
hydroxy-terminated surface releases methane as by-product!®®, as shown in figure 29.
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Figure 29: lllustration of ligand exchange of TMA by proton transfer from hydroxyl surface®®,

Dissociative: In this mechanism, the precursor disintegrates at the substrate or in the gas
phase, and all the fragments are chemisorbed on the surface. Classic example is the
dissociation of trimethyl aluminium (TMA) precursor on the siloxane bridge, as shown in
figure 30. Here Si-O bond is replaced with the Si-C bond from one of the CHs ligands of
Al(CH3s)s. Both the ligand and the precursor are chemisorbed*®’. Dissociative mechanisms are
often observed on high surface energy substrates like metals like platinum and ruthenium.
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Figure 30:lllustration of dissociative mechanism of trimethyl aluminium on Siloxanel®’.
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Associative: This mechanism is considered as the first step for ligand exchange chemisorption.

Here a bond is created between precursor and substrate without breaking their bonds. Bond
formationisillustrated as interaction with lone pair of electrons on a Lewis base and an empty
orbital of a Lewis acidic species'®®. For example, Al(CHs)s has empty Al 3p orbital which is
accepts additional electrons. For 3p orbital association, the monomeric TMA is needed, dimer
TMA dissociates into monomer at 100-165°C*8, Simulations have shown strong interaction
with 3p orbital lone pair of electrons and Lewis basic surface hydroxyl or bridged oxygen
group'®. Associated mechanism is followed with ligand exchange process to ensure the
chemisorption.

Oxidation: In this mechanism, organic ligands are removed from the combustion process
through interaction with strong oxidizers such as O3, O3, and O; plasma. For example, noble
metal-organic ligands are removed by combustion phenomena via dissociative chemisorption
of O, into O* (chemisorbed 0)17%171, as shown in figure 31.
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Figure 31: Schematic of organic ligand removal during combustion via dissociative chemisorbed oxygen7°,

Saturation: the surface coverage at saturation depends on the steric hindrance of the ligands
and the density of reactive surface sites. Bulky ligands of the precursor shield part of the
surface from reacting with precursor molecules and results in a low coverage as shown in
figure 32. Because of steric hindrance, growth per cycle is always less than one monolayer.

58
)

Figure 32: Schematic illustration of steric hindered, which leads to precursor adsorption on limited sites.163

The amount of material deposited per ALD cycle is referred as the growth per cycle (GPC),
which depends on the precursor, substrate, partial pressure, and temperature.

Partial Pressure: In principle, ALD is an irreversible chemisorption process. Hence the
pressure factor should not influence the growth behaviour. However, few studies have shown
that growth rates are enhanced with an increase in the partial pressure of reactants, as shown
in figure 33. Here, the authors reported an unsaturated coverage regime, which turns into
saturated coverage at higher partial pressure of reactant’2173174,175,
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Figure 33: Effect of ALD growth rate by precursor concentration'’? (left), (right). (a) small (8 x 10 g/s) and (b) large (2 x 104
g/s) water flow ratel’s

Temperature: Substrate temperature has a significant influence on the growth rate, as shown
in figure 34. Self-limiting growth occurs between a temperature range referred as the ALD
window, where three growth scenarios can be considered. A constant growth rate is observed
when the saturation is caused by steric hindrance'’®'”7, while a decreasing trend is observed
when the number of surface reactive sites decreases with the increase in temperature!’817°,
A growth enhancement is observed when thermal activation is needed to overcome an
energy barrier across the reaction pathay'8%18!, In the low-temperature region below the ALD
window, an increased growth rate is observed with decreasing temperature due to the
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precursor multilayer physisorption s. A decreasing growth rate is however more frequent and
is associated with insufficient activation energy. While at high temperatures above the ALD
window, a high growth rate reveals the decomposition of the precursor (CVD contribution).
For thermally stable precursors at high temperatures, a decreased growth rate is due to the
reduced residence time of the chemisorbed precursor on the growth surface®?,
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Figure 34: Growth rate as function of substrate temperaturels3,

Substrate: The surface characteristics of the substrate change upon the iteration of ALD
cycles, and the GPC might evolve during the process as a consequence. The substrate is
increasingly covered by the coating material during the first ALD cycles, which progressively
attenuates the effect of the original substrate to reach a constant GPC after a certain number
of cycles. Four GPC trends were reported, as shown in figure 35.

a) Steady-state regime: The GPC is constant over the cycles, and this type of linear
growth occurs when reactive sites do not change with the number of deposition
cycles. It is observed when the steric hindrance of ligands dominates the saturation
behaviour.

b) Substrate-enhanced regime: The GPC is high for the initial reaction cycles and
gradually decreases to a constant value. This type occurs when the number of reactive
sites on the substrate is higher relative to the deposited film.

c) Type-1 substrate-inhibited regime: The GPC is low for the initial cycles and gradually
increases to a constant value. A lower number of reactive sites on the substrate
compared to the ALD grown material favours this kinetics.

d) Type-2 substrate-inhibited regime: The GPC shows a similar behaviour as Type 1 but
reaches a maximum before saturating to a constant value.

There are some reports which assign the GPC category to specific growth models. For
instance, Type-2 is assigned to island growth mode'84, At the same time, other types have
displayed diverse growth modes such as layer-by-layer, random and islandic'®3. Improved
crystallinity of the ALD films was observed for high ALD temperatures, thick films and
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improved purity. Improving the crystallinity of the ALD films might also be addressed via post-
deposition treatments.
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Figure 35: Various ALD growth types depending on substrate, (a) steady-state, (b) substrate enhanced, (c) substrate
inhibited type-1, (d) type-2184,

Precursor: The precursor plays a crucial role in the ALD process, and essential requirements need to
be met:

e \Volatility: Gases and high vapour pressure liquids are preferred as they are
easy to handle and can be delivered with high fluxes. The last favours fast
surface reactions.

e No self-decomposition: The precursor should feature sufficient thermal
stability to enable the self-limiting film growth mechanism.

e Reactivity: Fast and complete surface reactions lead to high productivity with
high film purity.

e No etching of the film or the substrate material: Formed by-products should
be inert and volatile, or else growth is prevented.

e No dissolution into the film or substrate material else hinders the self-limiting
film growth mechanism.

Apart from the essential requirements, some preferred qualities include the price, easy
synthesis and handling, non-toxicity and environmental friendliness.

Precursor materials are broadly classified into inorganic (e.g. halides); organometallics (e.g.
alkyls and cyclopentadienyls) and metalorganic compounds (e.g. alkoxides, B-diketones,
amides, and amidinates) 163:185,

Halide compounds such as metal chlorides, fluorides, bromides and iodides were used since
the early 1960s as ALD reactants. Halide compounds are inexpensive and categorized as
metal-inorganic compounds.
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Merits: Halides are highly reactive and thermally stable'®. Steric hindrance is reduced due to
small ligand size. A wide variety of materials such as oxides, nitride, sulphides, etc. are
deposited using halides.

Demerits: Most halides are solid; vaporization is a challenging process. Gaseous reaction with
hydrogen containing co-reactant results in corrosive by-products such as HF, HCI, HBr, and

H|187

Organometallic compounds such as Alky (metal methyl, ethyl, isopropyl, n-Butyl, and
neopentyl) and cyclopentadienyl Cp (methyl-Cp, ethyl-Cp, and isopropyl-Cp) were introduced
as ALD reactant since 198053, They are referred as organometallic compounds because of
the direct metal-carbon bond.

Merits: They are highly reactive, resulting in a variety of material deposition such as oxide,
nitride, sulphides, etc. Small organic ligands induce the high GPC due to the minimization of
steric hindrance'®. Gaseous reaction by-products are inert volatile substances.

Demerits: Metal compounds are only limited to 12-14 group elements for alkyls and
cyclopentadienyls 2, 3, 10 group elements. These compounds decompose at moderate
temperature, e.g. Al(CHs)s decomposes above 300°C*®°, ZrCp.Me; decomposes at 500 °C*%,

Metal-organic compounds such as B-diketonate, alkoxide, and alkylamides, were used as ALD
reactants since the 1980s. Amidinates were introduced since 2003. Direct metal-carbon bond
is absent!®>.

Merits: Broad range of elements from group 2-14, except 12 are available as ALD reactants.
Wide studied materials such as oxides, nitrides, sulphides, etc. can be deposited?!®3.

Demerits: Poor thermal stability with decomposition at low temperatures, e.g. TiOiPr4
decomposes at 200°C*%%, Ti(NMey)s decomposes at 150°C*%? and Zr(NEtMe)s decomposes at
300°C*®3. Bulky ligands feature a low growth rate due to the steric hindrance effect. Low
vapour pressure results in a challenging evaporation process.

For few decades, many studies have reported the ALD growth for a comprehensive list of
metal oxides because of their range of electrical properties extending from insulating,

semiconducting, metallic to superconducting 19419519,

2.1.2.2 ALD of vanadium oxide
Metal precursors such as Vanadium alkoxides (V*°), B-diketones (V**), alkyl amides (V**) have

been used to grow vanadium oxide films by co-reacting with H,0, O3z or O, plasma. These films
are amorphous in the as-deposited conditions, requiring post-annealing treatments to
achieve the desired vanadium oxide phase®®.

In this work, vanadium oxide films are deposited by thermal ALD. Vanadyl (V) tri-isopropoxide
(VTOP) was used as the precursor and H,O for hydrolysis. VTOP and H,0 are introduced into
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the reactor chamber sequentially, followed by purging steps, and the ALD cycle is optimised
by adjusting the exposures and purge times. The deposition pressure was maintained at ~0.2
mbar, while the deposition temperature was set as an adjustment parameter. During the
hydrolysis of VTOP, the isopropoxide ligands are removed through the hydrolysis process.
Vanadium oxide ALD half-reactions are shown in the below equations.

vo(o - (CH - (CH3)2))3 + Surface — OH 4 Surface — 0 —V0(0 — (CH — (c113)2))2 + HO
— (CH = (CH3)7)

A
Surface — 0 —V0O(0 — (CH — (CH3)2))2 + 2H,0 — Surface — 0 —VO(OH), + 2 HO — (CH — (CHs),)

2.1.2.3 ALD of aluminium doped zinc oxide

In early reports, Zn element, Zinc chloride (ZnCl;) and Zinc acetate (Zn(CH3COO);) were used
for ZnO deposition using H.0 and O3 co-reactants. However, their usage is limited because of
the very low vapor pressure of the precursors, the high deposition temperature, and the
resulting corrosive by-products. Metal alkyl precursors like diethyl zinc (Zn(C;Hs);) and
dimethyl zinc (Zn(CHs)2) have shown fast reactions with various co-reactants. Diethyl zinc is
the most reported precursor for ZnO growth through the ALD process!®’:1%, Doping with
Trimethyl aluminium (AI(CHs)s) has resulted in enhanced electrical properties!®.

In this work, diethyl zinc (Zn(CzHs)2) and trimethyl aluminium (Al(CH3)s3) highly volatile liquids
were used. They feature the vapor pressure of 21 mbar'®® and 15 mbar?® at room
temperature, respectively. Fast surface reactions produce films with low levels of
contamination and a high GPC (= 0.24 and 0.13 nm/cycle, respectively). Thermal ALD enables
Al-doped ZnO films via the sequential hydrolysis of diethyl zinc (DEZ) and trimethylaluminum
(TMA) precursors. AZO films were made by injecting “m” TMA-H,0 cycle for every “n” DEZ-
H,O0 cycles. By varying the number of macro cycles “N”, thickness of AZO films was controlled.
Here one macro-cycle corresponds to “n” DEZ-H;0 cycles and “m” TMA-H.O cycles as
illustrated in figure 36. Through changing “n” and “m”, aluminum doping concentration was
varied with descriptive annotation shown as AZO N(n:m).

Figure 36: Scheme of macro cycles for Al doped Zinc oxide.

During the hydrolysis of DEZ and TMA the alkyl ligands are removed through the hydrolysis
process. ALD surface reactions of Al doped ZnO is given in the below equations.

A
Surface — OH + Zn(C,Hs), = Surface — O — ZnC,H; + C,Hg T
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A

Surface — 0 — ZnC,H: + H,0 — Surface — 0 — ZnOH* + C,Hg 1
A

27n0H" + Al(CHs)s > Zn0 — Al — 0 — Al(CHs) + 2CH, 1

A
Zn0 — Al — 0 — Al(CH5) + H,0 > Zn0 — Al,00H + CH, 1

2.1.2.4 ALD of titanium oxide

Precursors such as halides???, alkoxide®®?

, alkylamides?%? have been reported for the ALD
growth of TiO2 film. Among them, titanium tetra-isopropoxide (TTIP) reactant has been widely
reported for TiO, deposition??, During the hydrolysis of TTIP, isopropoxide ligands are
removed through the hydrolysis process®*. ALD surface reactions of TiO, growth is given in
the below equations.

Ti(0 — (CH — (CH3)2))4 + Surface — OHiSurface —0-Ti(0-(CH - (CH3)2))3 + HO — (CH — (CH3),)

A
Surface — 0 = Ti(0 — (CH — (CH;),)), + 3H,0~Surface — 0 — Ti(OH)3 + 3 HO — (CH — (CHs),)

2.1.2.5 ALD on CNTs

In principle, CNTs have an inert surface with no dangling bonds or surface functional groups.
Therefore, film growth by the ALD process is a challenge?%4, which can be overcome with the
surface functionalization of CNTs20>206.207 pristine CNTs synthesized by the CVD process are
prone to defects relative to CNTs of arc discharge method?®®. These defective sites act as
nucleating sites for the ALD growth of metal oxides?®®2%4, Here chemisorption occurs at
defective sites and the nuclei coalescence with an increase in the ALD cycle results in a
homogenous layer, as illustrated in figure 37. The ALD growth kinetics is therefore dominated
by the defect density at the surface of CNTs210°0.211,

<’ =9
2@

Figure 37: Scheme illustrating nucleation at defective site (top), radial growth of TiO, nuclei with increase in ALD cycles?1°
(bottom).
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2.2 MATERIAL CHARACTERIZATION

Spectroscopy is defined as the interaction of electromagnetic radiations with materials, which
features phenomena such as reflection, absorption, transmission, emission, and scattering?2.
Electromagnetic radiations consist of a broad range of wavelengths, interacts uniquely with
the materials, as shown in the table. Spectroscopy characterization utilizes the above-
mentioned phenomena to understand structure, chemical composition and optical constants
of the MWCNT-metal oxide material developed in this thesis.

Table 1: Material characterization techniques using various electromagnetic radiations, taken from
reference?*?

Wavelength | Wavelength Type of spectroscopy Usual Types of transitions
region limits wavelength in chemical systems
range with similar energies
Gamma 0.01-1 A Emission <0.1A Nuclear
rays proton/neutron
arrangements
X-rays 0.1-10 nm Absorption, emission, 0.1-100 A Inner-shell electrons
fluorescence, and
diffraction
Ultraviolet | 10-380 nm Absorption, emission, 180-380 nm Outer-shell
and fluorescence electrons in atoms,
bonding electrons in
molecules
Visible 380-750 nm Absorption, emission, 380-750 nm Same as ultraviolet
and fluorescence
Infrared 0.075-1000 um Absorption 0.78-300 um Vibrational position
of atoms in
molecular bonds
Microwave | 0.1-100 cm Absorption 0.75-3.75 mm | Rotational position
Electron spin in molecules
resonance 3cm Orientation of
unpaired electrons
in an applied
magnetic field
Radio wave | 1-1000 m Nuclear magnetic 0.6-10m Orientation of nuclei
resonance in an applied
magnetic field

2.2.1 Physical and chemical characterization
The thickness of the metal oxide thin film deposited on the silicon substrate was assessed

using a multiwavelength ellipsometer (Film Sense) with the Cauchy model. Ellipsometry
technique measures the change in reflected light polarization from linear to elliptical upon
interaction with matter. In a three-phase optical system, as shown in figure 38, the total
reflection R is given by the combination of partial reflection coefficient at air-film interface
(ro1), and phase changed reflection at the film-substrate interface(ri2). Ellipsometry
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parameters Y (psi) and A (delta) are related to reflected light polarized in parallel (Rp) and

213

perpendicular (Rs) to the incident plane?!3, as shown in the equation.

R .
R =-2L=tan(y)e
Rs
_ T01’p+'r12’p e‘jzﬁ

R

p 1+701,p T12,p € /2P
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Refractive index and thickness of the film are determined by the phase change (B)?4, given in

equation.

_2md 2 2 .-
= T‘/nl —ng sin?(0)

J(1—4sin2 (8) tan(y)eib+2tan(yp)eid tanZ(P)eid ) nysin ()
= cos(0)[1+tan(p)eld]
d is the thickness of the film, ni, no are the refractive index of the film and ambient
respectively, A is the wavelength of the incident beam (633nm), and 8 is the angle of incidence
(65%)

Incident beam : Reflected beam

Substrate: n,

Figure 38: Schematic of light propagation in three phase optical system?1>,

X-ray diffraction is based on the elastic scattering of the X-rays from the periodically arranged
atoms of a crystalline material, as shown in figure 39. From Braggs equation, constructive
diffraction occurs when the spacing between the lattice planes matches the wavelength of X-
rays?1®.

nA = 2d sin 6

Where n is an integer representing the order of diffraction, A is the wavelength of X-rays, 0 is
the diffraction angle, and d is lattice spacing. Diffraction pattern as a function of diffraction
angle aids in determining the crystal structure of the material. Lattice parameters of the
hexagonal ZnO crystal structure are estimated using the relation between lattice spacing and
miller indices of diffraction pattern shown in the given equation
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daz 3
Where (a,c) are the lattice parameters of ZnO crystal structure, (h,k,|) are the miller indices

1 4 (h?+hk+k? 12
() + 3
a c

of the diffraction pattern, d is lattice spacing. Here Lattice parameter a is calculated using
(100) diffraction peak, and cis calculated from (002)2Y’. Crystallite size can be estimated using

the Debye-Scherrer equation
K2
" Bcos@
Where D is the crystallite size and K is the Scherrer constant depends on the shape of the

crystallite size (for round shape K=0.94), B is diffraction peak broadening, and A is X-ray
wavelength (Cu Ka - 0.154 nm). Diffraction peak broadening is considered due to size, strain,
and instrumental effect shown in the given equation.

Btzotal = Bsize + BSZtrain + Biznstrumental

Williamson-Hall plot given in equation considers total broadening to estimate the crystallite
size (D) and strain (g)*2.

B;cos 0 = %1+ 4esin 6

X-ray diffraction (Bruker D8), Cu-Ka X-ray source, was used to identify crystalline phases of
metal oxide film, silicon substrate and the grown MWCNT. Data were collected using the
grazing incidence at (0.5°), scanning the detector from 0° to 90° with a step size of 0.02°. In
grazing incidence-XRD configuration, the beam, Figure 39, has a limited penetration in the
material, which enhances the diffraction intensity from the thin-film coating.

Income X-rays Diffracted X-ray, producing spots

Particle
Layer 2

coating

Undiffracted WC substrate
beam

Figure 39: Schematic of X-ray interaction with periodically arranged lattice atoms?16 (left); GI-XRD measurement (right).

Raman spectroscopy was performed using an InVia Raman spectrometer (Renishaw) with a
532nm, 633nm laser to identify hybrid material phases.

Raman spectroscopy is used to study the rotational and vibrational transitions of molecules.
Itis based on the inelastic scattering of electromagnetic radiations. When the monochromatic
light interacts with molecules, light can be absorbed or scattered. If the photon energy of
incident light matches with the electronic transition energy states of the molecules, then the
photon is absorbed, and molecules are excited to higher energy levels?!®. When photon
energy is not enough to excite to higher electronic transition states, molecules are excited to
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virtual vibrational states and de-excited back to ground state. This phenomenon is referred
as scattering, shown in figure 40. An elastic scattering, referred as Rayleigh scattering, occurs
when no energy is exchanged between the incident photon and molecule. During inelastic
scattering the photon energy is exchanged with molecule, i.e., change in frequency of
scattered photon from that of the incident photon. In this context, the Stokes Raman effect
occurs when the scattered photon frequency is shifted to a lower value relative to incident
photon frequency i.e., molecules de-excite from the virtual state to an energy state above the
ground states. Anti-Stokes Raman effect occurs when the scattered photon frequency is
shifted to higher value relative to incident photon frequency, i.e., molecules de-excite from
the virtual state to an energy state which is below the ground states??°, Stokes-scattering is
most observed phenomenon because absorbing materials are in-ground vibrational state at
room temperature.

However, Raman spectroscopy analysis is not limited to intramolecular phonon scattering,
but also Raman-active lattice scattering, scattering by electronic excitations are detected on
thin film semiconductors. The vibrational modes of a thin film reflect the atomic bonding of
the material, and the technique has been used as a structure sensitive probe. From Raman
spectroscopy of thin films, following properties can be assessed: 1) Long range order -
crystalline or amorphous 2) Strain 3) Composition identification 4) Interface structures and
thin film reactions 5) Superlattice properties 6) Impurities.
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Figure 40: Energy-level schematic illustrating the states involved in Raman scattering.

The elemental composition and the chemical states of the elements were studied by x-ray
photoelectron spectrometry (XPS) (Axis Ultra DLD, Kratos Analytical Ltd.) using
monochromatic Al-Ka radiation (E = 1486.6eV), Photoelectron emission take-off angle at
0°with respect to the surface normal.
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X-ray photoelectron spectrometry is based on the photoelectric effect?’®. Here, the
impingement of x-rays removes the core-electrons of surface atoms, illustrated in figure 41.
Ejected electron due to absorption of photon energy (hv) is referred as photoelectron. Kinetic
energy (Ex) of the emitted photoelectrons are analysed to estimate the binding energy (Es),
as shown in the equation.

Ex=hv—Ez—¢@

In practice, XPS measurement sample is electrically grounded to the spectrometer, i.e., the
fermi levels are aligned. Thus, kinetic energy and work function (¢) are measured from the
fermi level of the spectrometer.

Ep = hv —Ex — @5

The binding energy of core-electrons of different chemical elements is unique and easily
distinguishable. Hence, in many cases, core-level photoelectrons are used for elemental
analysis, while small shit in binding energy, referred as chemical shift, determines the
oxidation state.
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Figure 41:(a) Schematic of photoelectron emission by the photoelectric effect in a metal. (b) Band energy-level diagram of
the sample and the spectrometer?1®,

2.2.2 Morphology

Electron microscopy uses a highly energetic focused electron beam to analyse the samples on
a very fine scale. When an electron beam hits the sample surface, different signals are
produced from certain depth of samples due to various interactions as shown in figure 42.
These interactions are realised as both elastic and inelastic scattering. Inelastic scattering is
a phenomenon where the electron beam energy is transferred to the sample atoms, resulting
in the ejection of electrons from the atoms as secondary electrons. Subsequently, x-rays are
emitted when vacancy created by ejected electrons is occupied from the electron of higher
orbital energy. In elastic scattering, energy is not exchanged between the electron beam and
sample atoms, but the direction of the incident electron beam is changed. Some of the
elastically scattered electrons are deflected out of the sample, referred as backscattered
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electrons. Each of these interaction signals are collected by the respective detectors for later
processing, such as topography, morphology, composition, the orientation of grains,
crystallographic information of the sample. Scanning electron microscopy is based on the
scattered electrons, while transmission electron microscopy is based on the transmitted
electrons???,

Scanning electron microscopy (FEI Helios 650) was used to analyze the microstructure of the
films with a working distance of 4-5mm, 2-10V voltage. Standard SEM sample preparation
was used. Both top-view and cross-sectional configurations were performed to investigate
surface morphology and conformal deposition. Energy dispersive x-ray spectroscopy (EDX)
attached to FEI-FIB/SEM system is used for the microscopic analysis of the chemical elements
of the sample. MWCNT/metal oxide hybrid materials were characterized using transmission
electron microscopy (S/TEM Themis Z G3, 300kV, Thermo Fisher Scientific). Combined EDX
(energy dispersive X-ray spectrometer) analysis and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, 29.5 mrad, probe corrected) was used for
elemental mapping. The TEM sample were prepared by scratching the surface and deposited
on lacey carbon grids.

Electron beam from the source
Incoming primary electrons

Auger electrons

Secondary electrons 'l‘
/ Backscattered electrons
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Figure 42:The interaction of electron beam with specimen and the signal emitted from the sample?21.

Atomic force microscope is based on interacting forces between the sample and microscopic
tip attached to a flexible cantilever. Here the local attractive or repulsive force between the
sample and the tip induces bending in the cantilever. Deflected cantilever results in the
displacement of the reflected laser beam position on the photodetector, as shown in figure
43. Raster-scanning gives the topography of the sample based on the displacement of the
laser beam position. In general, there are three modes of operation, i.e., contact, non-contact,
and tapping.
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In contact mode, the tip always remains in contact with the sample. As a result, the tip—
sample interaction occurs in the repulsive regime. A constant force is used for the feedback
loop to maintain the scan height. This mode is limited to hard materials due to possible
deformation of the surface during the lateral scan.

In non-contact mode, cantilever is oscillated at its resonant frequency at a smaller amplitude.
Here tip is never in direct contact with the sample. During the scanning long range, attractive
forces such as Van der Waals and electrostatic forces occur between the tip and sample. As a
result, shift of amplitude/phase in the cantilever's oscillations. Constant amplitude or phase
is used in feedback loop to maintain scan height. This mode has poor image resolution.

In tapping mode, cantilever oscillates as in non-contact mode but with larger amplitude,
resulting in repeated engagement and disengagement of the tip from the surface. A constant
amplitude is used for the feedback loop to maintain the scan height. Due to intermittent
characteristics, the lateral force is reduced relative to contact mode. Hence can be used for
soft materials with better resolution??2.

The surface topography of the obtained films was studied by atomic force microscopy (AFM,

Bruker Innova) in tapping mode through etched single crystal silicon probe tip having a radius
curvature <10nm. The surface roughness was extracted via the NanoScope software.
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Figure 43: Schematic of basic AFM set-up (left), force regimes under which each of the three AFM modes operate??3(right).

2.2.3 Solar selective characterization
Sunlight is electromagnetic radiation with spectrum range from partial UV-visible-near

infrared region, which has both waves, particle characteristics. When light interacts with
matter, basically scattering and absorption phenomena occur depending on the frequency
(energy) of the light??4, as shown in figure 44. Absorption is a resonance process where atoms

are excited to higher energy states. UV-Visible frequency induces electronic excitations to
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higher energy states, and the relaxation process features photon emission. Whereas infrared
frequency induces vibrational or rotational excitations of lattice atoms. As-result of
absorption, light propagation through the material is attenuated, given by Beer lamberts
equation.

I =1,e %

Where a is the absorption coefficient, and d is the thickness of the material. Scattering is
basically represented as a non-resonant process, where the lower photon frequency does not
result in higher energy excitations. However, upon photon interaction, atoms are vibrated to
the frequency of the incoming photon. Electron clouds present in the atoms oscillate with
respect to positive nucleus behaving like a dipole oscillator. So immediately emit the radiation
at that frequency. This remission of light is termed as scattering process. In dense material,
atoms are arranged periodically, so each atom act as a source of secondary emitted radiations
that propagate in a forward direction due to constructive interference. Whereas in the lateral
and backward direction, scattered radiations are nullified with destructive interference.
Optical properties like reflection, transmission and refraction are a macroscopic
manifestation of scattering and interference occurring at atomic level??>,

I. Specular reflection

b

Diffuse reflection

3. Backside reflection

4. Diffuse transmission

. Directional

N

6. Absorption

Figure 44: How light interacts with matter??>,

Transmission can be understood as scattering in forward direction. Transmission is quantified
as the coefficient of transmission or transmittivity (T). It is usually defined as the ratio of the
transmitted light fraction (I7) to incident light (lo).
T==

Io
However, at the interface, discontinuity occurs, which paves the path for constructive
interference of backward scattering. This backward scattering is considered as reflection.
Reflection is quantified as the coefficient of reflection or reflectivity (R). It is usually defined
as the ratio of the reflected light fraction (Ir) to incident light (lo).
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Light radiated out the sample can have specular or diffusive characteristics, as shown in figure
35. An integrating sphere collects both the specular and diffusive radiations from the sample
through internal diffusive reflections??®. The inner surface of the integrating sphere is coated
by strongly scattering, non-absorbing powder. After repeated reflections inside the sphere,
all radiation will eventually reach the detector. For total hemispherical transmittance, the
sample is placed at the port entrance, while in reflectance measurement sample is placed at
the backside of the port, as shown in figure 45.

Reflectance Mode Transmittance Mode

Source Source

Detecto Detector

Baffle

Sample Optional Port

Figure 45: lllustration of how integrating spheres would be used in optical measurements reflectance (left) and
transmittance (right)?2,

Optical properties were measured using LAMBDA 1050 UV-VIS-NIR spectrophotometer
from Perkin ElImer and Bruker FTIR spectrometer. Details of the process can be seen in below
attached published article’s?%7:2%8,

2.2.4 Solar water splitting characterization
A standard three-electrode setup was used for the photoelectrochemical measurements with

the MWCNT-metal oxide as the working electrode, as shown in figure 46. All voltages were
measured versus Ag/AgCl reference electrode, and platinum (Pt) was used as the counter
electrode. The electrolyte was an aqueous solution of 0.1 M NaOH (pH 12.7). The electrode
area, 2 c¢cm?, was front-illuminated using a Xe-lamp at 100mW/cm?. Electrochemical
measurements were conducted using an AUTO LAB potentiostat.
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Figure 46: Schematic of the photoelectrochemical setup??°.

Pt cathode

In CV measurement, the potential of the photoanode is scanned between two potentials at a
specific scan rate. As a result, the current obtained from the applied potential is measured by
the potentiostat. In general, the current is normalized the geometric area of the electrode,
referred to as current density. CV measurements are performed under both light illumination
and dark conditions.
Chronoamperometry is performed by applying a constant potential. Sequential illumination
of light reveals the steady-state photocurrent from the anode. Chronopotentiometry records
open-circuit potential before, during and after illumination of the anode without applying any
current. The difference in potential in the dark and under illumination is referred as
Photopotential.
Electrochemical impedance spectroscopy (EIS) can distinguish between resistive and
capacitive responses of metal oxide electrode interfaces based on the frequency dependence
of the observed current. In principle, EIS is an Alternating Current technique where applied
potential V(t) is modulated over time with a small amplitude (|Vo| ~ 5-10 mV) at a controlled
frequency (w) as shown in equation.
V(t) = |Vo|sin(wt)
Here, w is an angular frequency defined by w = 2nf, and f is the frequency in Hz. current
measured I(t) is matched in frequency with offset by a phase angle (¢), as given in below
equation.
I(t) = |lo|sin(wt + @)
Impedance is defined as a resistance at alternating potential and current as given in equation.
Z(w) = V(®)/1(6)
EIS collected data is mostly interpreted through Nyquist spectra, which is a plot of imaginary
impedance at Y-axis and real impedance at X-axis, as shown in figure 47. EIS is performed
under light illumination and dark conditions. Nyquist plot are fitted to Randle circuit to
understand the flow of current across the metal oxide electrode-electrolyte interface. Here
faradaic current correlates with the charge transfer resistance (Rct) and non-faradaic current
to interfacial capacitance (Cint). EIS provides information regarding the charge transfer and
accumulation at metal oxide interface. As a result, mechanistic insights of overall photoanode
performance are estimated.
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3 RESULTS AND DISCUSSION

3.1 SOLAR SELECTIVE ABSORPTION APPLICATION

The demand for solar absorbers with operating temperatures above 900 K, was satisfied using
carbon-based materials. However, this material has a poor solar absorption selectivity.
Tandem structures including carbon nanotubes and metallic surface feature an enhanced
solar absorption selectivity but diminishes the thermal stability. To address the solar-
selectivity and thermal stability trade-off, the MWCNT-Metal oxide architectures were
investigated using the hybrid CVD-ALD process. In this context, two different infrared
reflecting layers, i.e. vanadium dioxide and aluminium doped zinc oxide were considered to
induce solar selectivity in the MWCNT without relying on the metallic substrate.

In Chapter 3.1.1., we review the ALD process for vanadium oxides along with the vast range
of potential applications. The development of an ALD process for vanadium dioxide is
addressed in the chapter 3.1.2. Solar-selectivity characterization of fabricated MWCNT-
Vanadium dioxide is addressed in chapter 3.1.3. The thermal stability and solar selectivity
trade-off of ALD optimized Aluminium doped Zinc oxide-MWCNT hybrid material is illustrated
in chapter 3.1.4.
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3.1.1 Literature review of ALD of vanadium oxide and its application.
Vanadium oxides promotes interesting ‘d’ orbital electrons that behave as localized or free
electrons due to the crystal field splitting. Vanadium features various oxidation states, i.e.,
+5, +4, +3, +2. Thus, it can co-ordinate to oxygen in different polyhedral structures. Polyhedral
coordination and electron-electron interactions promote wide properties of vanadium oxide,
consequently, feature applications in varied fields.

In this review, we addressed the available metal organic vanadium precursors and reported
ALD process for the growth of amorphous VOx and discusses thermal treatments required to
convert amorphous VOy into crystalline phases. We focus on applications where ALD has
already been found or we believe will find wide usage in the near term. This includes energy
storage applications, electronic devices, and smart windows.

Following metal-organic precursors were extensively reported in the growth of vanadium
oxide film through the ALD process. Among them VTOP and TEMAV precursors are most
intensely studied because of viable reactivity with different co-reactants and high vapour

pressure.
brecursor Vapour Reactivity Thermolysis
pressure H,O | 05 | O-Plasma | threshold
V3 | V(PrMeAMD); 6.6 Pa @ 70°C x |V |- -
V(NMe). (TDMAV) 133 Pa @ 64°C v v v 120°C
13 Pa @ 25°C
| VINEtMe) (TEMAV) 24 Pa @ 45°C v v |v >175°C
Y 57 Pa @ 82°C
VO(acac) 0.21 Pa @ 96°C x v - 180°C
VO(tmhd), 024Pa@96°C | x |x |V 160°C
6 Pa @ 25°C
V* | VO(O'Pr)s (VTOP) 39 Pa @45°C v v v 100°C
268 Pa @ 82°C

VTOP: vanadium oxy-tri-isopropoxide; TDMAV: tetrakis dimethylaminovanadium; TEMAV: Tetrakis ethylmethyl
amino vanadium. VO(acac)2): Vanadyl acetylacetonate; VO(tmhd).: Vanadyl tetramethyl heptadionate
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1. Introduction

With 0.019% in the earth crust, vanadium can be considered a
highly abundant element [1]. The strong electron—electron in-
teractions in several vanadium oxide phases resulting from the
localized character of partially occupied ‘d’ orbitals provide these
materials with remarkable properties for numerous technological
applications [2]. Vanadium shows multiple oxidation states
ranging from —3 to +5 and exhibits crystalline structures with
different oxygen coordinations, for example, octahedral, pentag-
onal bipyramids, square pyramids and tetrahedral sharing corners,
edges or faces [3]. In these compounds, vanadium features either
single or mixed oxidation states. The Magneli V;02,_1 and
Wadsley series V;,05;,,1are examples of compounds with mixed
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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 chemical and physical properties,
making them valuable building blocks for the design of func-
tional and smart devices. Vanadium oxides find applications in
microelectronics [5,6], energy storage devices [1,7], smart win-
dows [8—10] and catalysis [11]. Ternary vanadium oxides with
AVOs3 perovskite, for example, Sr'VO3; and CaVOs, do not feature
strong metal-insulator (MIT) behaviour [6,11]; nevertheless, they
exhibit interestingly high transparency and electrical conduc-
tivity with a plasmon energy superior to 1.33eV. These proper-
ties make them promising transparent conducting oxides [12].
Rare-earth vanadate such as LaVOs, however, features 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 deposi-
tion, chemical vapour deposition and liquid-phase synthesis
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[14—16]; in this review, we focus, instead, on atomic layer deposi-
tion (ALD), a process which has not been reviewed so far.
First introduced in the 1960s, this technique is currently receiving
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 depo-
sition on nanopowder and nanostructured surfaces. This article is
organised as following: Section 2 reviews the available precursors
and developed ALD chemistries for the growth of amorphous VOy;
whereas section 3 discusses the (non-trivial) annealing conditions
required to convert VOy 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 particular, section 4
focuses on energy storage applications, section 5 focuses on elec-
tronic devices, particularly ones utilizing electronic means to con-
trol the metal to insulator transition in VO, and, finally, section 6
reviews the application of ALD grown VO, in smart windows.

2. Atomic layer deposition of VO,

Controlling the ALD process of vanadium oxide is an efficient
mean to secure conformal coatings and achieve high control over
the thickness on the nanometre scale. The ALD process is cyclic,
involving the chemisorption of the precursor until surface satura-
tion, and then its reaction with the reactants (H,0, NH3, O3) to form
the desired coating. Efficient purging between the sequential ex-
posures is mandatory to confine the chemical reactions during the
growth sequences. The self-limitation of the sequential ALD surface
reactions is, therefore, a prerequisite. Extending the subsequent
surface exposure to the reactants should 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 tem-
perature window is often limited by the volatility of the precursor
on one side and its thermolysis on the other [19—21]. Third, 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 vana-
dium oxides.

2.1. (-diketonate compounds

2.1.1. Vanadyl acetylacetonate

Vanadyl acetylacetonate, [VO(CsH70,),], 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, whereas 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 Fig. 1 [23].
VO(acac), features a molecular-type structure with temperature-
sensitive intermolecular Van der Waals interaction [24]. The ther-
mogravimetric analysis (TGA), Fig. 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 ex-
hibits 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].

Although the VO(acac);, synthesis was reported in 1957 [26], the
first ALD results using this precursor were reported by 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. The ligand removal was performed in a
subsequent step via an annealing in air at 350 °C for 6 h. Upon
interaction with the deposition surface, the vanadium content
reached nearly the theoretical monolayer of vanadate with 2.3 VO,/
nm?. As the objective of this study was to adjust the surface acidity,
no systematic study confirming the self-limited ALD half-cycles
was reported.

The deposition of VO, starting from [VO(acac),] and molecular
oxygen was reported by Dagur et al., [28] at a substrate temperature
0of 400—475°C, resulting in crystalline VO,. Although the ALD cycles
were optimized at 4s and 1s of exposure to VO(acac); 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 VO, structure. As
the reported TGA analyses show, Fig. 1 [24,25,29], significant
thermolysis of the precursor occurs above 180°C. Therefore, the
study reported with VO(acac)2 [28] is performed at an excessively
high temperature and using molecular oxygen which is a non-
reactive ALD reactant. This work can, therefore, be described as a
pulsed chemical vapour deposition (CVD).

The available literature with the commercially available [VO(a-
cac),] shows its limited pertinence as an ALD precursor. Although
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
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Fig. 1. Thermogravimetric analysis of VO(acac), performed at 2°C/min [24]. Reproduced with permission from John Wiley and Sons. The inset corresponds to the molecular

structure: V: blue; O: Red; C: Grey, H: white.
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Fig. 2. Thermogravimetric analysis of VO(tmhd), 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.

study with this precursor was performed at temperature far
exceeding the thermal decomposition, where the CVD process
dominates the growth.

2.1.2. Vanady! tetramethyl heptadionate

Vanadyl bis(2,2,6,6-tetramethyl-3,5,- heptadionate [VO(tmhd);]/
[VO(C11H1903)3] is a solid compound in which the vanadium cation
is in the +4 oxidation state. The skeleton 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 displayed in the inset of Fig. 2 [23]. [VO(tmhd), ] features
a molecular-type structure with temperature-sensitive Van der
Waals intermolecular interaction from 105 to 295 K [24]. The TGA,
Fig. 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),,VO(tmhd), features a significantly lower fraction 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].

Ostreng et al, [30,31] have implemented the reaction of
[VO(tmhd);] with ozone (O3) for the ALD of VO,. 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);] and Os, respectively. The growth rate per
cycle was far below a monolayer and is temperature-dependent
within the 162—235°C window range and featured a value of
0.02—0.09 nm/cycles. Furthermore, evidence of parasitic CVD
contribution was 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 window was not given attention.

Although the precursor contains a V** cation, the reported ALD
processes implement ozone, which results in its further oxidation
to form amorphous or crystalline V,05 films depending on the
temperature. The low reactivity of [VO(tmhd);] has probably hin-
dered the investigation of its hydrolysis reaction in the ALD process.
Beyond its low vapour pressure and low reactivity, [VO(tmhd);] is
not commercially available, which considerably limits its suitability
for the ALD of vanadium oxide thin films.

2.1.3. Statement regarding (-diketonate compounds
The available literature on the ALD of vanadium oxide starting
from B-diketonate compounds 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 B-deketonate
compounds have been compared, see Fig. 3 [25]. Based on the
weight-loss threshold temperature, the performed TGA in argon
ambience reveals a volatility that evolves in the order: [VO(hfa)]
> [VO(tmhd);]> [VO(acac);]. Furthermore, the thermal stability,
assessed by the residual mass, shows an equivalent performance
for [VO(hfa);] and [VO(tmhd),]; both are more stable than
[VO(acac);]. Among the discussed compounds, VO(hfa), appears as
the most promising beta-diketonate for the ALD of VOy; however,
no study was reported so far with this compound. The low
reactivity of B-diketonates in general would be a significant
drawback with this family of precursors.

2.2. Alkoxide compounds

Vanadium oxy-tri-isopropoxide (VTOP) [VO(OCsH7)s3] is a liquid
compound at room temperature with vanadium in the +5
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Temperature, °C
Compounds | T(°C) | Vapour pressure/Pa | A.H°(298K) ki/mol
VO(acac), 96 0.21 13244
96 0.27
VO(tmhd), 126+11
57 0.0047
VO(hfa), 57 0.18 119410

Fig. 3. Thermogravimetric analysis of (1) [VO(acac)z], (2) [VO(tmhd),] and (3)
[VO(hfac),] 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.
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Fig. 4. Molecular structure of VTOP. (V: blue; O: Red; C: Grey, H: white). VTOP, va-
nadium oxy-tri-isopropoxide.

oxidation state. The molecule features a trigonal pyramidal struc-
ture with vanadyl oxygen at the apex and alkoxide groups at the
edges (Fig. 4). The precursor possesses a vapour pressure of 6 Pa at
room temperature [32], 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, for example,
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 stabilisation of the monomer
form is most likely. This precursor was widely used for the syn-
thesis 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 H,O [33], O, plasma [37] or
03 [38].

Badot et al. [33] have reported on the hydrolysis reaction of
VTOP, and the obtained 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 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 con-
formality of the coating [33]. It is worth mentioning that even at
190°C, the growth rate was still below one monolayer of vanadium

Table 1

oxide per cycle. As-deposited films were amorphous with vana-
dium in the +5 oxidation state [33].

Musschoot et al. [37] have reported on the plasma-enhanced
(PE-ALD) and thermal ALD for the growth of vanadium pentoxide
with VTOP precursor using either HO or O,. Constant growth rate
was observed between 50 and 100°C with the typical self-
saturating half-cycle reactions. PE-ALD with either water or oxy-
gen 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 oxygen plasma is used,
no carbon was reported in the as-deposited films [37]. This in-
dicates that the oxygen plasma burns carbon species generating
volatile products, resulting in pure films.

Chen et al. [38] have implemented the reaction of O3 with VTOP
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 V,05
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 li-
gands. 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]. Although an increase of the growth
per cycle can be attributed to the presence of residual water vapour
in the reactor or to the slow kinetics, the VTOP thermolysis is very
likely affecting a significant part of reported experiments above
100 °C in Table 1. Nevertheless, the typically used short exposure
times to VTOP marginalizes this effect.

Consequently, 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 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 compounds are commercially
available such as: vanadium(V) oxytrietoxide and vanadium(V)
oxytripropoxide. Although, these compounds feature comparable
physicochemical properties, their thermolysis behaviour and
reactivity with water vapour might exhibit significant contrast.
Unfortunately, these compounds were not investigated as ALD
precursors so far [46—57].

Summary of the ALD parameters used for the growth of VO, starting from VTOP precursor.

Oxidant Process Carrier gas Evaporation Temp. (°C) Deposition Temp. (°C) Exposure time (s) VTOP/Oxidant Rate (A/cycle) Ref
03 Thermal N2 45 170-195 0.5/2 0.27-0.81 [38,47,48]
H,0 Thermal N, 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]
0,
N, 45 180 20/60 - [57]

VTOP, vanadium oxy-tri-isopropoxide; ALD, Atomic layer deposition.
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2.3. Alkylamide compounds

Vanadium (IV) amide complexes are volatile, reactive, produce
non-corrosive by-products, and leave marginal impurities in
the films [58]. Alkylamide compounds with higher molecular
weight decompose at higher temperatures due to the steric hin-
drance [59,60]. Ethylamide compound have, for example, 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].

2.3.1. Tetrakis ethylmethyl amino vanadium

Tetrakis ethylmethyl amino vanadium (TEMAV) is a green liquid
at room temperature and is commercially available. The reported
TGA measurement of the precursor, Fig. 5, shows a clear tempera-
ture 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 vol-
atile 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—383 K [64]. The implementation of TEMAV re-
quires heating the precursor source at 65—70°C and the use of an
inert carrier gas [63,65—67].

The TEMAV precursor was implemented with H,O, O3 and
O,-plasma as reactants for the synthesis of vanadium oxide
[65—67]. Authors reported a thermal decomposition above 175°C,
whereas 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
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oxidation state (+4) was retained in the as-deposited amorphous
films using H,O or Os as reactants [65]. In the case of plasma O as
the oxidant, polycrystalline V,05 was formed upon deposition, and
vanadium has, therefore, a +5 oxidation state.

Blanquart et al. [63] reported a constant growth rate with
growth per cycle (GPC) of 0.04nm/cycle within the 100—175°C
temperature range using the reaction of TEMAV with Os. Similar
behaviour with a GPC of 0.08nm/cycle was observed using the re-
action of TEMAV with H,0 at 125—200 °C. The resulting films were
amorphous and featured a +4, +5 mixed oxidation state for va-
nadium. The authors have 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 et al.
have used this process for the ALD of vanadium oxide using the
reaction of TEMAV with H,0 and Os as reactants [68—70]. TEMAV
in these reports was diluted to a concentration of 0.2 M in oc-
tane. Authors noticed the thermal decomposition of the precur-
sor 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 amor-
phous, 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, 0.45-1A/cycle, is quite
remarkable. It is also worth noting that 150 °C is a common tem-
perature for ALD in all reports regardless of the type of energy input
and reactive gas.
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Fig. 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. TEMAV, Tetrakis ethylmethyl amino vanadium.

Table 2
Summary of the ALD parameters used for the growth of VO starting from TEMAV precursor.
Oxidant Process Carrier gas Evaporation Temp. (°C) Deposition Temp. (°C) Exposure time (s) TEMAV/oxidant Rate (A/cycle) Ref
03 Thermal N, 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]
H,0 Thermal N> 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]

TEMAV, Tetrakis ethylmethyl amino vanadium.
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Fig. 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. TDMAV, tetrakis dimethylaminovanadium.

2.3.2. Tetrakis dimethylaminovanadium

Tetrakis dimethylaminovanadium (TDMAV) is a solid compound
at room temperature. The TGA analysis, Fig. 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 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].

Wang et al., [78,79] have reported the thermal ALD of vanadium
oxide by implementing the reaction of TDMAV with H,0O or Os.
Authors reported that the volatility of the precursor is high enough
to allow sublimation at room temperature. A temperature-
independent growth rate was observed at temperatures between
50 and 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 HO. A significant thermolysis of the precursor
was noticed above 120 °C. Authors have demonstrated self-limited
surface reactions with TDMAV and H,0 at 50 °C. Increasing the
temperature was, however, favourable for the attainment of pure
films. Amorphous films with mixed +4 and + 5 oxidation states of
vanadium were obtained. Vanadium oxide films obtained with H,0O
as areactant had less carbon and nitrogen contamination than films
made using O3 oxidant [78,79].

Lv et al., [80] implemented the reaction of TDMAV with H,0 in
thermal ALD. The precursor was evaporated at 60 °C and carried

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

into the reactor using Ar flow. Temperature-independent growth
was reported at 150—200 °C, with a strong thermolysis contribu-
tion 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 VO 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.

2.3.3. Vanadium amidinates

Vanadium tris-diisopropylacetamidinate [(V(iPr-MeAMD)3)]
Fig. 7 is a red-brown solid compound with a vapour pressure of
6.6 Pa at 70 °C [81]. Owing to the chelating effect, the precursor is
thermally stable relative to the other nitrogen coordinated alkyla-
mide compounds. The molecule features a distorted geometry from
octahedral towards trigonal prismatic. The precursor features a
monomeric structure in the gas phase because of the bulky ligand
and higher coordination to vanadium (IlI), which presents a dis-
torted octahedral geometry [82].

M. Weimer et al. [83,84] have implemented the [(V(iPr-
MeAMD);)] 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 Os. Using H,0O, 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 V,05 films were
deposited with O3 and H;0, O, oxidants, whereas films grew
neither with H,0, O, nor H,. Authors reported about the synergy
effect between reactants and reported the growth of amorphous
VO, films with H; dosing after the oxidation with H,0,. However,
no self-limiting reactions were obtained.

2.4. Statements regarding the ALD of VOy

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 precursors despite the
immense interest towards vanadium materials and their growth by
ALD. A considerable number of commercially available potential
vanadium precursors remain unexplored. Surprisingly striking
variations between different sources were observed regarding the
thermolysis threshold and the ALD window. The values stated in
Table 3 refer to the lowest reported thermolysis threshold. An
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Table 3

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

Precursor Vapour pressure Reactivity Thermolysis threshold
H,0 03 0,-Plasma
Vv3+ V('Pr-Me AMD)3 6.6 Pa@ 70 °C X Vv - -
VAt V(N Me,)4(TDMAV) 133 Pa @ 64 °C v v v 120 °C
V(N Et Me)4(TEMAV) 13 Pa@ 25 °C v Vv v >175 °C
24Pa@45°C
57Pa@82°C
VO(acac); 0.21 Pa@ 96 °C X \/ — 180 °C
VO(tmhd), 0.24 Pa @ 96 °C X X v 160 °C
\%ias VO(O'Pr); (VTOP) 6 Pa@ 25°C v Vv v 100 °C
39 Pa @45 °C

268 Pa@ 82 °C

VTOP, vanadium oxy-tri-isopropoxide; ALD, Atomic layer deposition; TDMAV, tetrakis dimethylaminovanadium; TEMAV, Tetrakis ethylmethyl amino vanadium.

increased growth per cycle when extending the exposure time to
the vanadium precursor might be the signature of a parasitic
thermolysis contribution. Among the investigated precursors, three
featured a convenient reactivity with the conventionally used re-
actants for the growth of oxides by thermal ALD. These three pre-
cursors 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 distin-
guished among the three valuable precursors by its higher ther-
molysis 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 times, which makes the process slower. VTOP is the most
investigated precursor so far, which is likely related to its conve-
nient handling in air and the low toxicity of the reaction products.

3. Posttreatment of ALD-grown vanadium oxides

The as-deposited VO, do not always feature the desired char-
acteristics. The art of posttreatment in VOy 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 posttreatment parameters: tem-
perature, pressure and partial pressure of the oxidant, or reducer.
We summarize the literature and highlight some new alternatives
and unexplored or underexplored areas.

ALD-grown vanadium oxides already come in a wide range, that
is, from amorphous to crystalline and with vanadium in various
oxidation states, as extensively discussed in section 2. However, the
degree of crystallinity often plays a large role in the device char-
acteristics. For example, amorphous V,05 thin films, powders and
aerogels have been reported to store lithium more efficiently and
with higher capacities compared to their crystalline counterpart
[85—87]. As another example, the same vanadium IV oxidation
state in a different crystal lattice form, that is, VO, (M1/R)
compared to VO3(A) or VO,(B) can either exhibit thermochromic
properties in the former case, whereas no thermochromic behav-
iour is observed in either of the latter lattices [88]. Often, the degree
of crystallinity can be controlled in process, as described in section
2.1.2 for ALD using [VO(tmhd);] and O, (amorphous 162—196 °C,
crystalline V05 196—235 °C) [31] or using TEMAV and O, plasma as
highlighted in section 2.3.1, which produces amorphous films
below 100 °C but crystalline V505 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 choosing precursors with an

appropriate vanadium oxidation state. As highlighted in section 2,
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 tempera-
ture also plays a role, as demonstrated by for example the TEMAV/
ozone process, where the density of the grown films varied from
~0.3 mol/cm® to more than 0.4 mol/cm® from 100 to 175 °C,
respectively [90].

Despite this large degree of in-process control already found in
the ALD processes reported, there is a limitation in the films grown.
In general, all reported films are either amorphous or crystalline VO,
or V,05. When the phase diagram derived by Wriedt [91] in Fig. 8 is
observed, five principal single-valent vanadium oxides exist V, VO,
V,03, VO, and V;,0s, with vanadium in the 0, +2, 43, +4 and + 5
oxidation state, respectively. Besides that, two families of mixed-
valence vanadium oxides do exist: the Magnéli and Wadsley
series, which can be written as V,0z,_1(n = 4-9) and
Vn02n41(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 postdeposition treatment is necessary to obtain the
required crystal phase. The complexity of the V-O phase diagram,
ranging from the primary stable oxides as VO, and V,05 to meta-
stable states such as VO3(B), makes the annealing very sensitive to all
environmental parameters. In the following section, we will discuss
the influence of ambient, temperature, substrate and deposited film.

3.1. Processing parameters

3.1.1. Influence of temperature and ambience

3.1.1.1. Role of temperature. The influence of temperature on the
crystallisation of the ALD-made vanadium oxide thin films cannot
be understood only by simply reading the phase diagram in Fig. 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. [75], which showed that the
crystallisation of a TEMAV + H,0-grown film could be attained by a
30 min annealing at 450 °C under a controlled N,/O,atmosphere,
while 5 min were not enough. Similarly, Lv et al. found that
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Fig. 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.

annealing-induced crystallisation of a TDMAV + H;0O-grown film,
although already displaying some crystallinity even after 30 min of
annealing at 450 °C in Ar ambient, takes a long time for crystal
growth to completely occur as shown in Fig. 9. Nanocrystalline
films were formed after 30-min of annealing, whereas fully crys-
tallised films are obtained after 100 min [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.

3.1.1.2. Oxidizing atmosphere. Mattelaer et al. separated the con-
cepts of thermodynamic-phase formation and kinetic-phase for-
mation by applying in-situ X-ray diffractometer (XRD) to observe

the phase formation 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 Fig. 10. The summary of this dataset, also
shown in Fig. 10, should not be interpreted as a thermodynamic
phase diagram, because the process is not isothermal. The phase
formation diagrams display 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 tem-
peratures favour crystallisation and eventually a change of oxida-
tion state depending on the oxygen partial pressure. Phases emerge
in oxidative ambient in order of increasing oxidation state:
V0,—Vg013—V409—V307—V,05with respective to the average
oxidation states for the V of 4—4.33—4.5—4.67—5 [65,87].
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Fig. 9. XRD patterns of (a) VO,/Si deposited using TDMAV and water at 200 °C after 100 min annealing in Ar or (b) different duration at 450 °C, Reprinted from Ref. [80], Copyright

2017, with permission from Elsevier. TDMAV, tetrakis dimethylaminovanadium.
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Besides varying oxygen partial pressure at atmospheric pres-
sure, Tangirala et al. also examined annealing at lower pressure.
They found that TEMAV + H,0-grown amorphous VO, film crys-
tallised only at well-defined conditions, that is, 425 °C or 450 °C
with a flow containing 1.22% or 1% O,, respectively, under atmo-
spheric pressure conditions. However, in mild vacuum conditions
(~10~2 Torr), the oxygen component in the flow could be much
higher, and crystallisation to VO, was also achieved at 500 °C in a
100% O, 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. [93] showed that combining a well-
defined partial pressure of an oxidizing gas (such as O;) to an
otherwise reducing ambient (such as Hy) resulted in a higher de-
gree of control over the phase formation. This indicates that further
research in the direction of bifunctional ambient could also be
interesting.

3.1.1.3. Reducing atmosphere. Most art on postdeposition annealing
of ALD vanadium oxide films deals with controlling the oxygen
concentration between 0% (inert atmosphere such as He, N, or Ar)
and 100% (pure O3) and investigates the effect of this ambient on
the crystallisation and oxidation/reduction behaviour of the ALD-
made VOy films. In general, the crystallisation of films into a low-
—oxidation state oxide as VO3(B) or VO,(M) is much more chal-
lenging than forming crystalline V505, as this is the high-
temperature stable phase: traces of oxygen in the ambient will
readily cause oxidation of crystalline VO, to higher oxidation states,
as shown in Fig. 10. However, besides controlling the oxygen con-
centration, the introduction of a reducing ambient can facilitate the
formation of low-valence vanadium oxide films. Song et al. inves-
tigated the crystallisation behaviour of VTOP + H,0O-grown films in
air and in forming gas ambient (95% Ny+ 5% Hy, FGA). Fig. 11 shows
the results of 1 h isothermal annealing at 300, 400 or 500 °C. While
V5,05 was readily formed already at 300 °C in air, monoclinic VO,
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Fig. 11. XRD patterns of the as-deposited and postdeposition annealed VO thin films at 300, 400 and 500 °C for 1 h in (a) air and (b) forming gas. Reprinted from [45]. Copyright

2017 American Chemical Society.

was formed at 500 °C via monoclinic V307 at 400 °C [45]. However,
the obtained crystalline VO,(M) features nanoparticles morphology
rather than continuous films.

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

3.1.2. Influence of deposited film

Several precursors have been used for the deposition of va-
nadium oxides by ALD, as extensively discussed in section 2.
Generally, they can be divided into three classes according to their
vanadium oxidation state as summarised in Table 3: +IIl vana-
dium precursors such as V('Pr-Me AMD)s; +IV vanadium pre-
cursors such as [VO(tmhd);,VO(acac),], V(N Me;)4 (TDMAV) and
TEMAV and +V vanadium precursors such as VTOP and VOCIs.
According to pure ligand exchange reaction chemistry, this also
determines the oxygen content into the deposited films, for
example, TEMAV + H,O0 ALD leads to VO, films [37,89], and
VTOP + H;0 leads to V,05 films [94]. However, the oxidative (O»
plasma, H,O plasma, ozone) or reductive (acetic acid) ALD
chemistry used alters the vanadium oxidation state in the films
compared to that in the precursors, rendering different 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 postdeposition annealing of these films.
Peter et al. [69], and later Mattelaer et al. [65], found that the
deposition of films using TEMAV yielded almost identical amor-
phous VO, 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 and strongly influ-
enced by the deposition temperature and O3 exposure time.
Rampelberg et al. linked those density differences to the different
crystalline states of VO, that is, higher-density VO,(M1) or lower-
density VO,(B) [90]. As shown in Fig. 10, at low oxygen partial
pressure, this indeed resulted in the crystallisation of VO(M1) or
VO,(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 VO, or V,0s, resulting in much smoother VO,
films using optimized conditions at 1.6Pa O, [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 with thermal ALD, the carbon
content was higher. Both films were amorphous as deposited, but
crystallisation was delayed. The water-grown film crystallised be-
tween 400 and 450 °C to V307 and further oxidised to V505 be-
tween 450 and 500 °C, while the higher C-content PE-ALD grown
film only crystallised at 500 °C to V,0s5 [37,89].

3.1.3. Influence of substrate

The crystallisation and oxidation/reduction behaviour is sensi-
tive to the oxygen content in the films (section 3.1.2) and to the
oxygen partial pressure after annealing (section 3.1.1). Both pa-
rameters retain particular attention during the design of the post-
deposition annealing process. However, the effect of the substrate
on which the films are deposited is often overlooked. An easily
oxidizable substrate, such as copper or titanium nitride, can scav-
enge oxygen from the vanadium oxide film; some substrates can
donate oxygen to the films and act as an oxygen source, whereas 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 crys-
tallisation behaviour of VO, from amorphous ALD VOy films grown
from TEMAV + Osat 150 °C. It was observed that VO, could be
crystallised at 500 °C in oxygen partial pressures up to 11Pa O, on a
1 nm SiO; on Si substrate. In contrast, further oxidation to mixed-
phase VO,/V307was observed already at >6Pa O, on 90 nm SiO,,
indicating an oxygen loss from the amorphous film through the
thin SiO, layer into the silicon substrate, which was prevented
using a thicker SiO, barrier [68].

In the same way, the difference between SiO;, TiN or Pt/TiN
substrates was examined by Mattelaer et al. The phase formation
diagrams on the SiO; substrates in Fig. 10 can be compared with
those in Fig. 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 SiO; 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 by TiN in both
cases, demonstrating a clear influence of substrate [65].

Permkumar et al. [68] studied the crystallisation behaviour of
VO, from amorphous ALD VOx films grown from TEMAV + O3 at
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150 °C. It was observed that while a mixed-phase VO,/V307 was
observed already at oxygen partial pressures starting from 6 Pa O,
on 90 nm SiO,, pure VO, could be crystallised at 500 °C in oxygen
partial pressures up to 11Pa O, on a 1 nm SiO; on Si substrate. The
origin of this different stabilisation behaviour on these two sub-
strates with a similar surface chemistry (both SiO,) can only be
related to the underlying substrate. In the case of the thick SiO;
layer, the substrate is saturated with oxygen, so no oxygen scav-
enging from the ambient can occur, resulting in oxidation of the
vanadium oxide films at lower oxygen partial pressures. In the case
of the thinner SiO, substrate layer, oxygen scavenging from the
ambient can occur to partially oxidize the underlying Si substrate,
resulting in a delayed oxidation of the grown vanadium oxide films.

3.2. Influence of postdeposition annealing on the surface
morphology

3.2.1. 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 postdeposition annealing of ALD-made films.
However, besides crystallinity, film and surface morphology also
play a paramount role in device characteristics, as well be shown
in the following sections on applications of ALD VOy films in
energy storage (section 4), microelectronics (section 5) and
thermochromic glazing (section 6). For example, electrical de-
vices, such as the electrochromic films discussed in section 6, 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 VO(M1) and
revealed a significant sensitivity to the annealing step, as shown
in Fig. 13. Although the crystallisation behaviour was thickness
insensitive (~450 °C in 1Pa O;), lowering the film thickness or
further increasing the thermal budget resulted in faster agglom-
eration of the films to form isolated particles, and films below
11 nm fell outside the processing window to obtain a closed
VO,(M1) film [66].

3.2.2. Surface and ambience

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 VO, films. They suggested that post-
deposition annealing, especially in the case when a valence change
is necessary to obtain stoichiometric VO, is typically accompanied
by rough morphology and agglomeration on dielectric substrates
[69]. These were attributed to dewetting of the dielectric surfaces
by the metallic VO, and are strongly enhanced by the volume
change during the heat treatment [69]. A systematic coarsening of
vanadium oxide was reported on fused silica substrates upon
annealing in pure N; [78]. When very similar films were annealed
by Lv et al. [80] 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. The
interplay between the presence of oxygen in the ambient and the
nature of the substrate (adhesion, surface chemistry, lattice
matching, thermal expansion coefficient matching) is not yet
completely understood and requires further research. Fig. 14.
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4. 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 supercapacitors are
considered as the most favourable options among various energy
storage technologies. Herein, the choice of electrode materials is
of vital importance for the electrochemical performance. Typi-
cally, materials of interest are found among those with an open
crystal structure and a relatively low density. The vanadium
oxides in the Wadsley series, that is, VO2, V013, V409, V307
and V,0s5, are known as the layered vanadium oxides and
have attracted a continuous and fervent attention as promising
electrode materials for next-generation advanced electro-
chemical energy storage owing to their high specific capacity,
abundant resource and low cost [95—97]. Therefore, many syn-
thesis methods for vanadium oxides electrode have been shown

to exhibit excellent electrochemical performance, including
wet-chemical  approaches [98,99], CVD [100] and
ALD [30,50,65,87,94,101,102]. ALD is a powerful vapour phase
deposition technique which can accurately control film thickness,
conformity, morphology and composition because of its cyclic
and self-limiting character. Consequently, vanadium oxides pre-
pared by ALD as electrodes have delivered superior properties for
energy storage.

4.1. Lithium-ion batteries

Among various energy storage technologies, lithium-ion batte-
ries (LIBs) are one of the most attractive rechargeable batteries
because of 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 Fig. 15

-8.0 nm

Fig. 14. SEM top-view images comparatively showing the accompanying morphological change of a TDMAV + H,0-grown VO film (a) before and (b) after the annealing process in
pure N, at 600 °C on fused silica substrates, reproduced with permission from [78]. (c) AFM image of a TDMAV + H,0-grown VOy film on n-type silicon after anneal at 425 °C in Ar,
Reprinted from Ref. [80], Copyright 2017, with permission from Elsevier. TDMAV, tetrakis dimethylaminovanadium; SEM, scanning electron microscopy.
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[108]. The conformal nature of ALD allows the construction of very
thin electrodes on highly structured 3D electrodes, such as multi-
wall carbon nanotubes ((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 consid-
erable 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 sys-
tem’ electrodes.

Despite the phase-richness of vanadium oxides, most research
was concentrated on the lithium-ion insertion into V,0s5 [86].
Theoretically, the specific capacity of V,05 can reach 147 mAh g~!
with 1 Li-ion inserted per V205 unit, 294 mA h gflwith 2 Li ions
inserted per V505 and 440 mA h g~ 'with 3 Li-ions inserted per
V,0s, that is, full lithiation to Li3V,0s.

ALD V,0; coating

The theoretical capacity of the complete lithiation of V,0s is
much greater than the typically commercialized materials such as
LiMn,04 (148 mA h g~ ') [110], LiFePO4(170 mA h g~1) [111] and
LiCo0,(274 mA h gV [112], as shown in Fig. 15. When one lithium
per unit cell is stored (charging to LiV,0s), the original lattice
structure is maintained, causing V,05 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 V505 unit cell
is accompanied by irreversible lattice changes from up-up-down-
down alternations of VOg4-pyramids to up-down-up-down alter-
nations [115]. This structure transformation, along with lowered
conductivity and poor structural stability (solubility of V3* and V4*
species), leads to inferior electrochemical performance [116—118].

Constructing nanostructures for V205 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,
@streng et al. deposited nanostructured cathodes of V,05 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 thick-
nesses. This sample delivered a high specific capacity of
118 mA h g~ 'at 1C within the potential window of 2.75—3.8 V. 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 because of good contact with the current collector
and the electrolyte, along with small particle size [30]. Chen et al.
reported a detailed study of ALD V,0s5 as a high capacity cathode
material, using VTOP precursor (see section 2.2 for details of ALD
process) and comparing two oxidants, O3 and H0. Os-based films
were crystalline and exhibited an improved electrochemical per-
formance, compared with H,O-grown film, which was amorphous.
This crystalline film showed a high capacity of 127 mA h g~ !for 1Li/
V5,05, 283 mA h g~ ! for 2Li/V,05 and 389 mA h g~ ! for 3Li/V,0s at
1C [50]. In addition, the hybridization of V,05 with other materials
such as carbon, carbon nanotubes (CNTs), and TiO; has also proven
to be extremely effective for enhancing the electrochemical per-
formance [53,56,94,119]. Chen et al. successfully fabricated multi-
wall carbon nanotube (MWCNT)/V,05 sponges for LIBs cathode by
ALD as shown in Fig. 16. This cathode delivered a high initial area
capacity of 1.284 mA h cm~2 for 3 Li transfer (4.0—1.5 V), although
cyclability was poor. In the 4.0—2.1 V range for 2Li/V,0s, the initial
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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 perfor-
mance of this hybrid cathode can be ascribed to its unique nano-
structure. The sponge structure exhibited a high surface area,
allowing for a high amount of active material loading, whereas the
MW(CNTs offer fast electrons transport channels. Furthermore, the
thin uniform layer of V,05 (<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].

However, the cycling stability of two lithium ions into V505 is
still not perfect, as the lower oxidation state vanadium can still
dissolve in the liquid electrolyte. Kurttepeli et al. constructed a
heterogeneous TiO,/V,05/MWCNT structure to tackle this issue, as
shown in Fig. 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 Fig. 17 [119].

Despite the main focus on V05, 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 po-
tential electrodes. Mattelaer et al. [87] found that all phases, that is,
VO,(B) up to V5,05, were able to store lithium. VO(B) was found to

Si substrate

exhibit good cyclability along with storage of one lithium into VOo,
whereas V40q9 exhibited the highest initial capacity (1380 mAh/
cm?). Their rate performance is summarised in Fig. 18.

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 VO, films using ALD, resulting in
good cyclability and much higher capacity than the crystalline
counterparts (455 mAh/g) [43]. Similarly, Mattelaer et al. were able
to obtain amorphous VO, and V505 by tuning the process condi-
tions using the TEMAV precursor (refer to sections 2.3.1 and 3.1 for
more details). As can be seen in Fig. 18, very high capacities up to
1.4 Ahjcm® were found for amorphous VO, (~20 nm), alongside
excellent capacity retention at high rates (80% at 100C), related to
both higher lithium diffusion coefficients compared to their crys-
talline counterparts and the thin-film nature of the electrodes [87].

4.2. 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]. Therefore,
vanadium oxides used for supercapacitors have also been explored
because of 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
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numbers [121]. ALD, atomic layer deposition.

as supercapacitor electrode, see Fig. 19. A very high capacitance
of up to 1550 F g~! was achieved at the current density of
1 A gL 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~ leven at a current density as high
as 20 A gL Furthermore, it also showed an excellent cycling
performance. The capacitance loss was only 8% at a current density
of 5 A g! 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].

Interestingly, Daubert et al. found an intrinsic limit to the
potential improvements of carbon-based supercapacitive perfor-
mance. Owing to the excellent conformality of ALD, pore sealing

(@)

Uncoated Electrode

can occur in nanoporous carbon electrodes. They found that, using
VTOP as a precursor, pores with diameters below 13 A, that is, close
to the precursor diameter (9.6 A) are closed during deposition as
shown in Fig. 20. Counterintuitively, they found much larger in-
creases in coated macroscopic carbon black or activated carbon,
compared with microscopic carbon-based electrodes, as this pore-
sealing fraction was much smaller [52].

5. Electronic phase control of VO,

To allow either electronic or photonic applications, electronic
phase control of VO, is key. By controlling the phase of VO, to be
either the metal or insulator, one can switch electronic current or
voltage signals for nanoelectronics applications or modulate elec-
tromagnetic 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 VO, be

Modeled Particle

partially
filled &
sealed

uncoated &
sealed

Fig. 20. (a—c) [llustration 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 Ref. [52]. ALD, atomic layer deposition.
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switched between its phases electronically? We will treat the
current understanding of the electronic switching of VO,'s phase.
This allows the deduction of challenges and opportunities for ALD
VO, 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 nano-
electronic applications [ 123—125]. The self-limiting surface reactions
of ALD enable a precise control over film thickness and stoichiometry
which are essential for the nanoscale thin films used in nano-
electronics. In addition, the high conformality allows deposition onto
three-dimensional (3D) structures, as increasingly required for
advanced nanoelectronic applications. ALD of VO, presents a
manufacturing friendly technique for potential VO, applications.

The direct way to switch VO, 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 VO, itself or by the
Peltier effect. In section 5.1, the switching of VO, 2-terminal devices
is discussed. In such devices, a current is run through VO, itself. The
switching mechanism of such devices has been a subject of recent
discussion in literature. The use of ALD VO, films, which have
become available very recently and which are suitable for
manufacturing of nanosized and 3D devices, has been reported in
such device research.

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 mobile Internet of things ap-
plications. Researchers have explored alternative switching mecha-
nisms and have attempted to switch VO, at constant temperature,
looking for a so-called field-induced MIT in field effect transistor
(FET) devices, which can be considered a holy grail in the field. In the
second section, an overview is given of this VO, FET research. In 3-
terminal FET devices, a channel current runs through VO,between
source and drain terminals. This channel current is controlled by a
third, gate terminal. Most of this research has a fundamental char-
acter and has not been done with techniques suitable for
manufacturing such as ALD; however, the ALD deposition of dielec-
tric thin films has played a key role in this work and has allowed the
fabrication of VO, FETs with high-quality gate dielectrics.

5.1. Switching of VO, 2-terminal devices

Two-terminal thin film VO, devices show an abrupt decrease of
resistance when the current or voltage applied exceeds a threshold
value. Investigations of few-micron—sized thin film VO, two ter-
minal 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 VO, coplanar two terminal devices
(20—100 um length) by Duchene et al., [142] allowed measure-
ments of the pretransition 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 pretransition 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 VO,
two terminal devices (10, 20 um 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 ten-
sile-strained vanadium dioxide thin-film devices (6 x 9.4 um?)
across the electrically driven insulator-to-metal transition 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 nano-
scale X-ray diffraction.

Nanoscale VO, 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
VO, as an electronic switching material at a relevant scale for future
nanoelectronics applications. Reducing the electrode separation to
the VO, grain size is used as an approach to limit the occurrence of
inhomogeneous (filamentary) and cascaded switching, because the
current will traverse less or no grain boundaries between the elec-
trodes. This allows us to study the transition in devices more closely
approximating intrinsic single-crystal behaviour. Studying the ori-
gins of geometrically uniform switching which is expected to show
the most straightforward behaviour and is most relevant for nano-
scale 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 resis-
tance state of the order of one hundred nanoseconds, consistent
with heat dissipation time. Despite 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 (VO;) films were crystallised
with an ex situ annealing at 660—670 °C for 1-2 h under a low
oxygen pressure (10~ to 10> Torr). Under these conditions, the
crystalline VO, phase was maintained, whereas formation of the
V>,05 phase was suppressed. Electrical transition from the insulator
to the metallic phase was observed in the 37—60 °C range, with an
Rorr/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 [-V
hysteresis were dependent upon the VO, 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 crystallised VO, film and a soft (non-abrupt) tran-
sition profile was measurable even near room temperature in the
1.8—2.5 V range. The behaviour in this ‘soft-MIT" region was attrib-
uted to the fact that the thermal conductivity of VO, is also phase
dependent and could change by as much as 60% over the course of
the MIT, ultimately leading to a non-abrupt field switching profile as
the critical temperature is approached during measurement.

5.2. The transverse field-induced metal-insulator transition and the
transverse field effect in VO, field effect transistor devices

A question which has instigated both fundamental and applied
research is whether VO, could possess an electrostatic field—in-
duced metal-insulator transition—or not. More specifically, the
switching of a strongly correlated material such as VO, between a
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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 referred to as Mott transistor or an MIT FET. The
MOSFET is the dominant switching device in contemporary nano-
electronics and relies on the modulation of the surface conductivity
of a semiconductor by a transverse field applied with a gate elec-
trode. A metallic on-state in 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 encoun-
tered characteristics to MIT induced by electrostatic charging as in
the aforementioned hypothetical MIT FET. In some work in litera-
ture, Joule heating has not been satisfactorily ruled out for transi-
tions occurring 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 random access memory (RAM)) tend to have lower
cyclability, the amount of repeated switching possible before de-
vice failure occurs. However, electrochemical switching might
enable memory applications. It is crucial as well is to work with
high quality and well-characterized VO, films, to assure that the
intended phase is obtained while also assuring a well-insulating
gate insulator on top or below the VO, film. At present, MIT or
Mott FET behaviour not induced by Joule heating or electro-
chemical effects has not been rigorously proven to exist in corre-
lated oxide FETs. For VO, 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.

A study carried out by Ruzmetov et al [ 143] emphasized that the
quality of the gate dielectric layer and its interface with VO, were
critical factors for detecting the field effect in 3-terminal VO, de-
vices. For this reason, the authors explored a number of ways of
synthesizing the gate dielectric within the device: e-beam evapo-
ration of SiO, and Al,0s3, RF sputtering of SiO; and Si3N4, and ALD of
HfO, and Al,0Os. It was found for the gate-on-top-type devices with
non-ALD dielectric that, while the high quality of VO, can be pre-
served, the devices suffered from large leakage through the gate
dielectric. 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
VO, film offered better quality of the gate dielectric layer as
opposed to the gate-on-top devices. For the better quality bottom
gate devices, a highly uniform 25 nm thick Al,03 insulating layer
was deposited by ALD on top of n-Si conducting substrate which
served as a base for 60—150 nm VO, growth by means of RF
sputtering from a V,0Ostarget. The ALD-grown gate insulator/VO,
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
0.5 V led to a systematic, reversible and low drop in the channel
resistance of about —0.26%(see Fig. 21).

Ji et al, [144] attempted to modulate the VO, MIT in single-
crystal VO, nanowires via electrochemical gating using an ionic
liquid. Individual single-crystal VO, nanobeam grown by vapour
phase transport was 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, see Fig. 22)
was used involving an organic ionic liquid diethylmethyl(2-
methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide
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Fig. 21. The gate voltage modulation of source-drain resistance of the VO, channel as
observed by Ruzmetov et al. The inset shows the device diagram. Reprinted from
Ref. [143] with the permission of AIP publishing.

(DEME-TFSI) as a 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 au-
thors suggested that significant field-effect modulation of the MIT
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 ~10'#/cm? at the liquid—VO, 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. noted 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 VO, can be
rendered metallic by applying a strong electric field transverse to
the VO, interface with an ionic liquid (DEME-TFSI) in an EDLT de-
vice. In these devices, no gate dielectric was present and VO, was in
direct contact with the ionic liquid. These field-effect transistors
consisted of VO,(001) epitaxially grown on monocrystalline rutile
TiO,(001) substrates by means of pulsed laser deposition. The
temperature dependence of resistance of the VO, devices for
different gate biases was reported (see Fig. 23). At high bias, it was
observed that the temperature dependence of channel resistance
and the MIT were suppressed. The gate bias dependence of channel
resistance at 260 K showed hysteretic switching.

The authors proposed that electrostatic charging at a surface
drives all the previously localized charge carriers in the bulk VO,
material into motion giving rise to collective carrier delocalization,
leading to the emergence of a 3D metallic ground state.

Jeong et al. [146] showed similar temperature dependence of
resistivity for different ionic liquid gate biases and similar hys-
teretic gate bias dependence at constant temperature in similar
devices as Nakano et al. [145]. The hysteretic gate bias depen-
dence was reported in Ref. [144] as well, in which the modulation
was ascribed to water contamination. Jeong et al. argued that
electrolyte gating of VO, leads not to electrostatically induced
bulk carriers as proposed in Ref. [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 state in vacuum and reverse-gated to
recover to the insulating state in an 80, ambient. The 80, was
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Fig. 22. a) Optical micrograph of an ionic liquid—gated EDLT device. (b) Schematic cross-section of an EDLT device. Adapted with permission from Ref. [144]. Copyright 2012

American Chemical Society. EDLT, electric double-layer transistor.

found to be incorporated in the VO, films by means of SIMS. XPS
observations indicated a reduction in the oxidation state of V
from V** towards V3 after gating. It was also observed that the
gate bias dependence of conductance depends on oxygen pres-
sure, 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 SiO; gate dielectric followed by a 10 m 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 VO, channel resistance was found
to weakly depend on gate bias, showing a change with only tenths
of a percent for an oxide field strength of 107 V/cm.

Martens et al. investigated the field effect on devices with ul-
trathin layers of VO, epitaxially deposited by pulsed laser deposi-
tion on single crystalline TiO, [148]. These films were combined
with ultrathin high-quality gate dielectrics, among which ALD
HfO,. These structures allowed the measurement of the VO, field
effect. The 3- to 9-nm thick single crystalline VO, films avoided
large unmodulated ‘bulk’ conduction which has made measuring

the small VO, field effect problematic. Owing to the high dielectric
breakdown strength and high k value of the ALD HfO, films, VO,
FET devices could attain a charge density of ~5 x 103cm~2, which is
similar to the density quoted in Ref. [145] for ionic liquid gating,
5.6 x 10%cm2at 0.9 V.

The gate bias modulation of channel conductance was found to
be low (<0.6%/V), and no gate bias—induced MITs were observed.
Depletion behaviour was found to be strongly suppressed, as
observed in both subdued field effect modulation of channel cur-
rent and capacitance. No signatures of defect dominated behaviour
were encountered in admittance spectroscopy of gate capacitance
and channel conductance, and scanning tunneling microscopy
(STM). The mobility of the field-induced carriers was derived at
80 K—400 K. Based on the low, thermally activated field-induced
carrier mobility (~1 x 1073 cm?/V 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, 2w = 8—22 meV for hopping
distances of a = 0.3—0.5 nm, fitted to the observed activation en-
ergy Ea = 0.11 eV. The low mobility of the field-induced carriers
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provides an explanation for the strongly subdued field effect found
in VO,.

Yajima et al. [149] grew VO, on top of single crystalline Nb:TiO,
with PLD. As an ‘inverse-Schottky gate’, the VO, channel was regarded
as a metal electrode and TiO, as a semiconductor. The
inverse—Schottky gate geometry allows electron densities of more
than 1 x 10 cm™2 to accumulate in VO, at the VO,/Nb:TiO; interface.

The hysteretic temperature dependence of channel conductivity
across the MIT was measured for different gate biases. A gate bias
dependence of the derived transition temperatures was observed.
Accumulating ~9.0 x 10"3cm~2 gate—induced carriers resulted in
an observed change in Tyyr of ~1 K. The small transition tempera-
ture 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 also in the whole VO,
film and hence that a carrier delocalization effect is taking place as
proposed in Ref. [145].

Wei et al. [150] found that the modulation of VO, nanowire
channel resistance near the MIT temperature by a gate was
significantly larger than that of larger thin film—based FETs. The
authors proposed that the enhanced resistance modulation of the
nanowire channels was primarily due to the expansion of metallic
nanofractions in an insulating matrix by applying gate bias espe-
cially at the edge of the channel where the electric field was higher.

There is plenty left to be learned and confirmed about the field
effect in VO,. A significant modulation of VO, 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, espe-
cially near the gate dielectric—VO,; 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 VO, field effect.

5.3. VO, applications and ALD VO, challenges

Electronic switching applications for VO, that have been pro-
posed so far include the following: selector elements for cross
bar array memories [140,151—155], RF switches [156—158], steep
threshold devices [159], non-Boolean computing [160,161], recon-
figurable photonic devices [162—166], plasmonics [167,168], ter-
ahertz applications [169—172], metamaterials [173,174] and others.

A key challenge across VO,-based electronics and photonics is
the compatibility with commercial and industrial operating tem-
perature range requirements (70—85 °C) and the even more chal-
lenging range of military and automotive applications. To comply
with these requirements, the VO, film transition temperature
would need to be sufficiently above the operating temperature
range, to avoid switching all VO, 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 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 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 VO, 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 VO; ALD film
quality to reach similar magnitudes of resistivity change across the
transition as those obtained in the best reported VO, material.
Control of crystallinity, stoichiometry, and defects in VO films are
key to obtain the desired electronic properties.

ALD forms an attractive technology to deposit thin (<50 nm)
VO, films suitable for mass manufacturing, and further progress in
film quality, change in conductivity across the transition and
transition temperature tuning, could enable VO, applications.

6. Thermochromic windows—principle of operation

Approximately half of the energy that reaches the surface of the
Earth from the Sun is in near-infrared wavelengths, which are
invisible to humans [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 buildings, 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 ambient 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 radi-
ation should fully be transmitted, minimising heating and lighting
energy loads, Fig. 24. Vanadium dioxide is the prime material
choice for thermochromic window applications due to its favour-
able intrinsic properties, summarised in the following: (i) the ma-
terial exhibits a substantial change to its optical properties when
switching from one phase to the other (see also discussion on VO,
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 near infrared (NIR) radiation
between the cold and hot states; (ii) the transition temperature of

(b)

Fig. 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.
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VO; can be tuned over a broad range, and hence, the properties of
thermochromic coatings can be tailored to the specific climatic
conditions of a particular geographic location; (iii) a large number
of deposition methods and precursor materials for VO, 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 VO, smart
window technologies under intense investigation at present. The
first uses thin-films of VO, 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 VO, 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
ALD processes in the literature. Instead, we will focus on the former
area, where we believe that most of the breakthroughs may come
about by application of ALD methods.

6.1. Optical constants in hot and cold state

As mentioned in previous sections of this review, VO, behaves as a
semiconductor with monoclinic crystalline structure below the
transition temperature Tt, (T < Tt), while it transforms 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 VO, that is responsible for its striking
properties that make it a suitable material for smart window appli-
cations. Despite numerous studies having been devoted to the
evaluation of the wavelength dependent VO, 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 pres-
ence of other oxide polymorphs. The inherent anisotropic nature of
crystalline VO, 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. Although substantial
discrepancies between the absolute values of the reported optical
constants are met among different studies, all published data still
share the same qualitative characteristics. Fig. 25 shows the values
for both hot and cold states, obtained by spectrometric ellipsometry
[186]. The cold state is consistent with a semiconductor structure
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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 increased
losses in this region. This is undesirable, as it is responsible for the
yellow-brownish colouration of typical VO, 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
coefficient 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], whereas VO, nanoparticles exhibit acute enhancement to their
absorption cross-section [ 183], as the temperature increases past the
transition threshold and the material undergoes the SMT. Thereupon,
the amount of radiation that is transmitted through a smart window
can substantially be modulated, with this effect being more promi-
nent for NIR wavelengths, as already mentioned before.

6.2. Metrics for thermochromic window performance

Before discussing the synergies between thermochromic
coating research and ALD in more detail, it is useful to introduce
some key metrics that are used extensively to characterise the
performance of smart windows [181—183]. It is customary to use
spectrally weighted average transmission quantities and assess the
performance of the window in the visible wavelengths, associated
with human comfort aspects, separately. Consequently, the lumi-
nous transmittance Tlcﬁ’:n and solar transmittance T;ﬁ metrics are
defined in the cold and hot states as follows:
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Fig. 25. Spectroscopic analysis of VO, refractive index: (left) real part, (right) imaginary part. Data reproduced from Ref. [186].
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where T¢(1) is the transmittance at wavelength A in the cold state
and Th(A) in the hot state correspondingly, ¢, is the photopic
spectral sensitivity of the light-adapted eye (CIE 2008,
380 nm < A < 780 nm) and ¢ is the solar irradiance spectrum for
air mass 1.5 standard (280 nm < A < 2500 nm). The solar trans-
mittance modulation (AT, ) can then be deduced from the above as
ATyg = (TS, — Th.))/ TS, 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, effi-
cient thermochromic coatings should be designed to simulta-
neously maximize Tlum and AT,. We mention in passing that the
transmittance based metrics presented above are not the only pa-
rameters 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].

After several decades of research, a smart window product has
yet to appear in the market, unveiling the hurdles still needed to be
overcome to commercially translate the work in this area. The key
and often conflicting challenges facing thermochromic coating
research are (a) the refractive index of VO, admits large values
across the entire solar spectrum, as already discussed in the pre-
vious section. This results in high reflectance in both hot and cold
states, limiting Tlum and suppressing AT. (b) The solution that
usually is advanced to improve AT is to increase the thickness of
VO, layers. This has the adverse effect of diminishing T lum» POINtING
to a critical trade-off between Tlcum and AT, the difficulty in
concurrently maximizing both; (c¢) the native transition tempera-
ture of VO, 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 hyster-
esis and the gradient of the transition curve have to be kept to a

(A)

Ol
OBo
OCr

minimum; (e) the unappealing colouration of VO, 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 VO, 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.

6.3. Role of ALD in smart window research and future outlook

ALD 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 Al;03
were deposited atop VO, films by Wang et al. in Ref. [188] as pro-
tective layers. In this study, it was found that Al,03 layers as thin as
5 nm were sufficient to prevent oxidation of VO,, even when
samples were heated up to 350 °C for over 1 h. This was in complete
contrast with the control sample that was fully oxidised to V,05
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
VO, 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 experi-
ment at present, as potential dopants to improve the optical
properties of VO, 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
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Chemical Society.



V.P. Prasadam et al. / Materials Today Chemistry 12 (2019) 396—423 417

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 ~20 K/at% [191]. On the other
hand, doping with Mg was used to widen (blue shift) the bandgap
of VO, to 2.32 eV [192], which had a beneficial effect on the hue and
the Tffm of the films. ALD can play an important role as a means to a
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-temper-
ature annealing via interlayer diffusion. A first attempt in the
context of smart windows was made by Lv et al. in Ref. [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 lu-
minous transmittance and solar modulation is by using 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 Tﬁﬁnand ATy, A triple-layer TiO,/VO,/TiO; made by
magnetron sputtering in Ref. [197] reported T§,,,, = 63%and Tl =

57%, compared with T, = 47%and T}, ., = 42.5%, for a single VO,

(A)

200 um

layer deposited under identical conditions and on a similar
substrate. Another triple layer SiO,/VO,/TiO, structure [199]
demonstrated additional photocatalytic activity, showcasing the
possibility of combining thermochromicity with extra functional-
ities. The broadband and incoherent nature of sunlight poses a
great challenge to the design and fabrication of multilayer struc-
tures 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. ALD is
a 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 ALD in thermochromic window research is
bright, as argued in the previous paragraphs. It is our belief, how-
ever, 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
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windows and nanotechnology was taken by Taylor et al., [ 195], with
the design shown in Fig. 26(A). In their article, it was shown
theoretically that Tf,, > 70% and AT, > 15% are achievable by us-
ing bioinspired, antireflective structures in a glass substrate, con-
formally coated with ultrathin layers (10—20 nm) of VO,. Moreover,
this design satisfies the requirements for broadband operation, is
agnostic to the polarisation and angle of the incident light and in-
troduces virtually no haze to the smart window. Finally, such moth-
eye structures are well known to induce extreme super-
hydrophobicity, 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. [202]
proposed a design, whereby a SiO, substrate patterned on a
nanogrid array showed theoretical values of T, >78% and
AT, > 15%, when coated with VO layers of ~300 nm, Fig. 27(A).
Thermochromic coatings were also combined with opal photonic
crystals in Ref. [206] where theoretical results of Tj,;, >49% and
AT,y > 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 demon-
strated in this publication, Fig. 28. Some attempts to fabricate the
aforementioned structures were made in the literature [196,203]
where in all cases, sol-gel processes were used to deposit the VO,
coatings. Despite best efforts, all experimental systems exhibited
suboptimal results compared with their theoretical counterparts,
mainly because the fabricated structures could not match the
explicit design requirements arose from modelling. This reveals 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 thermochromic
coatings that can outperform almost any other design.

7. 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 using TEMAV and VTOP. The ALD-required satu-
rating 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 note-
worthy. Nonetheless, VTOP presents clear handling advantage and
high volatility at room temperature, whereas TEMAV features a
conveniently high thermolysis temperature. A considerable num-
ber of commercially available volatile vanadium compounds were
not reported so far as ALD precursors. The ALD-made vanadium
oxide layers are typically amorphous, and the postdeposition
treatment is essential for the attainment of a single crystalline film
consisting of one phase only. A thorough review in this respect
shows a tight dependence of the crystallisation kinetics on the
nature of the substrate, gas-phase composition, pressure, temper-
ature, content and nature of contaminants in the film and film
thickness. In situ monitoring has played a major role for the
establishment of phase-formation diagrams to rationalize the
processing of the various vanadium oxide phases. The processing-
induced morphological impact is substantial, and it its complexity
is worth of dedicated investigations. Among vanadium oxides
phases, the Wadsley series presents a particular interest for the
electrochemical energy storage. The implementation of ALD

leverages the potential of these coatings by the possibility to target
amorphous, nanocrystalline 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 VO, that features a
semiconductor to metal transition was reviewed for microelec-
tronics 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 VO, windows is emphasized by the introduction of
bioinspired surface structuration.
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3.1.2 Synthesis of VO, thin films by ALD process.

VO, features a reversible transition from semiconducting to metallic state as a response to
temperature, electrical field, optical, magnetic field, or strain. The induced reversible
characteristics can be exploited for applications such as electrical switches, oscillators,
thermal sensors, optical switches, and metamaterials.

TEMAYV or TDMAV are the most widely used precursors to grow VO film as vanadium is in the
+4 oxidation state in the precursor state. Nevertheless, handling these precursors is critical
due to their high sensitivity to moisture. In this context, the VTOP was considered despite the
+5 oxidation state of vanadium, as it features a vapour pressure that is comparable to that of
TEMAYV, while presenting less sensitivity to moisture. Post-annealing treatments are needed
to reach crystalline VO, starting with ALD, irrespective of the precursors used.

ALD optimization using VTOP precursor results in amorphous vanadium oxide films. Post-
deposition annealing converts the film into vanadium dioxide phase with discontinuous rough
morphology. Argon plasma treatment before the annealing treatment resulted in a full
covering VO, phase with reduced roughness. Semiconductor-Metal transition at 67°C is
noticed for obtained VO, phase.
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ABSTRACT

Vanadium dioxide emerges as an appealing material for smart thermal management and electrical/op-
tical switching owing to its abrupt semiconductor-to-metal transition (SMT) at near room temperature.
The application potential of this material should be leveraged by the implementation of the atomic layer
deposition (ALD), a method that enables an unequaled control over the thickness and film conformality
on complex substrate structures by virtue of self-limiting growth mechanism. Here, the vanadium oxide
thin films are synthesized from vanadyl (V) triisopropoxide (VTOP) as the vanadium precursor and H,0O
as the reactant. The thermal decomposition threshold of VTOP was observed at 90 °C, and temperature
window with a constant growth rate was observed at 50—90 °C. The saturation behavior of the ALD half
reactions was demonstrated at 80 °C, yielding the optimized ALD cycle conditions of 8 s VTOP/15 s
purge/6 s HyO/15 s purge with a growth rate of 0.047 nm/cycle. The as-grown amorphous films convert
into VO, via a 4-h heat treatment under 10~> mbar at 550 °C. The formed VO, features a sudden and
reversible change in the total hemispherical reflectance in UV-VIS-NIR region at 68 °C, confirming its
SMT behavior. The conversion process induces, however, a surface roughening, which was considerably

suppressed by a postdeposition treatment in plasma environment prior the annealing treatment.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Vanadium oxides have interesting properties because of the ‘d’
orbital electrons, which might behave as localized or free electrons
due to the crystal field splitting [1]. Because vanadium features
various oxidation states, i.e., +5, +4, +3, +2, it can co-ordinate to
oxygen in different polyhedral structures [2]. Polyhedral co-
ordination and electron-electron correlation drive the properties
of vanadium oxide and give rise to applications in varied fields such
as catalysis [3], batteries [4], thermochromic smart windows [5],
and microelectronics [6]. Vanadium in the oxide phase exists either
in a single or in mixed oxidation states as in the Magneli (V,02.1)
and Wadsley (V,02n, 1) series [7,8]. These compounds are formed
because of the varied oxygen vacancies and small difference be-
tween their formation energy [9]. Several vanadium oxide phases,
such as V;03, V305, and VO, show semiconductor-to-metal
transition (SMT) as a response to external stimuli such as temper-
ature [10]. Among these oxides, VO, undergoes a reversible tran-
sition between the metallic and semiconducting states as a
response to change of temperature, electrical field, optical, mag-
netic field, or strain [6,11]. The induced reversible change in the

* Corresponding author.
E-mail address: Naoufal.bahlawane@list.lu (N. Bahlawane).

https://doi.org/10.1016/j.mtchem.2019.03.005
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properties of VO, thin films can be useful in applications such as
electrical switches [10,12,13], oscillators [14,15], thermal sensors
[16,17], optical switches [18,19], and metamaterials [20—22].

Several processes were developed for the growth of vanadium
dioxide, such as sputtering, pulsed laser deposition [23—25], sol-gel
[26—28], and chemical vapor deposition, [29—31]. A comprehensive
review of vanadium oxide deposition process can be seen in the
literature [32—34]. Atomic layer deposition (ALD) yields pure films
with precise control of the thickness and conformality on complex
substrates such as carbon nanotubes (CNTs) and high-aspect-ratio
structures [35—37].

Previously, Weimer et al. [38] have demonstrated the ALD of VO,
using a precursor where vanadium is in the +3 oxidation state, i.e.,
vanadium tris (N,N'-diisopropylacetamidinate) (V(amd)s), which
presents a vapor pressure of 6.6 Pa at 70 °C. Nevertheless, this
precursor is not commercially available. Rampelberg et al. [39] and
Premkumar et al. [40] have implemented a +4-oxidation state va-
nadium precursor, i.e., tetrakis|ethylmethyamino]vanadium
(TEMAV). The precursor is available commercially, and it features a
vapor pressure of 57 Pa at 82 °C. This precursor has, however, a
narrow ALD window because the thermal decomposition of the
precursor starts at 100 °C. The deposition temperature window is
also restricted by the evaporation temperature of the precursor. The
ALD of vanadium oxide was also reported using another V*+4-


Delta:1_s
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:Naoufal.bahlawane@list.lu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtchem.2019.03.005&domain=pdf
www.sciencedirect.com/science/journal/24685194
http://www.journals.elsevier.com/materials-today-chemistry/
https://doi.org/10.1016/j.mtchem.2019.03.005
https://doi.org/10.1016/j.mtchem.2019.03.005
https://doi.org/10.1016/j.mtchem.2019.03.005

V.P. Prasadam et al. / Materials Today Chemistry 12 (2019) 332—342 333

precursor, tetrakis|dimethyamino]vanadium (TDMAV), which is
solid at room temperature and features a vapor pressure of
133 Pa at 64 °C [41,42]. The implementation of this precursor re-
quires heating to raise the vapor pressure, and the high sensitivity
to moisture is associated with cumbersome precaution measures.

The vapor pressure of the vanadyl (V) triisopropoxide (VTOP),
268 Pa at 82 °C, is high enough to allow evaporation at room
temperature. VTOP is mostly studied for the growth of vanadium
pentoxide films with different reactants such as H,O [43—47], O3
[48], and plasma O3 [49]. Song et al. [50] and Kim et al. [51] have
produced vanadium dioxide films using VTOP but have not
demonstrated the characteristic self-limited half reactions that
differentiate CVD from ALD. Postdeposition treatments are com-
mon to all ALD processes to convert the as-deposited amorphous
film into crystalline VO,. This involves either thermal annealing in
ultra high vacuum (UHV), [52—-58], Hy [51,59,60], or in inert Ny
atmospheres [61]. Reduction through electron bombardment, X-
rays [53], and H; plasma [62—64] were also proven successful. The
postdeposition annealing generally deteriorates the morphology of
the films, and the impact is even stronger for ultrathin films [65],
with consequent impact on the SMT properties [66,67].

In this report, we demonstrate the formation of continuous thin
film VO, down to a thickness of 20 nm, which exhibit the SMT
behavior.

2. Experiment

Vanadium oxide films are deposited on 4-inch silicon substrates
using a thermal homebuilt ALD reactor. Before depositions, vacuum
leak tests were performed using Pfeiffer Smart test HL572 with alpha
2 helium test gas. The measured leak rate, 10~° mbar I/s, is equivalent
to ultrahigh vacuum vessels. VTOP is used as the precursor, along with
H,O0 for the hydrolysis. Both the water and VTOP sources are main-
tained at room temperature during deposition. alpha 2 argon
(99.9999%), filtered using a gas purifier (Gatekeeper; Entegris), was
used as a carrier gas for VTOP and used as the purge gas with a flow
rate of 50 sscm (standard cubic centimeter per minute) for the
removal of unreacted species from the reactor. VTOP and H,0 are
introduced into the reactor chamber sequentially followed by purging
steps, and the ALD cycle is optimized by adjusting the exposures and
purge times. The deposition pressure was maintained at ~0.2 mbar.
Unless otherwise stated, the deposition temperature was set at 80 °C.

Various postdeposition treatments have been investigated for
the film conversion into crystalline VO5:

e Four hours of annealing in a vacuum furnace (AS micro;
AnnealSys) at 550 or 700 °C was used with a residual air pres-
sure of 10> mbar. Heating and cooling were performed with a
ramp of 5 °C/min.

e Plasma treatment before annealing was performed during
30 min under a 50-sccm flow of either Ar or H,. Radiofrequency
(RF) electron cyclotron wave resonance (ECWR) plasma source
(COPRA® 200 DN CF; CCR Technology GmbH) was used in this
study. This specific plasma source consists in a single-turn RF-
driven electrode and a small transverse static magnetic field
(=tens of Gauss) to generate a high-density plasma even at low
pressure [68]. A quasi-neutral beam (composed of electron, ions,
and neutral species) diffuses through the reactor chamber and
interacts with the coated substrate. ECWR plasma sources are of
major interest for material processing because they can provide
a high plasma density up to n. = 10'' em~ and a dissociation
degree of diatomic gases up to 80% [69]. The plasma treatments
were performed at 5.103 mbar using a power of 400 W, and the
substrates, initially kept at room temperature, reach 50 °C after
30-min exposure to the remote plasma species.

The films thicknesses were assessed using a multiwavelength
ellipsometer (Film Sense) with the Cauchy model, whereas X-ray
diffraction (Bruker D8), with Cu-Kj as the X-ray source, was used to
identify the crystalline phases of vanadium oxide. Data were
collected in the grazing incidence mode from 20° to 60° with a step
size of 0.02°. Raman spectroscopy was performed using an inVia
Raman spectrometer from Renishaw with a 532-nm laser. X-ray
photoelectron spectroscopy (XPS) experiments were performed
using a Kratos Axis Ultra DLD using monochromatic Al-K, radiation
(E = 1,486.6eV), photoelectron emission take-off angle at 0° with
respect to the surface normal. X-ray reflectivity (XRR) was per-
formed using a PANalytical X'Pert Pro with Cu-K, radiation
(A = 0.154 nm). GenX software was used to fit the data using a stack
of Si, native SiO; (typically fitted to be 2 nm or less), and a VOyx. The
cross-sectional morphology of the films was inspected using the FEI
Helios Nanolab 650 scanning electron microscope (SEM) at a
working distance of 5.7 mm with 5—10 V voltage. The surface
morphology of the obtained films was investigated using atomic
force microscopy (AFM; Innova; Bruker) in tapping mode with an
etched single crystal silicon probe tip having a radius curvature
<10 nm. The optical measurements were carried out in a reflection
configuration using LAMBDA 1050 UV-Vis-NIR spectrophotometer
from Perkin Elmer with a 100-mm Spectralon integration sphere.
Measurements were performed in the UV-Vis-NIR spectral range
(250—2,500 nm), whereas the surface temperature was cycled be-
tween 25 °C and 95 °C.

3. Results
3.1. ALD growth of vanadium oxide

The deposition of vanadium oxide was performed on silicon
substrates using the thermally activated hydrolysis reaction of
VTOP. It is worth mentioning that the hydrolysis reaction enables a
ligand exchange with no change of the oxidation state.

This vanadium source was intensively investigated as a single-
source precursor for the growth of vanadium oxide by chemical
vapor deposition [70,71]. Nevertheless, the lowest temperature
enabling the CVD growth is not reported. The occurrence of a self-
limiting growth, a prerequisite for the optimization of the ALD
process, is only expected below this critical temperature. Therefore,
a systematic study was conducted to define this temperature via
the ex situ determination of the thickness, by ellipsometry, after
240 cycles of exposure to VTOP in the absence of water vapor and at
various temperatures. As shown in Fig. 1, no measurable growth
was noticed up to 90 °C, and a substantial increase of the deposited
thickness was observed starting 100 °C. The resulting films have a
refractive index of 2.35 at A = 633 nm that corresponds to the V,05
phase [72].

A second experimental confirmation was performed using a
sequential exposure of the silicon surface to both VTOP (8 s) and
H,0 (5 s) with a purge time of 10 s. The growth rate per cycle is
found to be temperature insensitive within the 60—90 °C range. The
difficulty of evacuating water vapor from the deposition reactor
below 60 °C during the 10 s of purge is presumably the reason why
CVD deposition occurs below 60 °C. The condensation of VTOP
precursor can be ruled out because the VTOP was evaporated at
room temperature. The enhanced growth rate at >100 °C in the
presence of water vapor confirms the CVD growth. The ALD tem-
perature window using VTOP-H,O is therefore clearly identified
within the 60—90 °C range. The obtained ALD growth rate of 0.047
nm/cycle is slightly high relative to the already reported value of
0.03 nm/cycle, but it is still below the monolayer of V,0s, i.e., 0.2
nm/cycle [73]. It is worth mentioning that most ALD studies of
vanadium oxide from VTOP are reported at temperatures exceeding
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Fig. 1. Deposited thickness of vanadium oxide as a result of VTOP thermolysis (left) and hydrolysis (right) as a function of the substrate temperature. GPC, growth per cycle; VTOP,

vanadyl triisopropoxide.

100 °C, a temperature that is seemingly outside the ALD range, as
demonstrated in Fig. 1. The extent of parasitic CVD contribution in
the ALD process due to the precursor decomposition increases with
the temperature and also with the precursor pulse duration [74,75].
To reduce the parasitic CVD contribution, precursor pulse durations
are usually kept short [76,77], which is an efficient strategy as long
as no highly structured substrates are involved.

During the VTOP exposure, the surface sites are occupied by the
chemisorbed precursor, and unreacted species are evacuated dur-
ing the purging time. The available vanadium ligands are converted
to OH groups along the hydrolysis process in the subsequent H,O
exposure. A systematic study was performed to estimate the
necessary time to attain ALDs self-limited half reactions with VTOP
and H,0 pulses. Here, we have extended the individual VTOP and
water pulses for long durations while keeping the same number of
ALD cycles.

Extending the surface exposure to VTOP, up to 8 s at 80 °C, leads
to an increase of the growth per cycle (GPC). Saturation is observed
beyond 8 s, as displayed in Fig. 2. The obtained GPC, 0.047 nm/cycle,
corresponds to 23% of a monolayer. The VTOP surface coverage is
therefore strongly limited by the size of the ligand sphere and
probably by the charge transfer between the adsorbate and surface.

The hydrolysis of VTOP shows a clear self-limitation behavior
after 5 s at 80 °C (Fig. 2), whereas 0.5s was sufficient at 120 °C
(results not shown). The here-observed slow hydrolysis was related
in previous reports to the ligands' steric hindrance [43,44,78,79].
With a VTOP exposure time of 2 s, the saturation of the hydrolysis
reaction at 120 °C was noticed at 0.02 nm/cycle. Such a behavior can
be associated with a decrease of OH surface concentrations at
higher temperatures affecting the surface coverage during the
adsorption of VTOP [78,80].

The optimized saturating conditions yield less than 1-nm de-
viation in thickness throughout the substrate on the 4-inch silicon
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wafer. An efficient deposition conformity is expected even on
highly structured substrates under the ALD self-limiting conditions.
The aforementioned optimized saturation conditions, 8 s VTOP/15 s
purge/6 s H,0/15 s purge, were therefore implemented to coat a 4-
um-thick film of CVD-grown CNT (¢ = 10 nm) [81]. Fig. 3 shows the
cross-sectional micrograph of the CNT layer featuring an aspect
ratio equivalent to 400, before and after the ALD of a conformal
15-nm-thick vanadium oxide film. The CNTs initially featuring a
diameter of 10 nm clearly thicken after vanadium oxide deposition
and exhibit a diameter of ~40 nm. The SEM inspection of the cross
section shows clearly that both CNTs at the surface and interface
with silicon substrate are coated with the same thickness of va-
nadium oxide, which is a clear demonstration of the conformal
nature of ALD deposits in the optimized conditions.

3.2. Characterization of the as-deposited VOy

The structural characterization was performed on a 70-nm-thick
vanadium oxide resulting from 1,500 ALD cycles on silicon sub-
strate at 80 °C using the saturating ALD conditions. The as-grown
films are X-ray diffraction (XRD) amorphous and show no Raman
scattering bands. The XPS analysis reveals a mixed oxidation state
for vanadium. The deconvolution of the Vy, peak (Fig. 4) fits with
two peaks at 517.3 and 516.1 eV that can be attributed to the
oxidation states +5 and + 4, respectively [82]. The quantitative
interpretation reveals a dominant (79%) +5 oxidation state, which
is similar to that the implemented precursor. The presence of small
fraction of V** might be due to the surface reduction of vanadium
oxide films by the creation of oxygen vacancies upon exposure to
X-rays under ultrahigh vacuum conditions [53]. The XPS analysis
shows no trace of carbon excluding its presence with concentra-
tions above 1 at% that is the detection limit with XPS. Therefore,
VTOP ligands are efficiently hydrolyzed during the surface
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Fig. 2. ALD self-limitation behavior at 80 °C using a sequential surface exposure to VTOP and H,O. ALD, atomic layer deposition; GPC, growth per cycle; VTOP, vanadyl

triisopropoxide.
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exposure to H,O vapor at 80 °C [83]. This result contrasts with the
growth at 150 °C, where 6% carbon contamination was detected
[44]. The contamination in this case is presumably associated with
the excessive and non-selective thermal decomposition of the
precursor.

From the XRR measurement and corresponding fit curve of the
as-grown films, Fig. 5, a film density of 2.7 g/cm® can be derived,
which is low relative to bulk polycrystalline V205 (3.39 g/cm?).
Reduced density in amorphous films is not unusual for as-grown
ALD-made films [84].

Thermal postdeposition treatment is achieved to convert the
amorphous as-grown films into crystalline VO,. Hereby, the
vanadium cations reduce to form exclusively V*4. Previous in-
vestigations showed that annealing treatment under ambient air or
oxygen converts the as-grown amorphous vanadium oxide into
crystalline V,05 phase [43,44,85]. Reducing atmospheres are
therefore needed to yield a VO, phase [86,87].
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3.3. Characterization of the postannealed VOy

3.3.1. Annealing in vacuum

The as-grown films were annealed 4 h under vacuum, 10~> mbar
(without any reducing gases), at various temperatures. The XRD
analysis, Fig. 6, provides evidence that films annealed at >550 °C
feature a monoclinic VO, phase (PDF card no 03-065-2358). The
diffractogram of the annealed film at 550 °C reveals a peak at
20 = 27.9°, corresponding to (011) plane, whereas the annealed
films at 700 °C show additionally the presence of the (001) plane
with comparable intensity.

Raman scattering, Fig. 6, shows bands at 141, 194, 222, 259, 306,
336, 385, 440, 613, and 825 cm ™', all of which can be assigned to the
monoclinic VO, phase [82,88]. The low-frequency phonon bands at
141,194, and 222 cm ™! represent the lattice V-V vibrations, and the
rest of the frequency modes represent vibrations of V-O bonds [82].

Intensity (a.u)

525 520 515
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Fig. 4. XPS survey spectrum of the as-deposited vanadium oxide (left) and the deconvolution of the V2p into +5 and + 4 components (right).
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Fig. 5. XRR pattern fitted with the model of as-grown VO,. XRR, X-ray reflectivity.

The obtained results are in line with previous works conducted on
VO, by CVD [31].

The 0O, temperature-programmed desorption (O,-TPD) is a
characterization technique heavily implemented for the charac-
terization of catalysts. In this method, the temperature of the ma-
terials is typically increased at a ramp of 10 K/min under ultrahigh
vacuum, and the desorbed oxygen is monitored. This method
was reported for the investigation of V,0s5 on silicon oxide
[52,53,89,90]. The O,-TPD features two peaks: the o peak with a
maximum slightly below 450 °C was attributed to the desorption of
the surface oxygen, whereas the § peak above 600 °C was attrib-
uted to the desorption of the lattice oxygen of V,0s. Based on this
literature, it is clear that the selected temperature in our experi-
ments, 550 °C, is high enough to induce a fast desorption of the
surface oxygen and a slow desorption of the lattice oxygen. Oxygen
partial pressure is the most crucial part in obtaining the VO, phase
[86,87]. The Ellingham diagram illustrates this effect and shows
that oxygen partial pressure below 10~% mbar is necessary to attain
VO, [10]. This condition is also satisfied in the designed vacuum
annealing test.

Vanadium dioxide features an SMT at 68 °C that is accompanied
by a structural transition from the semiconducting monoclinic to
the metallic rutile structure [91]. The optical properties feature a
substantial change at the transition temperature, which finds
relevant application for thermochromic smart windows [5,92,93].
The optical property of 20-nm VO, films, obtained by annealing the
ALD-made amorphous layer at 550 °C for 4 h in vacuum of 10~
mbar was investigated using temperature-dependent total hemi-
spherical reflectance (THR) in the UV-VIS-NIR (A: 250—2,500 nm).
As displayed in Fig. 7, the THR of the film shows a sudden increase
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at the transition temperature, i.e., 68 °C. If we categorize the optical
spectrum in two regions, i.e., UV-VIS and NIR, we measure a sig-
nificant increase in the reflectance in the NIR region relative to
UV-VIS region, i.e., with a AR ~8% in the NIR vs. 2% in the UV-VIS
region. The obtained result is in line with the observed 10%
reflection change for a 35-nm-thick vanadium oxide film made by
ALD on sapphire substrates [94]. The change in the optical prop-
erties, as shown in previous studies [95], follows the Beer-Lambert
law as a function of the thickness. In Fig. 7, a hysteresis width of
AT = 6 °Cis observed upon heating and cooling across the SMT. The
width of the hysteresis depends on the crystallinity, grain size, and
grain boundary conditions [68,96,97]. The obtained narrow hys-
teresis and high amplitude of reflectance change hint at the high
quality of the attained ultrathin films.

Relative to the as-grown vanadium oxide films, the AFM-
assessed surface morphology of the obtained VO, shows a sub-
stantial surface roughening already after annealing at 550 °C, and a
severe dewetting from the silicon substrate occurs upon annealing
at 700 °C. Similar surface roughening was previously reported upon
reduction of V,,05 films to VO, films [40,57,61,65,98]. This effect was
attributed to the desorption of lattice oxygen that generates strain
in the films, leading to the grain growth, especially for a low-
melting-point oxides such as V,0s, where thermally induced
elemental diffusion is significant. The combination of strain and
thermally activated diffusion results in a substantial morphological
change, which is seen as roughening and dewetting [99]. The extent
of dewetting depends on the nature of the substrate, gas-phase
composition, thickness of the films, and temperature. The 70-nm-
thick VOy film produced a VO, film with a roughness of 21 nm after
annealing at 550 °C. This roughness rises to 46 nm when the
conversion is performed at 700 °C (Fig. 8).

Among the vanadium oxide phases, V,05 and V,02p,1 in
general have melting points between 690 °C and 720 °C, Fig. 9,
which means that the thermally activated elemental diffusion
would be high during the conversion to VO, with a consequent
dewetting. The resulting discontinuous VO, films are of a limited
suitability for a number of applications. Therefore, inducing oxygen
desorption at low temperatures would be suitable for the attain-
ment of smooth VO, film. Various plasma treatments were
considered for the generation of oxygen deficiency in the as-grown
film before annealing.

3.3.2. Hydrogen plasma treatment/annealing in vacuum

After 30 min of hydrogen plasma treatment, the as-grown films
remain amorphous; nevertheless, their refractive index at 633 nm
decreased from 2.35 to 2.23. This change might indicate the
occurrence of a bulk oxygen desorption during the plasma treat-
ment. The potentially formed vanadium oxide with lower oxidation
state is metallic at room temperature and has lower refractive
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Fig. 6. XRD (left) and Raman (right) characterization of thermally treated vanadium oxide films. XRD, X-ray diffraction.
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Fig. 8. AFM images of as-deposited vanadium oxide film with a roughness of 1.5 nm and a thickness of 70 nm (left), with postdeposition thermal treatment at 550 °C with
roughness of Rq = 21 nm (middle) and 700 °C with roughness of Rq = 46 nm (right). The film is deposited on silicon substrate. AFM, atomic force microscopy. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

index. Subsequent 4-h annealing in vacuum was performed at 550
and 700 °C to induce crystallization. The obtained films after
annealing at 550 °C are dominated by the presence of V,0,,.1 phase
as shown by the XRD analysis (Fig. 10), whereas the Raman scat-
tering shows a minor presence of VO,. The fraction of VO, is
enhanced after annealing at 700 °C (Fig. 10).
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Fig. 9. Fraction of the V-O binary diagram (Reproduced with permission for Kang
[100], Copyright 2012, Elsevier B. V.).

It is worth mentioning that no Raman scattering signature is
expected from V05,1 at room temperature because they exhibit
metallic states [9]. The formation of V02,1 was also reported upon
a remote RF H; plasma treatment of V5,05 films [64]. Authors have
attributed the occurrence of a mixed phase after annealing at
700 °C to the decomposition of V,02,.1 into VO, and V305 [9].

The impact of H, plasma on surface morphology is substan-
tial as it can be appreciated in Fig. 11. Films annealed at 550 °C
remain smooth and exhibit a roughness of 4 nm. For annealing
at 700 °C, the roughness increases to 18 nm because of grain
growth but remains reasonable and the dewetting is largely
suppressed. The formation of the lower oxidation state of va-
nadium (+3 in the V,0,,.1) witnesses the higher reduction po-
tential of H, plasma as the V04,1 phases feature a significantly
higher melting temperature, see Fig. 9, which explains the
limited dewetting [99].

3.3.3. Argon plasma treatment/annealing in vacuum

As noticed with hydrogen, 30 min of Ar plasma treatment does
not induce any crystallization; nevertheless, the refractive index at
633 nm featured an increase to 2.45 starting from 2.35, a value that
corresponds to ALD-made V;,05 [72]. Increase of the refractive in-
dex can be associated with the formation of lower oxidation phase,
such as VO, [94]. The subsequent 4-h annealing in vacuum was
performed at 550 and 700 °C to induce crystallization. As depicted
in Fig. 12, the Ar plasma—treated VOy samples convert to VO, after
annealing at 550 and 700 °C. XRD and Raman analysis results,
shown in Fig. 12, confirm the formation of the monoclinic VO,
phase. Both temperatures yield similar XRD and Raman patterns.
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Fig. 10. XRD (left) and Raman (right) characterization of vanadium oxide film treated with H; plasma followed by thermal treatment at 550 and 700 °C. XRD, X-ray diffraction.
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Fig. 11. AFM micrographs of H, plasma—treated vanadium oxide film (roughness: 1.2 nm) (left), a subsequent annealing at 550 °C that yields a roughness of 4 nm (middle), and a
roughness of 18 nm is obtained after annealing at 700 °C (right). AFM, atomic force microscopy.

The observed narrower diffraction peak after annealing at 700 °C is
noteworthy, and it hints at the formation of larger crystallites.
The assessed morphology by AFM shows a substantial
improvement (Fig. 13). Ar plasma—treated samples are smooth
with a roughness of 1.89 nm, very close to that of the as-grown
films. Annealing at 550 °C induces a slight roughening to
2.5 nm, which greatly contrasts with the measured roughness of
21 nm without plasma treatment. The benefit of the plasma
treatment is less significant in terms of roughness when films
were treated at 700 °C, although the dewetting is substantially
lower. Based on these observations, it can be assumed that
argon plasma treatment is efficient at creating oxygen deficiency
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—— Ar plasma-annealin

700°C

Intensity (a.u)

in the as-grown films, making them less vulnerable to elemental
diffusion and the consequent dewetting. The benefit at low
crystallization temperature (550 °C) is substantial as smooth
crystalline VO, could be achieved. Relative to the strongly
reducing H plasma, the argon plasma enables the formation of
a single VO, monoclinic phase.

Although the plasma treatment is performed at room temper-
ature, a significant oxygen deficiency is generated, but there is no
enough thermal energy to drive crystallization. Therefore, further
thermal annealing at 550 °C is needed to induce the crystallization
of the oxygen-deficient film into VO,. In contrast, the hydrogen
plasma treatment generates an excessive oxygen deficiency and the
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Fig. 12. XRD (left) and Raman (right) characterization of vanadium oxide films post-treated in Ar plasma followed by thermal treatment at varied temperatures. XRD, X-ray

diffraction.
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Fig. 13. AFM micrographs of Ar plasma—treated ALD-VOy film on Si substrate, featuring a roughness of 1.89 nm (left), and annealed at 550 °C (roughness of 2.5 nm/middle) or at
700 °C (roughness of 43 nm/right). AFM, atomic force spectroscopy; ALD, atomic layer deposition.

Table 1
XRR measured density and roughness values of VOy film.

Roughness (XRR) (nm) Roughness (AFM) (nm)

Condition Density (XRR) (g/cm?)
As-grown VO 2.7 +0.1
Direct annealing at 550 °C 34+0.1
Ar plasma treatment on as-grown 26 +0.1
Ar plasma + annealing at 550 °C 4.1+0.1

1.8 +0.1 1.3 +0.1
9.1+04 213 +0.1
24 +0.1 1.5+0.1
29+0.1 1.8 +0.1

AFM, atomic force microscopy; XRR, X-ray reflectivity.
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Fig. 14. AFM micrographs of 20-nm-thick VO, films formed after thermal treatment at 550 °C, with (roughness of 1.9 nm/right) and without (roughness of 8 nm/left) prior Ar

plasma treatment. AFM, atomic force microscopy.

thermal treatment favors the formation of crystalline Magneli
phases instead of VO,.

Based on the XRR data summarized in Table 1, the post-
deposition treatment involving Ar plasma has a marginal impact on
the surface roughness and film density. Nevertheless, the subse-
quent thermal annealing enables the conversion of amorphous
vanadium oxide into VO, pure phase with improved density surface
morphology. Continuous VO, films, down to a thickness of 20 nm,
could be achieved with the Ar plasma treatment process.

Fig. 14 shows the morphology of a 20-nm-thick film after 4 h of
annealing in vacuum at 550 °C with and without a prior Ar plasma
treatment. While both films are pure-phase VO, the suppression of
grain growth is evidenced in the plasma-treated sample, which
maintains the roughness at the level of the as-grown film after
conversion to VO,.

4. Conclusion

The ALD of the VO, starting from the hydrolysis reaction of VTOP
was investigated. VTOP shows a clear thermal decomposition above
90 °C, which sets the upper limit for the ALD process. The ALD self-
limiting half reactions were demonstrated, enabling a constant
growth rate of 0.047 nm/cycle between 60 and 90 °C and a
conformal deposition on CNTs with high aspect ratio. The as-grown
films are amorphous and vanadium cations exhibit a dominant +5
oxidation state.

Postdeposition thermal treatment of these films yields poly-
crystalline VO,. Nevertheless, the morphology undergoes a sub-
stantial roughening and significant dewetting. Both issues were
addressed using argon plasma treatment before thermal treatment.
The implementation of hydrogen plasma reduces excessively the
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films and forms V,025-1 phases. The combination of ALD/Ar plasma
treatment/thermal annealing at 550 °C allowed a dense, smooth,
and pure-phase VO,.

Acknowledgments

V.P.P. and N.B. would like to acknowledge funding through the
MASSENA Pride program of the Luxembourg National Research
Fund (FNR).

References

(1]

2

3

[4

(5

[6

(7

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

John B. Goodenough, Anomalous properties of the vanadium oxides, Annu. Rev.
Mater. Sci. 1 (1971) 101-138, https://doi.org/10.1146/annurev.ms.01.
080171.000533.

P.Y. Zavalij, M.S. Whittingham, Structural chemistry of vanadium oxides with
open frameworks, Acta Crystallogr. Sect. B Struct. Sci. 55 (5) (1999) 627—663,
https://doi.org/10.1107/S0108768199004000.

B.M. Weckhuysen, D.E. Keller, Chemistry , spectroscopy and the role of
supported vanadium oxides in heterogeneous catalysis 78 (2003) 25—46.
M.S. Whittingham, Y. Song, S. Lutta, P.Y. Zavalij, N.A. Chernova, Some transi-
tion metal (oxy)phosphates and vanadium oxides for lithium batteries,
J. Mater. Chem. 15 (33)(2005) 3362—3379, https://doi.org/10.1039/b501961c.
T.C. Chang, X. Cao, S.H. Bao, S.D. Ji, HJ. Luo, P. Jin, Review on thermochromic
vanadium dioxide based smart coatings: from lab to commercial application,
Adv. Manuf. 6 (1) (2018) 1-19, https://doi.org/10.1007/s40436-017-0209-2.
Z. Yang, C. Ko, S. Ramanathan, Oxide electronics utilizing ultrafast metal-
insulator transitions, Annu. Rev. Mater. Res. 41 (1) (2011) 337-367,
https://doi.org/10.1146/annurev-matsci-062910-100347.

U. Schwingenschlogl, V. Eyert, The vanadium Magnéli phases V,02,-1, Ann.
Phys. 13 (9) (2004) 475510, https://doi.org/10.1002/andp.200410099.

K. Kosuge, The phase diagram and phase transition of the V,03-V,0s, system,
J. Phys. Chem. Solids 28 (8) (1967) 1613—1621, https://doi.org/10.1016/
0022-3697(67)90293-4.

B.N. Bahlawane, D. Lenoble, Vanadium Oxide Compounds: Structure, Prop-
erties , and Growth from the Gas Phase, 2014, pp. 299—311, https://doi.org/
10.1002/cvde.201400057.

M. Brahlek, L. Zhang, J. Lapano, et al., Opportunities in vanadium-based
strongly correlated electron systems, MRS Commun 7 (1) (2017) 27-52,
https://doi.org/10.1557/mrc.2017.2.

A. Pergament, A. Crunteanu, A. Beaumont, Vanadium Dioxide: Metal-
Insulator Transition, Electrical Switching and Oscillations. A Review of
State of the Art and Recent Progress, 2015, pp. 9—12.

N. Shukla, A.V. Thathachary, A. Agrawal, et al., A steep-slope transistor based
on abrupt electronic phase transition, Nat. Commun. 6 (1) (2015) 7812,
https://doi.org/10.1038/ncomms8812.

N. Shukla, A. Parihar, M. Cotter, et al., Pairwise coupled hybrid vanadium
dioxide-MOSFET (HVFET) oscillators for non-boolean associative computing,
in: 2014 IEEE International Electron Devices Meeting, IEEE, 2014, https://
doi.org/10.1109/IEDM.2014.7047129, 28.7.1-28.728.7 4.

A. Beaumont, ]. Leroy, ].C. Orlianges, A. Crunteanu, Current-induced electrical
self-oscillations across out-of-plane threshold switches based on VO, layers
integrated in crossbars geometry, ]. Appl. Phys. 115 (15) (2014), https://
doi.org/10.1063/1.4871543.

Q. Gy, A. Falk, J. Wy, L. Ouyang, H. Park, Current-driven phase oscillation and
domain-wall propagation in WxV;.4O> nanobeams, Nano Lett. 7 (2) (2007)
363—366, https://doi.org/10.1021/nl0624768.

B.-J. Kim, Y.W. Lee, B.-G. Chae, et al., Temperature dependence of the first-
order metal-insulator transition in VO, and programmable critical temper-
ature sensor, Appl. Phys. Lett. 90 (2) (2007), 023515, https://doi.org/10.1063/
1.2431456.

Z.Yang, C. Ko, V. Balakrishnan, G. Gopalakrishnan, S. Ramanathan, Dielectric
and carrier transport properties of vanadium dioxide thin films across the
phase transition utilizing gated capacitor devices, Phys. Rev. B 82 (20) (2010)
205101, https://doi.org/10.1103/PhysRevB.82.205101.

M. Rini, Z. Hao, RW. Schoenlein, et al., Optical switching in VO films by
below-gap excitation, Appl. Phys. Lett. 92 (18) (2008), https://doi.org/
10.1063/1.2921784.

M.F. Becker, A.B. Buckman, RM. Walser, T. Lépine, P. Georges, A. Brun,
Femtosecond laser excitation of the semiconductor-metal phase transition in
VO,, Appl. Phys. Lett. 65 (12) (1994) 1507—1509, https://doi.org/10.1063/
1.112974.

M. Seo, ]. Kyoung, H. Park, et al., Active terahertz nanoantennas based on VO,
phase transition, Nano Lett. 10 (6) (2010) 2064—2068, https://doi.org/
10.1021/n11002153.

K. Sun, C.A. Riedel, A. Urbani, et al., VO, Thermochromic metamaterial-based
smart optical solar reflector, ACS Photonics 5 (6) (2018) 2280—2286, https://
doi.org/10.1021/acsphotonics.8b00119.

[22]

(23]

(24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

[42]

M. Dicken, K. Aydin, LM. Pryce, et al., Frequency tunable near-infrared
metamaterials based on VO, phase transition, Opt Express 17 (20) (2009)
18330, https://doi.org/10.1364/0E.17.018330.

M. Nazari, Y. Zhao, V. Hallum, A.A. Bernussi, Z.Y. Fan, M. Holtz, Finite size
effect on the phase transition of vanadium dioxide, Appl. Phys. Lett. 103 (4)
(2013), https://doi.org/10.1063/1.4816507.

G. Garry, O. Durand, A. Lordereau, Structural, electrical and optical properties of
pulsed laser deposited VO thin films on R- and C-sapphire planes, Thin Solid
Films 453—454 (2004) 427—430, https://doi.org/10.1016/j.tsf.2003.11.118.

H. Koo, S. Yoon, O.-]. Kwon, et al., Effect of lattice misfit on the transition
temperature of VO, thin film, J. Mater. Sci. 47 (17) (2012) 6397—6401,
https://doi.org/10.1007/s10853-012-6565-1.

X. Qian, N. Wang, Y. Li, J. Zhang, Z. Xu, Y. Long, Bioinspired multifunctional
vanadium dioxide: improved thermochromism and hydrophobicity, Lang-
muir 30 (35) (2014) 10766—10771, https://doi.org/10.1021/1a502787q.

D.P. Partlow, S.R. Gurkovich, K.C. Radford, L.J. Denes, Switchable vanadium
oxide films by a sol-gel process, J. Appl. Phys. 70 (1) (1991) 443—452, https://
doi.org/10.1063/1.350272.

S.W. Lu, LS. Hou, F.X. Gan, Structure and optical property changes of sol-gel
derived VO, thin films, Adv Mater 9 (3) (1997) 244—246, https://doi.org/
10.1002/adma.19970090313.

H.K. Kim, H. You, R.P. Chiarello, H.L.M. Chang, T.J. Zhang, D.]. Lam, Finite-size
effect on the first-order metal-insulator transition in VO, films grown by
metal-organic chemical-vapor deposition, Phys. Rev. B 47 (19) (1993)
12900—12907, https://doi.org/10.1103/PhysRevB.47.12900.

T. Maruyama, Y. Ikuta, Vanadium dioxide thin films prepared by chemical
vapour deposition from vanadium(IIl) acetylacetonate, J. Mater. Sci. 28 (18)
(1993) 5073—5078, https://doi.org/10.1007/BF00361182.

S. Kumar, F. Maury, N. Bahlawane, Electrical switching in semiconductor-
metal self-assembled VO, Disordered metamaterial coatings, Sci. Rep. 6
(August) (2016) 1—13, https://doi.org/10.1038/srep37699.

S. Beke, A review of the growth of V,05 films from 1885 to 2010, Thin Solid
Films 519 (6) (2011) 1761—1771, https://doi.org/10.1016/j.tsf.2010.11.001.
M. Liu, B. Su, Y. Tang, X. Jiang, A. Yu, Recent Advances in Nanostructured
Vanadium Oxides and Composites for Energy Conversion, Adv. Energy Mater.
(2017) 1-34, https://doi.org/10.1002/aenm.201700885, 1700885.

M. Kamalisarvestani, R. Saidur, S. Mekhilef, F.S. Javadi, Performance , mate-
rials and coating technologies of thermochromic thin films on smart win-
dows, Renew. Sustain. Energy Rev. 26 (2013) 353—364, https://doi.org/
10.1016/j.rser.2013.05.038.

S.M. George, Atomic layer deposition: an overview, Chem. Rev. 110 (1)
(2009) 111—131, https://doi.org/10.1021/cr900056b.

C. Marichy, N. Pinna, Carbon-nanostructures coated/decorated by atomic
layer deposition: growth and applications, Coord. Chem. Rev. 257 (23—24)
(2013) 3232—3253, https://doi.org/10.1016/j.ccr.2013.08.007.

R.W. Johnson, A. Hultqvist, S.F. Bent, A brief review of atomic layer deposi-
tion: from fundamentals to applications, Mater. Today 17 (5) (2014)
236—246, https://doi.org/10.1016/j.mattod.2014.04.026.

M.S. Weimer, LS. Kim, P. Guo, R.D. Schaller, A.B.F. Martinson, A.S. Hock,
Oxidation state discrimination in the atomic layer deposition of vanadium
oxides, Chem. Mater. 29 (15) (2017) 6238—6244, https://doi.org/10.1021/
acs.chemmater.7b01130.

M. Schaekers, K. Martens, Q. Xie, et al., Semiconductor-metal transition in
thin VO, films grown by ozone based atomic layer deposition, Appl. Phys.
Lett. 98 (16) (2011) 162902, https://doi.org/10.1063/1.3579195.

P.A. Premkumar, M. Toeller, LP. Radu, et al.,, Process study and character-
ization of VO, thin films synthesized by ALD using TEMAV and O3 precursors,
ECS ] Solid State Sci Technol 1 (4) (2012) P169—P174, https://doi.org/
10.1149/2.009204;jss.

X. Lv, Y. Cao, L. Yan, Y. Li, L. Song, Atomic layer deposition of VO, films with
Tetrakis-dimethyl-amino vanadium (IV) as vanadium precursor, Appl. Surf.
Sci. 396 (2017) 214—220, https://doi.org/10.1016/j.apsusc.2016.10.044.

X. Wang, Z. Guo, Z. Guo, J. Wang, Atomic layer deposition of vanadium oxide
thin films from tetrakis(dimethylamino)vanadium precursor, J. Mater. Res.
32 (1) (2017) 37—44, https://doi.org/10.1557/jmr.2016.303.

[43] ]J.C.Badot, S.Ribes, E.B. Yousfi, et al., Atomic layer epitaxy of vanadium oxide thin

films and electrochemical behavior in presence of lithium ions, Electrochem.
Solid State Lett. 3 (10) (2000) 485—488, https://doi.org/10.1149/1.1391187.

[44] ]. Musschoot, D. Deduytsche, H. Poelman, et al., Comparison of thermal and

[45]

(46]

(47]

(48]

plasma-enhanced ALD/CVD of vanadium pentoxide, J. Electrochem. Soc. 156
(7) (2009) P122, https://doi.org/10.1149/1.3133169.

X. Chen, E. Pomerantseva, K. Gregorczyk, R. Ghodssi, G. Rubloff, Cathodic ALD
V05 thin films for high-rate electrochemical energy storage, RSC Adv. 3 (13)
(2013) 4294, https://doi.org/10.1039/c3ra23031g.

M. Xie, X. Sun, H. Sun, et al,, Stabilizing an amorphous V,0s/carbon nanotube
paper electrode with conformal TiO, coating by atomic layer deposition for
lithium ion batteries, J. Mater. Chem. 4 (2) (2016) 537—544, https://doi.org/
10.1039/C5TA01949D.

S. Fleischmann, N. Jdackel, M. Zeiger, et al., Enhanced electrochemical energy
storage by nanoscopic decoration of endohedral and exohedral carbon with
vanadium oxide via atomic layer deposition, Chem. Mater. 28 (8) (2016)
2802—2813, https://doi.org/10.1021/acs.chemmater.6b00738.

X. Chen, E. Pomerantseva, P. Banerjee, K. Gregorczyk, R. Ghodssi, G. Rubloff,
Ozone-Based atomic layer deposition of crystalline V,0s5 films for high


https://doi.org/10.1146/annurev.ms.01.080171.000533
https://doi.org/10.1146/annurev.ms.01.080171.000533
https://doi.org/10.1107/S0108768199004000
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref3
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref3
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref3
https://doi.org/10.1039/b501961c
https://doi.org/10.1007/s40436-017-0209-2
https://doi.org/10.1146/annurev-matsci-062910-100347
https://doi.org/10.1002/andp.200410099
https://doi.org/10.1016/0022-3697(67)90293-4
https://doi.org/10.1016/0022-3697(67)90293-4
https://doi.org/10.1002/cvde.201400057
https://doi.org/10.1002/cvde.201400057
https://doi.org/10.1557/mrc.2017.2
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref11
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref11
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref11
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref11
https://doi.org/10.1038/ncomms8812
https://doi.org/10.1109/IEDM.2014.7047129
https://doi.org/10.1109/IEDM.2014.7047129
https://doi.org/10.1063/1.4871543
https://doi.org/10.1063/1.4871543
https://doi.org/10.1021/nl0624768
https://doi.org/10.1063/1.2431456
https://doi.org/10.1063/1.2431456
https://doi.org/10.1103/PhysRevB.82.205101
https://doi.org/10.1063/1.2921784
https://doi.org/10.1063/1.2921784
https://doi.org/10.1063/1.112974
https://doi.org/10.1063/1.112974
https://doi.org/10.1021/nl1002153
https://doi.org/10.1021/nl1002153
https://doi.org/10.1021/acsphotonics.8b00119
https://doi.org/10.1021/acsphotonics.8b00119
https://doi.org/10.1364/OE.17.018330
https://doi.org/10.1063/1.4816507
https://doi.org/10.1016/j.tsf.2003.11.118
https://doi.org/10.1007/s10853-012-6565-1
https://doi.org/10.1021/la502787q
https://doi.org/10.1063/1.350272
https://doi.org/10.1063/1.350272
https://doi.org/10.1002/adma.19970090313
https://doi.org/10.1002/adma.19970090313
https://doi.org/10.1103/PhysRevB.47.12900
https://doi.org/10.1007/BF00361182
https://doi.org/10.1038/srep37699
https://doi.org/10.1016/j.tsf.2010.11.001
https://doi.org/10.1002/aenm.201700885
https://doi.org/10.1016/j.rser.2013.05.038
https://doi.org/10.1016/j.rser.2013.05.038
https://doi.org/10.1021/cr900056b
https://doi.org/10.1016/j.ccr.2013.08.007
https://doi.org/10.1016/j.mattod.2014.04.026
https://doi.org/10.1021/acs.chemmater.7b01130
https://doi.org/10.1021/acs.chemmater.7b01130
https://doi.org/10.1063/1.3579195
https://doi.org/10.1149/2.009204jss
https://doi.org/10.1149/2.009204jss
https://doi.org/10.1016/j.apsusc.2016.10.044
https://doi.org/10.1557/jmr.2016.303
https://doi.org/10.1149/1.1391187
https://doi.org/10.1149/1.3133169
https://doi.org/10.1039/c3ra23031g
https://doi.org/10.1039/C5TA01949D
https://doi.org/10.1039/C5TA01949D
https://doi.org/10.1021/acs.chemmater.6b00738

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

V.P. Prasadam et al. / Materials Today Chemistry 12 (2019) 332—342 341

performance electrochemical energy storage, Chem. Mater. 24 (7) (2012)
1255—1261, https://doi.org/10.1021/cm202901z.

S. Fleischmann, D. Leistenschneider, V. Lemkova, et al., Tailored mesoporous
carbon/vanadium pentoxide hybrid electrodes for high power pseudocapa-
citive lithium and sodium intercalation, Chem. Mater. 29 (20) (2017)
8653—8662, https://doi.org/10.1021/acs.chemmater.7b02533.

G.Y. Song, C. Oh, S. Sinha, ]. Son, ]J. Heo, Facile phase control of multivalent
vanadium oxide thin films (V205 and VO;) by atomic layer deposition and
postdeposition annealing, ACS Appl. Mater. Interfaces 9 (28) (2017)
23909-23917, https://doi.org/10.1021/acsami.7b03398.

C.Y. Kim, S.H. Kim, S.J. Kim, K.S. An, VO, (110) film formation on TiO; (110)
through post-reduction of ALD grown vanadium oxide, Appl. Surf. Sci. 313
(2014) 368—371, https://doi.org/10.1016/j.apsusc.2014.05.216.

M.N. Colpaert, P. Clauws, L. Flermans, ]. Vennik, Thermal and low energy
electron bombardment induced oxygen loss of V,05 single crystals: Transi-
tion into VgOq3, Surface Science 36 (1973) 513—525.

S. Guimond, .M. Sturm, D. Gobke, et al., Well-ordered V505 (001) thin films
on Au (111): growth and thermal stability, J. Phys. Chem. C 112 (001) (2008)
11835—11846.

D.S. Su, R. Schlégl, Thermal decomposition of divanadium pentoxide V,0s:
towards a nanocrystalline V03 phase, Catal. Lett. 83 (3—4) (2002) 115—-119,
https://doi.org/10.1023/A:1021042232178.

D.Q. Liu, W.W. Zheng, H.F. Cheng, H.T. Liu, Thermochromic VO, thin film
prepared by post annealing treatment of V,0s5 thin film, Adv. Mater. Res.
79—82 (2009) 747-750, https://doi.org/10.4028/www.scientific.net/
AMR.79-82.747.

M. Ibisate, D. Golmayo, C. Lépez, Vanadium dioxide thermochromic opals
grown by chemical vapour deposition, J. Opt. A Pure Appl. Opt. 10 (12)
(2008), https://doi.org/10.1088/1464-4258/10/12/125202.

Y.F. Wu, LL. Fan, S.M. Chen, S. Chen, CW. Zou, ZY. Wu, Spectroscopic
analysis of phase constitution of high quality VO, thin film prepared by facile
sol-gel method, AIP Adv. 3 (4) (2013) 0-10, https://doi.org/10.1063/
1.4802981.

B.-G. Chae, H.-T. Kim, S.-]. Yun, et al., Highly oriented VO, thin films prepared
by sol-gel deposition, Electrochem. Solid State Lett. 9 (1) (2006) C12, https://
doi.org/10.1149/1.2135430.

S.A. Corr, M. Grossman, J.D. Furman, et al., Controlled reduction of vanadium
oxide nanoscrolls: crystal structure, morphology, and electrical properties,
Chem. Mater. 20 (20) (2008) 6396—6404, https://doi.org/10.1021/
cm801539f.

0. Monfort, T. Roch, L. Satrapinskyy, et al., Reduction of V,0s5 thin films
deposited by aqueous sol-gel method to VO, (B) and investigation of its
photocatalytic activity, Appl. Surf. Sci. 322 (2014) 21-27, https://doi.org/
10.1016/j.apsusc.2014.10.009.

Q. Shi, W. Huang, J. Yan, et al., Preparation and phase transition character-
ization of VO, thin film on single crystal Si (100) substrate by sol-gel process,
J. Sol. Gel Sci. Technol. 59 (3) (2011) 591-597, https://doi.org/10.1007/
s10971-011-2533-5.

H.H. Park, TJ. Larrabee, L.B. Ruppalt, J.C. Culbertson, S.M. Prokes, Tunable
electrical properties of vanadium oxide by hydrogen-plasma-treated atomic
layer deposition, ACS Omega 2 (4) (2017) 1259—1264, https://doi.org/
10.1021/acsomega.7b00059.

V.S. Aliev, V.N. Votentsev, A.K. Gutakovskii, S.M. Maroshina, D.V. Shcheglov,
Morphological transformations of vanadium oxide films during low-
temperature reduction in hydrogen electron cyclotron resonance plasma,
J. Surf. Investig. X-ray Synchrotron Neutron Tech. 1 (4) (2007) 454—461,
https://doi.org/10.1134/S1027451007040167.

AL Pergament, A.A. Velichko, O.Y. Berezina, E.L. Kazakova, N.A. Kuldin,
D.V. Artyukhin, Influence of doping on the properties of N A Kuldin and D V
Artyukhin, 422204, 2008, pp. 1-5, https://doi.org/10.1088/0953-8984/20/
42[422204.

G. Rampelberg, D. Deduytsche, B. De Schutter, et al., Crystallization and
semiconductor-metal switching behavior of thin VO, layers grown by atomic
layer deposition, Thin Solid Films 550 (2014) 59—64, https://doi.org/10.1016/
jtsf.2013.10.039.

S. Lysenko, V. Vikhnin, A. Rua, F. Fernandez, H. Liu, Size-dependent phase
transition of VO, nanostructures induced by light excitation, Phys. Proc. 13
(2011) 18—23, https://doi.org/10.1016/j.phpro.2011.02.005.

J. Narayan, V.M. Bhosle, Phase transition and critical issues in structure-
property correlations of vanadium oxide, J. Appl. Phys. 100 (10) (2006)
103524, https://doi.org/10.1063/1.2384798.

H. Oechsner, Theoretical background and some applications of ECWR-
plasmas, Vacuum 83 (4) (2008) 727—731, https://doi.org/10.1016/
j.vacuum.2008.05.018.

M. Weiler, K. Lang, E. Li, ]. Robertson, Deposition of tetrahedral hydrogenated
amorphous carbon using a novel electron cyclotron wave resonance reactor,
Appl. Phys. Lett. 72 (11) (1998) 1314—1316, https://doi.org/10.1063/
1.121069.

S. Kumar, D. Lenoble, F. Maury, N. Bahlawane, Synthesis of vanadium oxide
films with controlled morphologies: impact on the metal-insulator transition
behaviour, Phys. Status Solid Appl. Mater. Sci. 212 (7) (2015) 1582—1587,
https://doi.org/10.1002/pssa.201532325.

S. Mathur, T. Ruegamer, L. Grobelsek, Phase-selective CVD of vanadium oxide
nanostructures, Chem. Vap. Depos. 13 (1) (2007) 42—47, https://doi.org/
10.1002/cvde.200606578.

[72]

[73]

[74]

[75]

E. Ostreng, O. Nilsen, H. Fjellvag, Optical properties of vanadium pentoxide
deposited by ALD, J. Phys. Chem. 116 (2012) 19444—19450, https://doi.org/
10.1021/jp304521k.

M.B. Sreedhara, ]. Ghatak, B. Bharath, C.N.R. Rao, Atomic layer deposition of
ultrathin crystalline epitaxial films of V05, ACS Appl. Mater. Interfaces 9 (3)
(2017) 3178—3185, https://doi.org/10.1021/acsami.6b14882.

Pamela R. Fischer, Dieter Pierreux, Olivier Rouault, Jacky Sirugue, Peter
M. Zagwijn, Eva Tois, Suvi Haukka, Batch Atomic Layer Deposition of Hf02
and ZrO2 Films Using Cyclopentadienyl Precursors, ECSTrans. 16 (4) (2008)
135—-148.

R.J. Potter, P.R. Chalker, T.D. Manning, et al., Deposition of HfO,, Gd;03 and
PrOx by liquid injection ALD techniques, Chem. Vap. Depos. 11 (3) (2005)
159-169, https://doi.org/10.1002/cvde.200406348.

[76] J.W. Elam, Coatings on high aspect ratio structures, in: Atomic Layer Depo-

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

sition of Nanostructured Materials, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2012, pp. 227-249, https://doi.org/10.1002/
9783527639915.ch10.

R.G. Gordon, D. Hausmann, E. Kim, J. Shepard, A Kinetic Model for Step
Coverage by Atomic Layer Deposition in Narrow Holes or Trenches, 2003.
https://faculty.chemistry.harvard.edu/files/gordon/files/model.pdf.
(Accessed 24 October 2018).

C. Guerra-Nunez, M. Dobeli, J. Michler, 1. Utke, Reaction and growth mech-
anisms in Al,O3 deposited via atomic layer deposition: elucidating the
hydrogen source, Chem. Mater. 29 (20) (2017) 8690—8703, https://doi.org/
10.1021/acs.chemmater.7b02759.

R.L. Puurunen, Surface chemistry of atomic layer deposition: a case study for
the trimethylaluminum/water process, J. Appl. Phys. 97 (12) (2005), https://
doi.org/10.1063/1.1940727.

Marika Juppo, Antti Rahtu, Mikko Ritala, Markku Leskeld, In situ mass
spectrometry study on surface reactions in atomic layer deposition of Al;03
thin films from trimethylaluminum and water, Langmuir 16 (8) (2000)
4034-4039, https://doi.org/10.1021/1a991183.

HJ. Basheer, C. Pachot, U. Lafont, X. Devaux, N. Bahlawane, Low-temperature
thermal CVD of superblack carbon nanotube coatings, Adv Mater Interfaces 4
(18) (2017) 1700238, https://doi.org/10.1002/admi.201700238.

F. Urena-Begara, A. Crunteanu, ].P. Raskin, Raman and XPS characterization of
vanadium oxide thin films with temperature, Appl. Surf. Sci. 403 (2017)
717-727, https://doi.org/10.1016/j.apsusc.2017.01.160.

P. Boryto, K. Matus, K. Lukaszkowicz, et al., The influence of atomic layer
deposition process temperature on ZnO thin film structure, Appl Surf Sci
(March 2018), https://doi.org/10.1016/j.apsusc.2018.03.169.

F. Mattelaer, K. Geryl, G. Rampelberg, J. Dendooven, C. Detavernier, Amor-
phous and crystalline vanadium oxides as high-energy and high-power
Cathodes for three-dimensional thin-film lithium ion batteries, ACS Appl.
Mater. Interfaces 9 (15) (2017) 13121—13131, https://doi.org/10.1021/
acsami.6b16473.

F. Mattelaer, K. Geryl, G. Rampelberg, T. Dobbelaere, ]. Dendooven,
C. Detavernier, Atomic layer deposition of vanadium oxides for thin-film
lithium-ion battery applications, RSC Adv. 6 (115) (2016) 114658—114665,
https://doi.org/10.1039/C6RA25742A.

R. Dziembaj, Oxygen equilibrium pressure above V,05_x and thermody-
namic properties of this oxide system, J. Solid State Chem. 26 (2) (1978)
159—165, https://doi.org/10.1016/0022-4596(78)90146-9.

[87] J. Haber, M. Witko, R. Tokarz, Vanadium pentoxide I. Structures and prop-

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

erties, Appl. Catal. Gen. 157 (1-2) (1997) 3—22, https://doi.org/10.1016/
S0926-860X(97)00017-3.

C. Marini, E. Arcangeletti, D. Di Castro, et al., Optical properties of V¢ _ x CrxO2
compounds under high pressure, Phys. Rev. B 77 (23) (2008) 235111, https://
doi.org/10.1103/PhysRevB.77.235111.

M.M. Koranne, J.G. Goodwin, G. Marcelin, Characterization of silica- and
alumina-supported vanadia catalysts using temperature programmed reduc-
tion, J. Catal. 148 (1) (1994) 369—377, https://doi.org/10.1006/jcat.1994.1217.
Y. Liuy, C. Jiang, W. Chu, W. Sun, Z. Xie, Novel F-V,05/SiO, catalysts for
oxidative dehydrogenation of propane, React. Kinet. Mech. Catal. 101 (1)
(2010) 141-151, https://doi.org/10.1007/s11144-010-0207-X.

FJ. Morin, Oxides which show a metal-to-insulator transition at the neel
temperature, Phys. Rev. Lett. 3 (1) (1959) 34—36, https://doi.org/10.1103/
PhysRevLett.3.34.

Y. Gao, S. Wang, H. Luo, et al,, Enhanced chemical stability of VO, nano-
particles by the formation of SiO,/VO, core/shell structures and the appli-
cation to transparent and flexible VO,-based composite foils with excellent
thermochromic properties for solar heat control, Energy Environ. Sci. 5 (3)
(2012) 6104—6110, https://doi.org/10.1039/c2ee02803d.

Y. Ji, Thermochromic VO, -Based Materials for Smart Windows, 2018.

M. Currie, M.A. Mastro, V.D. Wheeler, Characterizing the tunable refractive
index of vanadium dioxide, Opt. Mater. Express 7 (5) (2017) 1697, https://
doi.org/10.1364/OME.7.001697.

M. Taha, S. Walia, T. Ahmed, et al., Insulator-metal transition in substrate-
independent VO, thin film for phase-change devices, Sci. Rep. 7 (1) (2017)
1-10, https://doi.org/10.1038/s41598-017-17937-3.

[96] ].Y. Suh, R. Lopez, L.C. Feldman, R.F. Haglund, Semiconductor to metal phase

transition in the nucleation and growth of VO, nanoparticles and thin films
Micro-optical switch device based on semiconductor-to-metallic phase
transition characteristics of W-doped VO, smart coatings, Cit ] Appl Phys 96
(2004) 971, https://doi.org/10.1063/1.1762995.


https://doi.org/10.1021/cm202901z
https://doi.org/10.1021/acs.chemmater.7b02533
https://doi.org/10.1021/acsami.7b03398
https://doi.org/10.1016/j.apsusc.2014.05.216
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref52
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref53
https://doi.org/10.1023/A:1021042232178
https://doi.org/10.4028/www.scientific.net/AMR.79-82.747
https://doi.org/10.4028/www.scientific.net/AMR.79-82.747
https://doi.org/10.1088/1464-4258/10/12/125202
https://doi.org/10.1063/1.4802981
https://doi.org/10.1063/1.4802981
https://doi.org/10.1149/1.2135430
https://doi.org/10.1149/1.2135430
https://doi.org/10.1021/cm801539f
https://doi.org/10.1021/cm801539f
https://doi.org/10.1016/j.apsusc.2014.10.009
https://doi.org/10.1016/j.apsusc.2014.10.009
https://doi.org/10.1007/s10971-011-2533-5
https://doi.org/10.1007/s10971-011-2533-5
https://doi.org/10.1021/acsomega.7b00059
https://doi.org/10.1021/acsomega.7b00059
https://doi.org/10.1134/S1027451007040167
https://doi.org/10.1088/0953-8984/20/42/422204
https://doi.org/10.1088/0953-8984/20/42/422204
https://doi.org/10.1016/j.tsf.2013.10.039
https://doi.org/10.1016/j.tsf.2013.10.039
https://doi.org/10.1016/j.phpro.2011.02.005
https://doi.org/10.1063/1.2384798
https://doi.org/10.1016/j.vacuum.2008.05.018
https://doi.org/10.1016/j.vacuum.2008.05.018
https://doi.org/10.1063/1.121069
https://doi.org/10.1063/1.121069
https://doi.org/10.1002/pssa.201532325
https://doi.org/10.1002/cvde.200606578
https://doi.org/10.1002/cvde.200606578
https://doi.org/10.1021/jp304521k
https://doi.org/10.1021/jp304521k
https://doi.org/10.1021/acsami.6b14882
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref74
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref74
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref74
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref74
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref74
https://doi.org/10.1002/cvde.200406348
https://doi.org/10.1002/9783527639915.ch10
https://doi.org/10.1002/9783527639915.ch10
https://faculty.chemistry.harvard.edu/files/gordon/files/model.pdf
https://doi.org/10.1021/acs.chemmater.7b02759
https://doi.org/10.1021/acs.chemmater.7b02759
https://doi.org/10.1063/1.1940727
https://doi.org/10.1063/1.1940727
https://doi.org/10.1021/la991183
https://doi.org/10.1002/admi.201700238
https://doi.org/10.1016/j.apsusc.2017.01.160
https://doi.org/10.1016/j.apsusc.2018.03.169
https://doi.org/10.1021/acsami.6b16473
https://doi.org/10.1021/acsami.6b16473
https://doi.org/10.1039/C6RA25742A
https://doi.org/10.1016/0022-4596(78)90146-9
https://doi.org/10.1016/S0926-860X(97)00017-3
https://doi.org/10.1016/S0926-860X(97)00017-3
https://doi.org/10.1103/PhysRevB.77.235111
https://doi.org/10.1103/PhysRevB.77.235111
https://doi.org/10.1006/jcat.1994.1217
https://doi.org/10.1007/s11144-010-0207-x
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1039/c2ee02803d
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref93
http://refhub.elsevier.com/S2468-5194(19)30041-2/sref93
https://doi.org/10.1364/OME.7.001697
https://doi.org/10.1364/OME.7.001697
https://doi.org/10.1038/s41598-017-17937-3
https://doi.org/10.1063/1.1762995

342 V.P. Prasadam et al. / Materials Today Chemistry 12 (2019) 332—342

[97] L. Kang, Y. Gao, Z. Zhang, et al., Effects of annealing parameters on optical [99] D. Kim, A.L. Giermann, C.V. Thompson, Solid-state dewetting of patterned
properties of thermochromic VO, films prepared in aqueous solution, J. Phys. thin films, Appl. Phys. Lett. 95 (25) (2009) 1—36, https://doi.org/10.1063/
Chem. C 114 (4) (2010) 1901—1911, https://doi.org/10.1021/jp909009w. 1.3268477.

[98] C.Zhang, W. Cao, A.V. Adedeji, H.E. Elsayed-Ali, Preparation and properties of [100] Youn-Bae Kang, Critical evaluation and thermodynamic optimization of the
VO, thin films by a novel sol—gel process, ]. Sol. Gel Sci. Technol. 69 (2) VO-VO,5 system, ]. Eur. Ceram. Soc. 32 (2012) 3187—3198. https://doi.org/

(2014) 320—324, https://doi.org/10.1007/s10971-013-3220-5. 10.1007/s11663-014-0193x.


https://doi.org/10.1021/jp909009w
https://doi.org/10.1007/s10971-013-3220-5
https://doi.org/10.1063/1.3268477
https://doi.org/10.1063/1.3268477
https://doi.org/10.1007/s11663-014-0193-x
https://doi.org/10.1007/s11663-014-0193-x

3.1.3 MWCNT-VO:; for the solar thermal application.

Execution of carbon nanotubes (CNTs) and vanadium dioxide (VO2) as constituents to design
smart absorbing coatings was investigated. CNTs attribute a near-perfect blackbody
absorption. However, their sole introduction is insufficient to harvest solar energy because
CNTs are also excellent thermal emitters. Whereas, VO, promote sudden change in its
optoelectronic properties across its semiconductor-to-metal transition that occurs at 67 °C.
As a matter of fact, metals are typically good infrared (IR) reflectors, and semiconductors are
mostly infratred transparent.

MWCNTSs grown by single pot CVD process are conformally coated with nanocrystalline V,0s
through optimized ALD process. Post-deposition annealing was used to convert the oxide
layer into the VO, phase. The morphology of the obtained VO, layer correlates with the
thickness of the as-grown V,0s. Discontinuous VO nanoparticle structure results from thin
V,0s while thick V,0s layer resulted in a full-covering VO, shell. Optical modulation across the
semiconductor-metal transition is influenced by the morphology of the VO, phase. VO,
nanoparticles on the MWCNT structure illustrates an enhancement in the thermal emissivity
across the SMT temperature. A contrasting optical modulation is displayed by the continuous
VO, layer on MWCNT.
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clean and sustainable future energy supply. Hereby, solar—thermal Ethanol

energy conversion is of a significant importance, and the role of ¢ RO  promoter
. .. . . ) — Y | ALD cycle
absorbing layers is pivotal. Nanoscale design of thermally responsive ) VSt substrats
oy @

1
absorbing nanocomposite coatings is addressed in this study with the 8 e
objective to tailor the light absorption behavior. While carbon vo, vo, o
nanotubes (CNTs) act as perfect black absorbers, vanadium dioxide e = @ -
(VO,) shows a semiconductor-to-metal transition (SMT) at 67 °C N N i s"bmf,:
with an abrupt change in the. optllca} properties. Corgbmmg the § § ) 8
properties of these two nanometric building blocks is investigated as an N\

approach to design smart black nanocomposite films. The CNTs . @ A %,
feature either an upward or a downward thermal emissivity switching s © G © @ —
across the SMT depending on the morphology of the overgrown VO,

nanolayer. Decorated CNTs with VO, nanoparticles feature an enhancement of the thermal emissivity above the SMT, whereas
VO,-covered CNTs feature a decrease of thermal emissivity when they turn metallic above the SMT. The results were successfully
explained by a theoretical model based on effective media approximations. By means of this model, the percolation threshold for the
VO, inclusions was identified. VO, inclusions below this threshold are mostly confined in small domains, and near/mid-infrared
light absorption dominates in the metallic phase as a consequence of the localized surface plasmons’ excitation. Above the
percolation threshold, VO, inclusions form large continuous domains that are more reflective in the metallic phase. The percolation
threshold is the result of surface-energy-driven dewetting that can be influenced by the implemented thermal treatment. The
developed VO,—CNT nanocomposite films hold appealing properties for the design of smart absorbers for solar energy harvesting
and thermal management as well as photothermal actuators.

ABSTRACT: Solar energy harvesting is an essential component for a cvD
A

CNTs . 5 Purge
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KEYWORDS: solar absorbers, thermal radiation, smart absorber, smart radiators, nanocomposite coatings, CNT, SMT, vanadium oxide,
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B INTRODUCTION CNTs are also great thermal emitters. On the other hand, VO,
features an abrupt change in its optoelectronic properties across
its semiconductor-to-metal transition, which takes place at 67
°C.%” In fact, metals are typical good infrared (IR) reflectors,
and semiconductor are mostly NIR transparent.

A simulation study reported by Voti et al. reveals that stacks
involving VO, and metallic layers can be engineered to optimize
an up- and downward thermal emissivity (E) depending on their
architectures.® The expected downward emissivity modulation,
ie, (Ehot — Ecoq) < 0, is reported by using VO, film with a
thickness exceeding 100 nm on different IR-transmitting

The continuous growth of the global electricity demand implies
a consequent rise of energy production, leading to a record CO,
emission increase of +1.7%/annum in 2018." The sun, which is
the most abundant clean source for energy, can be harnessed
through a direct conversion to electricity (photovoltaics) or
through thermal energy. The approach of adjusting or
modulating solar energy gave rise to valuable applications such
as solar selective absorber in thermoelectric devices,” solar—
thermal radiator for cooling devices,” and smart coatings for
energy efficient windows.” Generally, these nanocomposite
coatings incorporate materials with contrasting optical proper-
ties to engineer the targeted functionality.

The implementation of carbon nanotubes (CNTs) and
vanadium dioxide (VO,) as building blocks to design smart
absorbing coatings sounds appealing in this context. CNTs
feature a near-perfect blackbody absorption;* nevertheless, their
sole implementation is not sufficient to harvest solar energy, as
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Scheme 1. Illustration of the Hybrid CVD/ALD Experimental Setup for the Growth of the CNT-Based Nanocomposite”
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“The right-hand side presents the involved two steps: the corresponding chemical reactions and the materials structure. (left) 1: pulsed spray
injector (opening time 4 ms; frequency 4 Hz; rate 1 mL/min); 2: evaporation tube (at 200 °C); 3: VTOP gas vapor inlet; 4: H,O gas vapor inlet;
S: transport tube (at 200 °C); 6: vacuum deposition chamber; 7: hot substrate holder.

substrates like Si,” quartz,10 graphene,11 TiN,"? and A1203.13 An
upward emissivity modulation, ie., (Ey — E.q) > 0, was
however reported by using IR-reflecting substrates.”” Incorpo-
rating an intermediate dielectric layer in the last case amplifies
the emissivity modulation response.>'® Surfaces featuring
textures with high aspect ratios are particularly appealing as
the amplitude of the optical modulation is expected to be more
prominent.'”'* Based on the emissivity modulation down- or
upward, the resulting composites might be used in different
applications like smart windows'’ and smart radiators™ for
terrestrial and space application, respectively.

Vanadium dioxide—carbon composites have potential
application in various fields as electrode materials for energy
storage,ZI’7 gas sensors,”” infrared detectors,”® thermal camou-
flage,’" and photothermal actuators.”*™*” In the above-
mentioned literature, VO, is grown on carbon films by chemical
sol—gel and physical vapor deposition. To grow conformal VO,
layers on the high aspect ratio structures, atomic layer deposition
(ALD) is the most reported process.7

In this study, a strongly correlated material (VO,) is applied
on highly textured black absorber coating, CNTs, to investigate
the optical modulation behavior based on fundamentally
contrasting classical and plasmonic optical response. The
chemical vapor deposition (CVD) process is used for the
growth of CNT layers, whereas the atomic layer deposition
process (ALD) was used to grow conformal VO, layers around
the individual CNTs of the film.

B EXPERIMENTAL METHODS

The deposition of carbon nanotubes on silicon substrates was
performed by using the thermal CVD process. Hereby an ethanol
solution of 0.65 X 107> mol L™" of cobalt acetylacetonate (Co(acac),)
and 0.65 X 107 mol L™ of magnesium acetylacetonate (Mg(acac),)
was implemented as a single precursor feedstock. The formation of
CNTs is obtained at 485 °C and a pressure of 10 mbar with ethanol
vapor as the carbon source in the presence of a cobalt catalyst and MgO
growth promoter; both form in situ during deposition. The CVD of

CNT is illustrated in Scheme 1. The layer is composed of randomly
oriented CNTs featuring an adjustable density.”® The implemented
CNT films in this study have an average thickness of 3 ym and a density
of 0.8—1 mg/ cm?®, whereas the outer diameter of the CNT is around 10
nm. It is worth mentioning that the obtained film density is 3 orders of
magnitude lower relative to densely packed CNTs. Further details
regarding the process are reported earlier.””

Vanadium oxide films are deposited on CNT's by using thermal ALD
via the sequential hydrolysis with deionized water of vanadium(V)
triisopropoxide (VTOP) at 80 °C and a pressure of 0.4 mbar. All
depositions were performed by using ALD cycles composed of (a) 8 s
exposure to VTOP, (b) 1S s of argon purge gas with a flow rate of SO
scem, (c) 6 s exposure to water vapor, and (d) 1S s argon purge. The as-
grown films were identified as amorphous or poorly crystalline V,O5.
Details of the ALD optimization on planar Si substrates were reported
earlier.* The ALD consecutive reactions are displayed in Scheme 1.

Postdeposition annealing was performed in a vacuum (1072 mbar) at
500 °C for 4 h to convert the as-grown film to crystalline VO,—CNTs.
The thickness of VO, on silicon was assessed by using a multi-
wavelength ellipsometer (Film Sense) with the Cauchy model, whereas
X-ray diffraction (Bruker D8), with Cu Ka as the X-ray source, was used
to identify the crystalline phases of vanadium oxide. Data were collected
in the grazing incidence mode at 0.5° and a detector scanning from 20°
to 60° with a step size of 0.02°.

All XRD reflexes of VO,, except the (011) plane at 27.83°, can be
attributed to overlapping planes, which complicates the implementa-
tion of the Williamson—Hall method to assess the strain and crystallite
size values. Hence, the single peak analysis method was used. The
broadening of the XRD peak is a combined contribution from the
instrumental broadening, strain in the lattice, and the size of the
crystallites. Thereby we defined 0.173 as the instrumental broadening
measured using a single crystal silicon wafer. We fit the VO,(011) peak
to the pseudo-Voigt function, which is a linear combination of
Lorentzian and Gaussian functions. The peak deconvolution provides
the broadening resulting from the size effect (Lorentz component with
p1) and that resulting from the strain effect (Gauss component with
Bc). Both are the corrected full width at half-maximum (FWHM) of
both components from the instrumental broadening as follows:
FWHM, = f + f; and (FWHMg)* = () + ()%
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Pristine CNTs Overview

near the surface near the silicon interface

As-grown VO,-CNT Overview

near the surface near the silicon interface

Figure 1. SEM cross-section inspection of pristine CNTs with a thickness of 3 ym (¢ cnr = 10 nm) with high-magnification view in the near surface and
interface regions (top). A similar observation is displayed for ALD-coated CNT's with 327 cycles of VO, showing an apparent CNT diameter increase
to reach ~25 nm both near the surface and the silicon interface (bottom).
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327 ALD cycles

As-grown

Post-deposition annealed

1635 ALD cycles

Figure 2. SEM surface inspection of the ALD grown VO, on CNT: 327 cycles (VO, decorated) (left), 1635 cycles (VO, covered) (right), before (top)

and after (bottom) conversion to VO,.

The crystallite size, d, and the strain, & are computed via the
following equations:

K
B cos 0’

e = s
4 tan 0

(1)

We assume k = 0.94 and A = 0.154 nm (Cu Ka).

Raman scattering was performed by using an InVia Raman
spectrometer from Renishaw with a 633 nm laser and a power density
of 87 W/ cm?. The morphology of the films was inspected by using the
FEI Helios Nanolab 650 scanning electron microscope (SEM) at a
working distance of S mm and by using 2—5 V as the acceleration
voltage.

The surface emissivity was measured by a FLIR X6580SC thermal
camera operating in the 3—5 um spectral range. The pristine CNTs
coating was taken as a reference perfect black in these measurements.
The emissivity measurement was performed along three consecutive
heating and cooling cycles between 30 and 85 °C by using a ramping
rate of 2 °C/min. The optical measurements were performed in a
reflection configuration with a LAMBDA 1050 UV-—vis—NIR
spectrophotometer from PerkinElmer with a 100 mm Spectralon
integration sphere. Measurements were performed in the 300—2300
nm spectral range, while the surface temperature was cycled between 25
and 95 °C.

B THEORETICAL METHODS

The effective permittivity of the 2D array of CNTs is estimated
by31

eff a

el =gll + _

an h fCNT 1 _fCNTLa (23)
f

& = fonrbo (1 = fenr ) (2b)
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where &, is the host material surrounding the CNT, fcyr is the
filling fraction of the CNT, L = 1/2 is the depolarization factor,
and q is the 2D polarizability of the CNT:**

_ 2 (eA-D(EA+ )™ - (A — g)EA + )
T e - DA - e — (eh + e)(eA + 1)
)
Here, p = r/Rcyr is the ratio between the inner, r, and outer,

Renty CNT radius. The parameters g, and ¢, are the dielectric
constant of graphite at the ordinary (perpendicular) and

extraordinary (parallel) axis, respectively, and A = /¢ /¢,.
The filling fraction is determined by’

fonr = H[R‘;NT)ZU )

where a is the lattice constant of the 2D array.

Equation 2 is based on a 2D array of CNTs, and therefore it
represents an anisotropic media. For low CNT filling fractions,
the effective permittivity of CVD-grown films can be
approximated by”*

L e 2 e
Eg = —& + —¢g
L )
The change in the optical properties induced by the VO,
inclusions is included by the dielectric constant of the host
material, &, by using Bruggerman’s effective media theory for a
VO,—air composite:

€vo, T & &y — &

% VO, +(1_f*) air h=0
£yp, 2¢, & T 28,

()
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Figure 3. XRD (left) and Raman scattering (right) on VO, decorated (327 cycles) and covered (1635 cycles) CNTs.
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Figure 4. Temperature-dependent total hemispherical reflectance (THR) upon heating as a function of the wavelength and the variation of the
integrated THR at the inflecting point across the transition temperature upon consecutive heating and cooling of VO,-decorated CNTs (left) and

VO,-covered CNTs (right).

where &, = 1 is the dielectric constant of air, &y, is the dielectric
1

1—a(Reyr /@) VO,

fraction of VO, relative to the volume outside the CNTs. The

filling fraction of VO, relative to the unit cell, fyo,, is given by

constant of VO,, and f* = corresponds to a

ml(Renr + tvoz)z — Renr’

2
a

Vo,

where t0, is the thickness of the ALD-deposited VO, layer
(assuming the coating is uniformly distributed over the CNT
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surface), which is estimated by the product of the ALD
deposition rate and number of cycles. Here and in the rest of the
paper, the term “filling fraction” corresponds to fv.

The radiative properties of the VO,—CNT composite film,
i.e., emissivity (E) and reflectance (R), were computed by using
the transfer matrix method for incoherent light.*° The
assumption of incoherent light transport in the CNT film is
justified because of multiple scattering of light as a result of the
large porosity of film. The model considers a 3 ym thick film
over a semi-infinite silica substrate. Thus, the emissivity is
computed as E = 1 — R. All the results are based on unpolarized
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Figure S. Simulated reflectance at normal incidence for (left) VO,-decorated (625 cycles) and (right) VO,-covered (1365 cycles).
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Figure 7. Simulated spectral and hemispherical averaged emissivity as a function of temperature for (left) VO,-decorated (327 cycles) and (right)
VO,-coated (163$ cycles). Results consider a complete heating and cooling cycle.

light, i.e, R = 1/,(R®+ R®), where s and p represent the two
polarizations.

The optical properties of graphite®” and silicon®® are reported
elsewhere. The dielectric constant of VO,, together with the
temperature-dependent model for hysteresis, were extracted
from Wan et al.*” In all the calculations, p = 0.2 and Reyp = S nm,
estimated from previously reported CVD grown CNTs films.*
The lattice constant was estimated as a = 20Rcyy (~0.8% filling
fraction) by fitting the spectral-averaged reflectance of the
pristine CNT film (eq 4, with fyo, = 0), with the reflectance from

measurements for as-grown CNT (~2.5%).
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B RESULTS AND DISCUSSION

The vanadium oxide layer is grown directly without any prior
treatment of the CN'T’s. The present defect sites on the surface of
CNTs**" likely act as the growth centers for the ALD of
oxides.*” Figure 1 displays the morphology of the cut cross
section of pristine and ALD-coated CNTs with a high-
magnification view at the surface and interface regions. The
average diameter of the CNT, ~10 nm prior the ALD of VO,,
increases to ~25 nm across the thickness of the CNT film as
shown in Figure 1. The CNTs retain their randomly oriented
morphology, tubular structure, and smooth surface. Further-
more, the apparent diameter is similar at the surface and deep at
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hemispherical total reflectance for hot and cold states of VO,—CNT
films as a function of the number of ALD cycles.

the interface with the substrate. These observations confirm the
conformal nature of the vanadium oxide ALD deposition and the
total infiltration across the porous CNT coating. The VO,/
CNTs radius was then monitored as a function of the number of
VO,—ALD cycles. A linear increase with the number of ALD
cycles is observed with neither surface promotion nor inhibition
of the growth as displayed in Figure S1. A deposition rate of
0.017 nm/cycle is measured on CNT while a higher growth rate
of 0.03 nm/cycles is observed on a planar silicon substrate. The
relatively slow growth on the CNT might be attributed to the
reduced density of nucleation sites on CNT.

The as-grown films on CNTs are identified as amorphous or
poorly crystalline V,0; (Figure S2). Once the CNTs/V,O;
core/shell structure is obtained, a postdeposition treatment is
necessary to secure the conversion to CNTs/VO,. For this
purpose, heat treatment in a vacuum (107> mbar) at 500 °C was
performed. The density of the as-grown vanadium oxide is likely
to be similar to that of V,0;, 3.36 g/ em’, or slightly lower.
Whereas after conversion to crystalline VO,, the film density
would increase to 4.57 g/cm®. This change in the density was
quantified in an earlier study devoted to the ALD of VO, on
planar silicon substrates.”® As a consequence, annealing might
cause a significant surface morphology change such as

hening and dewetting.*""** In line with these expectations
roug g g Xp )
significant surface roughening was observed as a result of
postdeposition annealing as displayed in Figure 2. Annealing
thin VO, (327 cycles) film results in a discontinuous VO, layer

decorating the CNTs, whereas thick layer of VO, (1635 cycles)
on CNTs yields continuous VO, layer on CNTs with
perceptible surface roughening.

Raman analysis provides evidence that postdeposition
annealing in a vacuum has converted films into the VO,
phase. The appearance of Raman V-V low-frequency vibra-
tional modes at 146, 196, and 227 cm™ in addition to the V—O
high-frequency vibrational modes 313, 394, and 617 cm™" are in
line with the presence of the VO, phase,*® as shown in Figure 3.
The detection of CNTs” “D” vibrational modes at 1337 cm™
and “G” vibrational modes at 1612 cm™' confirms the
preservation of CNTs after annealing at high temperatures in
the CNTs/VO, core/shell structure. Here the “G” mode
corresponds to the in-plane oscillation of the crystalline graphite,
and the “D” mode corresponds to the oscillation of the defective
amorphous carbon.”” The bands attributed to VO, intensify
with the number of ALD cycles at the expense of the CNT
bands.

XRD analysis of annealed films, as shown in Figure 3, confirms
the formation of polycrystalline VO, monoclinic phase (pdf no.
04-003-2035”°). Single-peak analysis as described in the
Experimental Methods section was implemented to extract the
crystallite size by fitting the (011) peak at 27.83° to the pseudo-
Voigtl function.*” The calculated crystallite size for the
discontinuous nanostructure VO, (327 cycles) is ~55 nm,
whereas a plateau at ~120 nm is observed for continuous VO,
layers on CNT's as shown in Figure S3. This result reasonably fits
to the observed morphology by SEM.

The grain boundary area (y) depends on both the crystallite
size and the film thickness, featuring an exponential decay when
crystallites are assumed to exhibit a spherical shape.”* Here the
calculated y was normalized to the volume of VO, layer to obtain
the GB = y/volume. In Figure S3, we can see that the GB
decreases gradually with increased number of VO, ALD cycles,
while the crystallite size features a saturation behavior.

VO,-decorated CNTs (327 cycles) feature a low strain
relative to VO,-covered CNTs (>625 cycles), as shown in
Figure S3. Referring to the evaluated uncertainty on the
determination of the strain, the observed difference as a function
of the number of ALD cycles can be considered marginal for all
VO,-covered CNTs (>625 ALD cycles of vanadium oxide).
Here we assume that strain in ultrathin VO, (327 cycle) film is
relaxed by the formation of disconnected nanoparticles on the
CNT surface. The calculated strain values for VO,-covered
CNTs are in a similar range as the one measured for the strained
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VO, nanobeams on a SiO, substrate.* The type of strain can
hardly be obtained from the XRD measurement where the peak
shift 26 value is very small relative to unstrained single-crystal
VO,. The Raman peak in the VO,—CNT nanocomposite shifts,
however, toward higher frequencies (cm™') relative to the
single-crystal VO,,** which is attributed to the presence of
compressive strain in the film. The “c” lattice parameter features
an abrupt change from 5.755 A in the semiconducting to 5.700 A
in the metallic VO, across the transition, which is due to the
orbital occupancy at the Fermi level. As the SMT comes with a
shrinkage of the lattice, it is favored at lower temperatures when
the semiconducting phase features a compressive strain.”” As is
reported earlier, the SMT temperature increases above 67 °C for
the tensile strained films and decreases below 67 °C for the
compressive strain in VO, films,**** which is in line with the
observed behavior in Figure S3.

The temperature-dependent optical properties of the nano-
composite VO,/CNT shell/core coating were investigated by
using a thermal camera and a UV—vis—NIR spectrometer. As
these composite films are opaque and porous in nature, the total
hemispherical reflection (THR) is well suited to investigate their
diffuse optical properties. The SMT behavior of VO,/CNT's was
monitored in the spectral range from 300 to 2300 nm. The
resulting temperature-dependent measurements are displayed in
Figure 4 for VO,-decorated and VO,-covered CNTs.

VO,-covered CNTs show an increase in the reflectance for 4 >
1100 nm in the near-infrared and a decrease for 4 < 1100 nm in
the UV—vis—NIR region across the SMT, while the VO,-
decorated CNTs show a decrease of the total hemispherical
reflectance in the entire investigated spectral range.

The reflectance curves from modeling (Figure 5) show a
qualitatively good agreement with the experiments (Figure 4). A
major discrepancy between the results from simulation and
experiments is observed in the decorated CNTs case; the former
shows a monotonic growth with the wavelength, as opposed to
the latter. The discrepancy is a consequence of the effective
media model considered (eqs 2a and 2b), which neglects near-
field interactions between the CNTs. In the case of covered
CNTs the discrepancy becomes less evident, as the optical
response becomes more dominated by the optical properties
from VO,, which are more accurately represented by
Brugermann’s model (eq 5).

The simulations allow to explain the experimental observa-
tions and their relation to the filling fraction of VO,. Indeed, the
filling fraction of VO, in the VO,-decorated CNTs is below the
percolation threshold, and the coating is mainly distributed in
small domains.>® The larger absorption in the hot (metallic)
phase is thus a consequence of localized surface plasmons
excitation, induced by the interaction of light and the confined
VO, domains. In the case of VO,-covered CNTs the filling
fraction of VO, is above the percolation threshold, forming large
domains that behave as a continuum.*® Thus, the coating
becomes more reflective in the hot (metallic) phase as compared
to the cold phase.

Next, thermal emissivity as a function of temperature of VO,-
decorated and VO,-covered CNTs films is investigated (Figure
6). The results consider the spectral and hemispherical averaged
emissivity in the mid-infrared region, i.e,, A = 3—=5 ym. The SMT
transition in VO, in both cases induces a modulation of the
emissivity (AE = E** — E©), The modulation is either upward
(AE > 0) for decorated (low number of ALD cycles) or
downward (AE < 0) for covered (high number of ALD cycles)
CNTs. These results are consistent with the aforementioned
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observations for the reflectance measurements in the 0.4—2 ym
spectral range. Similar emissivity modulation results are
obtained for decorated/covered VO, films on a silicon substrate
(Figure S4).

Additionally, both emissivity curves show a peak near the
transition region. The results for calculated spectral and
hemispherical average emissivity are consistent with the results
from measurements (Figure 7) and able to capture the most
relevant features of the phenomenon, ie., degree and sign of
emissivity modulation, and maximum peak near the transition.
The difference in the transition temperatures and the hysteresis
width (AH) are due to the hysteresis model considered.”
Similar to the aforementioned observation from the reflectance
plots (Figure 5), the switching in the emissivity modulation (AE
> 0 for decorated samples and AE < 0 for covered samples) is a
consequence of the filling fraction of VO, in relation to the
percolation threshold. Interestingly the peak in the emissivity
near the transition region is clearly displayed from the model.
This peak corresponds to localized surface plasmon resonances
induced by the small metallic domains present at the metastable
phase across the semiconductor-to-metallic transition, in line
with previously reported measurements.”**>

The percolation threshold marks a turning point for
modulation of the optical properties in VO,—CNT composites.
It is therefore customary to predict the threshold based on the
theoretical model. However, given the complexity of eq 2, the
solution cannot be determined analytically, and thus the value is
estimated from graphical results. The percolation threshold is
estimated as 11.35% filling fraction which corresponds to 862
ALD cycles, based on the crossing of the hot and cold state
curves of the spectral and hemispherical average reflectance as a
function of the number of ALD cycles (Figure 8). From Figure 9,
it can be noticed that experimentally the percolation threshold
value corresponds to 625 ALD cycles, based on the crossing of
hot and cold state hemispherical emissivity (3—5 um). For lower
ALD cycles, the average hemispherical reflectance (emissivity)
decreases (increases), while in the case of higher ALD cycles the
average hemispherical reflectance (emissivity) increases (de-
creases).

Temperature-triggered emissivity modulation features a
hysteresis, the derivative of which (dE/dT) is used to extract
characteristic parameters. The sharpness of the SMT is
discussed referring to the parameter 1/AT. Earlier report
correlates sharp transitions (high 1/AT values) and narrow
hysteresis to a large grain sizes (r) and low grain boundary area
(y).>" The estimated GB decreases with the increased number of
ALD cycles of VO, on the CNTs (Figure S3). A low GB is
therefore associated with low defect concentration, as defects are
more likely to occur at the interface between grains forming the
film. In line with this reasoning, we observed narrow hysteresis
(AH) and sharper transitions (1/AT) with decreased GB, as
shown in Figure 9.

Here we addressed the challenge of establishing a design
approach to trigger an upward and downward emissivity
modulation while using the same building blocks. Simulation
efforts were also implemented to link this behavior to the
percolation threshold and the physics of metallic nanoparticles
versus bulk films. Further developments toward efficient
implementation would require the optimization of the
modulation amplitude. In this respect, introducing an
intermediate dielectric layer'>' is expected to play a significant
role. If the VO,/CNT nanocomposite film is implemented as a
smart solar absorber, the abrupt upward emissivity modulation
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across the SMT would slow down the surface heating as a
response to heating above the transition. An increased heat
capture is, however, expected for nanocomposites featuring a
downward emissivity modulation. The last would therefore
feature an enhanced solar selective absorption above the SMT.

B CONCLUSION

VO,—CNT nanocomposite films are developed by using a
hybrid CVD/ALD process with the objective to tailor the light
absorption behavior. The modulation of the optical properties
induced by the phase change on VO, inclusions appeared to be
strongly dependent on the filling fraction. Thus, at small
numbers of ALD cycles the emissivity(reflectivity) of the film
was switched upward (downward) across the SMT, while the
opposite was observed at large numbers of ALD cycles. The
results were successfully explained by effective media theory, and
a theoretical model to predict the optical response of the VO,—
CNT composite film was derived. The model allowed to
determine the percolation threshold over which the VO,
inclusions start forming a continuum domain with bulklike
behavior. Below this threshold, the VO, inclusions are confined
in small domains that feature a larger absorption in the IR region
at the metallic phase due to the excitation of localized surface
plasmons. Above the threshold the VO, inclusions form a large
continuum that becomes more reflective in the metallic phase.
The developed nanocomposite coatings can be implemented in
different applications as a smart absorber or smart radiator,
temperature sensors, and photothermal actuators.
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Thermo-responsive Black VO,-Carbon Nanotubes
Composite Coatings for Solar Energy Harvesting

Vasu Prasad Prasadam, Francisco V. Ramirez,® loannis Papakonstantinou,? Ivan P. Parkin,? Naoufal
Bahlawane
Material Research and Technology Department, Luxembourg Institute of Science and Technology,
Rue du Brill, L-4422 Belvaux, Luxembourg
aPhotonic Innovations Lab, Department of Electronic and Electrical Engineering, University College
London, Torrington Place, London, WC1E 7JE, UK

The ALD kinetics of vanadium oxide was investigated on silicon substrates and on CNTs. Ellipsometry
was implemented to assess the thickness on Si, whereas the SEM was used to measure the evolution
of the CNTs’ outer diameter with the number of deposition cycles. A linear increase with the number
of ALD cycles is observed with neither surface promotion nor inhibition of the growth as displayed in
the figure S1. A deposition rate of 0.017 nm/cycle is measured on CNT while a higher growth rate of
0.03 nm/cycles is observed on planar silicon substrate. The relatively slow growth on the CNT might

be attributed to the reduced density of nucleation sites on CNT.
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Figure S1. ALD growth kinetics of VO, on planar silicon and on CNTs at 80°C substrate temperature with ALD cycle composed
of 8s VTOP/15s purge/6s H20/15s purge.

As-grown VO, on CNTs surfaces are poorly crystalline as indicated by XRD and Raman scattering
analyses. XRD and Raman analyses show no sign of distinctive vanadium oxide phase as depicted in
figure S2. From the XPS analysis reported earlier, we observe the presence of vanadium +5 oxidation

state for the as-grown films on silicon substrate?.
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Figure S2. XRD (left) and Raman scattering (right) of pristine CNTs and as-grown VO,/CNT. The major V,05 phase peaks are
missing in both XRD, Raman. However, Obtained broad XRD peak overlaps with (110) peak of V,0s phase.

The grain boundary area (GB) decreases gradually with increased number of VO, ALD cycles, while the
crystallite size features a saturation behaviour as shown in figure S3. VO,-decorated CNTs (327 cycles)
feature a low strain relative to VO, covered CNTs (>625 cycles). The decrease of the SMT might be
associated with the defect concentration that scale with the GB. Furthermore, the presence of

compressive strain might further contribute to the decrease of the SMT temperature. 23
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Figure S3. Crystallite size and GB extracted from (011) reflex for different ALD cycles (right), of VO,-CNTs nanocomposite films
(left); Impact of strain on the SMT transition (right).

In figure S4, we observed the emissivity modulation across the SMT for decorated and covered VO,
films on silicon substrate. Here similar optical modulation characteristics are noticed as shown on VO,-

CNT nanocomposite of figure 5.
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Figure S4. Emissivity across the SMT of decorated VO, (left), covered VO, (right) on silicon substrates.
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3.1.4 MWCNT-ZnO for the solar selective thermal application

Execution of carbon nanotubes (CNTs) and Al doped zinc oxide (AZO) as primary constituents
to design solar selective coatings are addressed in this section. Transparent conducting oxides
(TCO) such as AZO have immense capability because they attribute high transparency in the
solar spectrum region and reflectance in IR region.

CVD deposited MWCNTs were conformally coated with aluminium doped zinc oxide (AZO)
using an optimized ALD process. Nanoengineering of AZO layer to achieve the desired optical
properties requires an appropriate Al dopant concentration (4.7 at %). The thermal stability
of the engineered MWCNT-AZO is limited at 1000 K under vacuum. The interface between
Zn0O and MWCNT is thermodynamically unstable above 670 K resulting in the carbothermal
reduction of the ZnO film. However, a thin Al,Ozlayer prior to the deposition of AZO stabilizes
the interface with MWCNTSs. A core-double shell structure, i.e., CNT-Al,03-AZO withstands
thermal treatment at 1000 K for 72 h.

AZO: Infrared reflectio
Al,0;: Stability at 1000K
CNT: Solar absorption

CVD
Ethanol ——

Si- substrate
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Solar thermal electricity generation is an appealing green concept, which the efficiency enhancement requires
the development of appropriate solar absorbers using an up-scalable processing technique. Here, we report on
the nanoengineering of carbon nanotubes (CNT) as an approach to design high-performance solar absorbers
using oxide materials in a core/shell architecture. Gas-phase synthesis is deployed for the growth of modified
CNT cores with infra-red reflecting and low refractive index shell layers. The designed coating fully benefits from
the high absorbance of CNTs and the infrared-reflecting properties of Al-doped ZnO irrespective of the nature of
the underlying substrate. The nano-engineered CNT-metal oxide design withstands extended exposure to 1000 K.

1. Introduction

Solar energy has a great potential to meet the global energy demand
while reducing the carbon emission footprint [1]. The ultimate target of
harnessing this clean energy source retains the attention of researchers
worldwide. Despite the improvement in materials technologies and
governmental subsidies, solar energy harvesting still faces challenges
related to the high cost and low yield relative to energy production from
fossil fuels. Solar power might be classified into photovoltaics (PV) and
solar thermal [2]. In the last case, the thermal efficiency improves
greatly with the temperature of the hot source [3]. Hereby, a central role
is played by the solar absorbers that are ideally selective, i.e. total
absorbance in the solar spectrum (a = 1) and no thermal emittance (¢ =
0) [4]. Selective solar absorption might be intrinsic or attained using
various approaches such as semiconductor-metal tandems, multilayers,
cermets and surface texturing [4,5]. Cermet based solar absorbers were
studied intensively, due to their potential high temperature stability [6,
7]. Next generation solar thermal harvesters are expected to operate
above 923 K, a temperature at which both the solar absorbance and
thermal emittance of most cermets degrade due to diffusion, agglom-
eration and/or oxidation of the embedded metallic nanoparticles [6].
Approaches to improve the thermal stability of solar absorbers have
included the implementation of barrier layers on the substrates,
non-metallic substrates and embedded noble metal or bi-metallic par-
ticles in the matrix. Despite the above-mentioned efforts, cermets still
represent an unfavorable performance-thermal stability trade-off [6].

* Corresponding author.
E-mail address: naoufal.bahlawane@list.lu (N. Bahlawane).

https://doi.org/10.1016/j.mtcomm.2021.102552

Bulk metal carbide (Ti3SiCy) is a promising intrinsic solar selective
absorber with a significant stability in air at 900 K [8]. Early large-scale
applications have involved Pyromark 2500 black, a paint that features a
long term thermal durability at 1000 K but it does not exhibit solar
selectivity [9]. Several carbon based tandem solar absorbers were
recently proposed for the high temperature solar absorber application
[10-13], provided the adhesion strength can be improved [14] and the
absorption can be made solar selective. Here, implementing a metallic
substrate ensures a low thermal emittance.

Carbon nanotubes (CNT) have a high absorbance (low reflectance) in
a broad spectrum i.e. 0.25-200 ym [15-18], which is attributed to the
inter band and z-z* transitions [19,20]. Furthermore, CNTs feature a
very low reflectance owing to the low refractive index resulting from
their porous structure [21], and exhibit an outstanding thermal stability
in vacuum [22] and in argon atmosphere [23]. The adhesion issue,
which is challenging for CNT coatings in general, can be addressed and
an adhesion strength exceeding 8 N/cm can be achieved via the appli-
cation of an ultrathin metal oxide layer with ALD [15]. These charac-
teristics make their implementation appealing as a building block for the
design of high temperature selective absorbers in association with
infrared reflecting materials. In this respect, transparent conducting
oxides (TCO) have a great potential as they feature a high transparency
in the solar spectrum while reflecting IR radiations [24]. A solar selec-
tive absorbing paint composed of CNT, indium tin oxide (ITO) and
aluminum hydroxide enabled 80% of solar absorbance and 12% emit-
tance [25], which makes the concept promising. ITO is nevertheless an
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expensive alternative due to the scarcity of Indium that represents
~0.25 ppm of the earth crust. Aluminum doped ZnO (AZO) is another
promising TCO materials with a substantially higher elemental abun-
dance. AZO films are studied quite intensely for transparent electronics
using various dry synthesis techniques including atomic layer deposition
(ALD) [26] that is highly suitable for the growth of conformal layers on
challenging structured surfaces as CNT [27]. A hybrid ALD-CVD
approach is investigated in the present study to demonstrate, for the
first time, the potential of CNT/AZO porous core/shell architecture for
the selective solar absorption.

2. Experimental studies
2.1. Synthesis of CNT

CNT coatings were prepared by thermal CVD using a single ethanol
precursor solution containing 0.65 x 107> mol L™ of cobalt acetyla-
cetonate (Co(acac),) and 0.65 x 102 mol L of magnesium acetyla-
cetonate (Mg(acac)s). The temperature of the substrate was kept at 485
°C during deposition and the pressure was adjusted at 10 mbar. At this
temperature Mg(acac), undergoes thermolysis and forms MgO. On the
other side Co(acac); is reduced by ethanol at elevated temperatures to
form metallic cobalt or cobalt carbide [28]. Finally, ethanol vapor acts
as the carbon source, in the presence of cobalt catalytic nanoparticles
and MgO growth promoter, for the growth of CNT films as illustrated in
Scheme 1. Further details are reported elsewhere [18,29].

2.2. Synthesis of AZO film

Al doped ZnO films are prepared by thermal ALD via the sequential
hydrolysis of diethyl zinc (DEZ) and trimethylaluminum (TMA) pre-
cursors. All precursors were kept at room temperature and the substrate
temperature was adjusted for the optimization of the ALD process. AZO
films were made by introducing “m” TMA-H,O cycle for every “n” DEZ-
H20 cycles. The thickness of AZO films was controlled by varying the
number of macro cycles “N”, where one macro-cycle corresponds to “n”
DEZ-H,0 cycles and “m” TMA-H20 cycles as illustrated in Scheme 2,
whereas the aluminum doping concentration was varied by changing
“n” and “m”. A descriptive annotation will be given as AZO N(n:m).

2.3. Characterization

The thickness measurement of the oxide layers was performed with a
multi-wavelength Ellipsometer (Film Sense) with the Cauchy model. For
this purpose, deposition was performed on silicon substrates. The
structural characterization was performed using X-ray diffraction
(Bruker D8), with Cu-K, (A = 0.154 nm) as the X-ray source, where the
data were collected in the grazing incidence, 0.5°, and a detector scan
from 20° to 80° with 0.02° steps. Crystallite size “D” was calculated
using the Williamson-Hall method (Eq. (1)).

(K *2)
D

(FWHM) * cos = + 4« strain * sin0 (€D)]

The width of the XRD peak (FWHM) is a combined contribution from
the instrumental broadening, lattice strain and size of the crystallites.
We measured 0.173 as the instrumental broadening using a single
crystal silicon wafer and we consider a crystallite shape factor “k” of

"Co(acac), — ;Co/CoxCi 1

)

| Ethanol === = CNT

Mg(acac), — MgO

Scheme 1. Illustration of the thermally induced chemical conversions in the
CVD of CNT coatings.
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Scheme 2. Illustration of AZO deposition recipe.

0.94. The morphology of the films was inspected using the FEI Helios
Nanolab 650 scanning electron microscope (SEM) at a working distance
of 5 mm and using 2-5 V as the acceleration voltage. Aluminum atomic
concentration in AZO was determined using EDX measurement at an
acceleration voltage of 15 V.

Texture coefficient “TC” of the film was calculated from the Eq. (2),
using the observed 5 XRD reflections, here M = 5.

Ty /10 ua)

—_— 2)
= % Tinay /10 iy

TC (hkl) =

The electrical resistivity was measured using the four-probe analysis
and Hall probe measurement to determine the charge carrier concen-
tration and mobility. For this purpose, the films were grown on glass
substrates. Optical properties were measured using LAMBDA 1050
UV-VIS-NIR spectrophotometer from Perkin Elmer and Bruker FTIR
spectrometer. Spectralon integration sphere was used to measure the
total hemispherical reflectance in UV-Vis-NIR, 1: 0.25-2.5 pym, whereas
a gold-coated integration sphere was used in the IR, 1: 1-25 ym. The
solar absorbance (o) and thermal emittance (¢) were calculated from
Egs. (3) and (4) respectively.

2.5

. = Joas '::’,lIAml.S @ *(1—=R (1))-da .
s 25 m
025 ppm Lyms  y-dA
222 ,,1’; Igs o *(1—R (1))-dA
€= 25 um (4)
25 wm Igg  ()-dA

“I am1.5” is the solar radiance with atmospheric absorption at AM1.5;
“R” is the total hemispherical reflectance and “I g is the black body
radiation at the given temperature. The surface emissivity was measured
by a FLIR X6580SC thermal camera operating in the 3-5 um spectral
range. Linkam stage was used to control the temperature and the
emissivity of pristine CNTs coating was taken as a reference perfect
black body in these measurements. A built-in software from the FLIR
camera program is used for calculating the emissivity value.

Solar absorber efficiency is given in the form of figure of merit (3) as
shown in Eq. (5).

1 = [aQ-(ceT")}/Q 5)

a is solar absorbance, Q is irradiance on absorber (1000 W/m?), ¢ is
Stefan-Boltzmann constant (5.67x 10~ 8w/m? K’4), T is surface tem-
perature (300 K) and ¢ is thermal emittance measured. The deposited
oxides on CNT were characterized using transmission electron micro-
scopy (S/TEM Themis Z G3, 300 kV, Thermo Fisher Scientific). The
elemental mapping was performed using a combined EDX (energy
dispersive X-ray spectrometer) analysis and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM, 29.5
mrad, probe corrected). The coated CNTs were sampled, by scratching
the surface, and deposited on lacey carbon grids.

3. Results and discussion

Upon surface exposure to DEZ, the precursor molecules chemisorb on
the surface until saturation occurs, and the unreacted excess is purged
from the reactor. The chemisorbed DEZ is then converted to Zn-OH
groups during the subsequent exposure to water vapor. These sequen-
tial reactions are self-terminating, and the growth per cycle (GPC)
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remains constant even after extended exposures to DEZ or HyO [30]. The
saturation kinetics was investigated starting by arbitrary fixing the H,O
exposure time at 40 ms and varying the exposure time to DEZ. The re-
sults displayed in Fig. 1a show that a DEZ exposure time of 1s is required
to reach saturation. This condition was then implemented in Fig. 1b to
define the HyO exposure time required for the self-limited reaction.
Therefore, one ALD cycle for ZnO growth consists of 1s exposure to DEZ;
1s of HyO exposure and 29 s for the Ar purges. The last was kept
intentionally long to address the growth on highly structured substrates
as CNTs. Identical deposition conditions were used for the ALD of ZnO
and Al,Os3. Here the growth rate of ZnO and Al»Oj3 films was measured at
0.25 and 0.16 nm/cycle respectively. It is worth noting that the
coverage at saturation depends generally on the ligand size and the
surface density of active sites [31]. The obtained growth rate for ZnO is
in line with reported values, but the Al,03 growth rate is slightly higher
[32,33].

We observed an ALD window for AZO at 120-150 °C with a constant
GPC at 0.25 nm/cycle as shown in the Supplementary Materials. A decay
of the GPC was noticed by decreasing the temperature below 120 °C,
presumably due to the partial DEZ hydrolysis. A similar decay was
observed by increasing the deposition temperature above 150 °C, which
might be attributed to the thermally activated desorption of the pre-
cursor in the purge stage. The optimized ALD conditions for AZO film
show a linear thickness increase with the number of cycles with neither
induction time nor surface activation as depicted in Fig. S1b. Such a
behavior is favorable for the precise control of the thickness.

The deposition temperature has also a direct impact on the thermal
emittance of the resulting AZO films. The thermal emittance of the AZO
(10:1) film is displayed in the Supplementary Materials (Fig. S2) as a
function of the deposition temperature. The obtained thermal emittance
features a minimum for films deposited at 150 °C, although the same
number of deposition cycles was applied. The change of thermal emit-
tance with the deposition temperature is presumably attributed to a
variation of the Al doping concentration or to a contrasting distribution
of aluminum in the film. These phenomena are due to a difference in the
growth rate of ZnO and Al;O3 at high temperature [34], and to the
thermally activated Al-diffusion respectively. In this context, Al segre-
gation occurs at the grain boundary leading to a decrease in the charge
carrier concentration as discussed in electrical property section.
Reduced thermal emittance at 150 °C is correlated to the observed
higher charge carrier concentration relative to films grown at high
temperature. It is well admitted that a rise of charge carrier concentra-
tion favors the IR reflection, with a consequent decrease of the thermal
emittance.

The ALD of AZO was performed using m = 1 and n = varying from 5
to 50. The XRD characterization of the resulting Al doped zinc oxide
films is displayed in Fig. 2a. ZnO film features an average crystallite size

0.25
(a)
0.20 1 3- do---- - - - L I
O
201541
o
1S !
c 1
~0.10:
o .
o 1
(6] 1
0.05-:
1
0.00 s H,0 0.04s - Purge 29s - 120°C
0 2 4 6 8 10

DEZ pulse time (s)

Materials Today Communications 28 (2021) 102552

of 33 nm that exhibits a single decay trend with the incorporation of
Al to reach 8 nm for 8.5 at.% (Fig. 2b). As it might be anticipated,
doping introduces defects in the ZnO lattice, which hinders the growth
of large crystallites. Pure zinc oxide films feature a Wurtzite hexagonal
crystal structure with a preferred (002) orientation, which is in line with
the associated low surface energy [35,36]. Upon Al doping, the unit cell
features a nearly linear contraction from ZnO (c = 5.20 /fol; a=3.23 /i)
to AZO (8.5 at.% Al: ¢ = 5.09 A; a = 3.23 A) as shown in Fig. 2¢. This
contraction is attributed to the substitution of AI*® on Zn?* sites [37].
The ionic radius of AI*® (0.54 A) is small relative to Zn*? (0.72 A), and
the electroneutrality suggests the creation of cationic vacancies. Beyond
the change observed on the lattice parameter, the preferred orientation
of the film evolves from the (002) to (100) when Al concentration was
raised to 3 at.% as illustrated in Fig. 2d, e. This is reasonably correlated
to a change of the surface energy due to the intermixing of Al and Zn
cations that disrupts the surface charges. Rising aluminum concentra-
tion above 3 at.% no longer influences the crystal orientation, which is
in line with a reported maximal (002) peak intensity for 3 at.% Al doping
in ZnO [38].

The electrical properties of AZO films were measured on glass sub-
strates using the Van der Pauw configuration. A similar film thickness
was used, (57 + 2) nm, to focus on the composition effect. The electrical
resistivity (p) decreases from 167 m€2-cm for pure ZnO, to a minimum of
5 mQ-cm at 4.7 at.% Al doping, as depicted in Fig. 3a. The calculated
charge carrier concentration shows a 2 orders of magnitude increase
from 1.26 x 108 cm 2 for pure ZnO film, to a maximum at 2.41 x 10%0
em ™ for 4.7 at.% aluminum doping (Fig. 3b), whereas the charge
mobility features a continuous decay with nearly one order of magni-
tude as illustrated in Fig. 3c. The last is attributed to the charge carrier
scattering by impurity atoms and by grain boundaries, which is in line
with the composition, and crystallite size trend displayed in Fig. 2b. It is
noteworthy that the impact of Al-doping on the charge carrier concen-
tration is dominant relative to their mobility. Above the optimal 4.7 at.
% of Al-doping concentration, amorphous clusters of AlO, might form at
grain boundaries as presumed in a previous report [39], which corre-
lates reasonably with the solubility limit of Al in ZnO [40]. This phase
would act as an electrons trap with a consequent decrease of charge
carrier concentration and rise of the electrical resistivity. In line with the
charge carrier concentration, the measured thermal emittance (&) shows
a minimum at the aluminum concentration of 4.7 at.%, as displayed in
the Supplementary Materials. The uncoated substrate features an emit-
tance of €~0.94 that decreases to 0.87 when coated with ZnO. While
preserving the same number of deposition cycles, Al-doping yields to a
minimum emittance of ¢~0.63.

The optical properties of the grown AZO on glass substrates were
measured in the UV-VIS-NIR and the results are displayed in Fig. 4a. At
first glance, aluminum doping induces a blue shift of the absorption edge
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Fig. 1. ALD saturation curves for DEZ (a) and H,O (b) exposures.
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o Al 1.8 at o0 D: %0 "% 40 6 80 100 tion leads to an increase of the fermi level according to Burstein-Moss
= Al 3.0 Zt:"/z § Ezo), effect, which explains the rise of the band gap [26]. The refractive
2040 ALa7ate © %1_8 index (n), assessed using ellipsometry, features a value of n = 1.97 for
—— Al: 85 at.% '§ LI pure ZnO. This value decreases gradually with aluminum content to
o Al: 100 at.% E, ® ) reach n = 1.85 with a concentration of 8.5 at.%, see Fig. 4d.
1000 2000 3000 S0 20 40 60 80 100 The investigated ALD process shows an efficient incorporation of Al
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Wavelength (nm)

Fig. 4. Total integrated transmittance of AZO films on glass substrates (a) and
the resulting optical parameters (b—d). (For interpretation of the references to
colour in this figure, the reader is referred to the web version of this article.)

and a lower transmittance of the near-IR radiation, while a marginal
change occurs in the visible range. The calculated solar transmittance,
Fig. 4b, confirms a value of 80-90% irrespective of the film composition
ZnO, AZO and Aly0s. Therefore, the transparency towards visible

into the ZnO lattice, which was demonstrated by a linear shrinkage of
the lattice parameter “c”, and a single trend in the variation of the
bandgap, refractive index and electron mobility. These modifications
are accompanied by a continuous decrease of the crystallite size and a
change of their orientation, without impacting the solar transmittance.
Al doping concentration of 4.7 at.% features an optimum in terms of
concentration of charge carrier and thermal emittance, which encour-
ages the use of this composition for further investigations.

The effect of the film thickness on the optical properties was inves-
tigated for films grown on glass substrates. The measured thermal
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emittance decreases gradually from e = 0.94 for non-coated glass, to
& = 0.55 for the deposition of 1750 cycles. The deposition of thicker AZO
film does not further influence the thermal emittance as displayed in
Fig. 5a. Therefore, it is reasonable to consider this emittance value as
being the intrinsic property of ALD-made AZO. This emittance value
agrees with the reported ¢ = 0.6 for 120 nm-thick AZO made by ALD
[41].

The transmittance of visible light (400-700 nm), displayed in
Fig. 5a, decreases from 91% for glass to 80% irrespective of the number
of deposition cycles. This slight decrease of transmittance might be
attributed to the higher refractive index of AZO relative to glass.
Therefore, glass substrates remain significantly transparent after the
deposition of AZO films. Results displayed in Fig. 5a confirm the rele-
vance of implementing AZO as a transparent infrared reflecting layer for
glazing application, and as a building block for the engineering of solar
selective absorbers.

Thermal CVD was implemented to form a porous 3.5 ym-thick layer
of randomly oriented CNTs as shown in the SEM inspection of the cross
section in the Supplementary Materials. The formed CNTs, featuring an
average diameter of ~10 nm, were used to grow AZO by ALD taking
advantage of surface defects and the conformal nature of the ALD pro-
cess. After ALD deposition of AZO, the morphology of the CNT film
remained unchanged although a clear increase of the nanotube diameter
can be noticed. Similar tubes’ diameter can be noticed throughout the
CNT layer, indicating a complete infiltration of the film (data shown in
the Supplementary Information). The TEM characterization and elec-
tron diffraction, Fig. 6a, show AZO crystallites with various orientations
around the tubular structure. The characteristic parallel walls of the CNT
are also visible in the center of the tube. Further confirmation of the
core/shell structure is provided with the HAADF-EDX analysis, which
shows a carbon core and a shell composed of Zn, O and Al, Fig. 6b. An
outer diameter of 45 nm after 88 deposition cycles, does correspond to
the deposition of ~17.5 nm thick shell of AZO around the CNTs. This
corresponds to a GPC of 0.2 nm/cycle which is slightly lower relative to
the 0.25 nm/cycle measured by ellipsometry for the growth on planar
silicon substrates. The outer diameter of CNT-ZnO estimated from the
TEM observation agrees with that assessed by SEM inspection
throughout the cross-section of the film as displayed in the Supple-
mentary Materials (Fig. S6).

The solar absorbance and thermal emissivity of the CNT-AZO core/
shell structure are displayed in Fig. 5b as a function of the shell thick-
ness. Pristine CNT layers feature a solar absorbance of a; = 0.9965 and
an emittance of ¢ = 0.96. The growth of AZO film on the CNTs reduces
the emittance down to ¢ = 0.6, which is nearly the characteristic value
for thick ALD-made AZO films on various substrates. Here solar absor-
bance is based on the measured total hemispherical reflectance (THR) at
0 angle of incidence. Nevertheless, no significant THR variation is
observed with the angle of incidence owing to the random orientation of
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the CNTs [18].

The full potential of AZO in terms of emittance requires the appli-
cation of 500 ALD cycles on the CNTs that nearly closes the porosity of
the CNT layer. It is worth mentioning that the deposition of 1750 ALD
cycles of AZO was necessary to reach this plateau on glass substrates
(Fig. 5a).

The change of the emittance occurs with a slight loss of the solar
absorption, which saturates at a; = 0.96 for thick AZO films. The loss of
solar absorption results from the rise of reflection in the high-energy side
of the visible spectrum, which is due to the inherent presence of defects
in AZO (Fig. S8). ZnO features stable excitonic states just below the
conduction band. The band gap of ZnO corresponds to a wavelength of
~370 nm, whereas transitions between the excitonic states and the
valence band correspond to wavelengths in the UV spectral range
(386-400 nm). The presence of other defects in ZnO such as interstitial
oxygen and oxygen vacancies lead to transitions in the visible spectrum
[42]. Furthermore, a higher reflection is also expected as AZO features a
high refractive index relative to the porous CNT film.

The resulting CNT/AZO, core/shell structure, features an enhanced
solar absorbance owing to the presence of a CNT core, and an emittance
that corresponds to the applied transparent conducting oxide (AZO)
shell. The thermal emissivity of the “CNT-AZO-4000 cycles” sample was
measured by an IR camera operating in the 3-5 um spectral range. Here
pristine CNTs coating was taken as a reference perfect black body. The
emissivity of the sample is constant up to 300 °C as shown in Fig. S9. A
summary of the state of the art regarding carbon containing solar ab-
sorbers is displayed in Table S1. All these solar absorbers take advantage
of metallic substrates to provide a background overall low emittance.
While the performance is substrate-independent in the present case, and
the reduced emittance is exclusively associated to the intrinsic proper-
ties of the applied composite coating. The implementation of stainless-
steel substrates with a CNT coating thickness of 0.5 pm (SS-AZO-CNT)
resulted in a higher solar absorbance and a lower thermal emittance
relative to Si-CNT-AZO configuration (Table S1).

The thermal stability of the engineered CNT/AZO is however limited
for the intended implementation at 1000 K under vacuum. The char-
acteristic Raman bands of AZO (E} : 99 cm™!; E2 : 437 cm™!) and CNT
(D and G) are well identified for the as-grown core/shell structure [43].
The characteristic bands of CNT have completely vanished as a conse-
quence of a 72 h ageing at 1000 K, and the coating is no longer black as
displayed in Fig. 7a. In fact, the interface between ZnO and carbon is
thermodynamically unstable above 670 K where ZnO might undergo a
carbothermal reduction, a reaction that converts carbon to CO and CO».
Although the kinetics of this reaction is only relevant above 1200 K [44]
for macroscopic Carbon-ZnO powder mixture, an enhancement is ex-
pected for smaller particle sizes [45].

Based on thermodynamic considerations, the ALD of a thin Al,O3
layer (5 nm) was realized prior the deposition of AZO to stabilize the
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Fig. 5. Thermo-optical properties of Al doped ZnO films (4.7 at.% Al on glass (a) and on CNTs (b) as a function of the number of deposition cycles.
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Fig. 6. a) TEM image with an insert corresponding to the diffraction pattern b) STEM-HAADF and EDX mapping of elements C, Al, O and Zn of an isolated AZO-

coated CNT.
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Fig. 7. Photo and Raman scattering of AZO coated CNT (a) and Al,O3-CNT (b) prior and after 72 h ageing at 1000 K under vacuum.

interface with CNTs. The TEM inspection (Fig. 8a) reveals a poly-
crystalline AZO morphology that is similar to films directly grown on
CNTs. The outer diameter is measured at 66 nm, which corresponds to
5 nm of Al,O3 and 23 nm of AZO around the CNTs. Unlike the direct
growth on CNTs, the GPC of AZO on Al,03/CNT is similar to the growth
on planar Si. The obtained double shell structure is further evidenced by
the elemental mapping displayed in Fig. 8b. The CNT core features a
localized presence of carbon, while the outer shell indicates the presence
of Zn, Al and O. A clear presence of Al with high intensity is situated at
the interface, which confirms the formation of the CNT/Al,03/AZ0O
core/double shell structure. This structure withstands ageing at 1000 K
for 72 h as displayed in Fig. 7b, unlike CNT/AZO. The black color of the

film remains intact due to preservation of the CNTs after thermal ageing.
The thermal emittance of the film, measured by IR camera, remains
unchanged after ageing. In contrast, the emissivity of the CNT/AZO film
is significantly reduced, Fig. S9, due to the oxidative removal of carbon
from the film. The ALD process was implemented to further engineer the
individual CNTs in the film as displayed in Fig. 8c, d. The displayed
elemental mapping reveals an additional layer on top of AZO, which
corresponds to the presence of Al, Si and oxygen. Here an aluminosili-
cate layer was applied as an upper layer using ALD. This layer exhibits a
refractive index of ~1.5 which is appealing for antireflection.
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Fig. 8. TEM, STEM-HAADF and EDX mapping on coated CNTs with a double Al,03/AZO (panels a-b) and triple Al,03/AZ0O/AlSiOx (panels c- d) shell layers.

4. Conclusion

Aluminum doping in ZnO was optimized with the objective to
minimize the thermal emittance without scarifying the solar trans-
parency. Incorporating 4.7 at.% of Al in ZnO enabled a high charge
carrier concentration with low electrical resistivity and low thermal
emittance. The ALD of AZO was successfully carried out on CNTs to yield
a core/shell structure with a CNT-typical high solar absorbance, a;
>0.96, and a near bulk thermal emissivity of AZO (¢ = 0.6). The
resulting core/shell is therefore an appealing building block for the
design of high performance solar selective absorbers. An ultrathin
aluminum oxide layer was introduced at the interface to overcome the
thermal stability that was demonstrated at 1000 K, which makes CNT a
promising candidate for the nanoengineering of selective solar absorbers
for high temperature solar-thermal energy harvesting. Further CNT en-
gineering was demonstrated using an outer low-refractive index layer.
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Supplementary Information

CNT nanoengineering for thermally stable
selective solar absorption

Vasu Prasad Prasadam, Nicola Gautier, Naoufal Bahlawane

The ALD of AZO using the DEZ and TMA hydrolysis gives a constant growth rate window between 120-
150 °C as shown in figure Sla. The partial hydrolysis of the precursors is presumably the effect
resulting in a decrease of the growth rate below 120 °C. At temperatures above 150 °C, however, the
gradual decrease of the growth rate is attributed to the thermal desorption of the precursors and the
reduction of surface-active sites. Along with the self-limited reactions in the ALD process, a linear
growth was observed with the increase of the number of cycles as displayed in figure S1b.
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Figure S1: ALD growth rate for AZO (10:1) at various temperatures (a), and a growth kinetics at 120°C (b). The number of
cycles used to assess the GPC refers to [N - (n + m)].

The thermal emittance of AZO film was measured using the integrated total hemispherical reflectance
in the 2.5-25 um spectral range, and displayed for the AZO (10:1) (4.7 Al at.%) film as a function of the
deposition temperature in Figure S2. A minimum value for the emittance was measured for films
grown at 150°C, even though equal number of ALD cycles were used. The drop of the thermal
emittance when increasing the temperature up to 150°C is correlated to the increase of the charge
carrier concentration. The correlation between the charge carrier concentration and the thermal
emittance is further confirmed when addressing the effect of aluminum doping concentration. Figure
S3 displays a minimum in the thermal emittance trend at 4.7 at.% as Al concentration in the ZnO
lattice. This agrees with the observed maximum in the charge carrier concentration trend (Figure 3b
in the article).
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Figure S2: Thermal emittance of AZO film grown on glass substrates as a function of the deposition temperature.
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Figure S3: Thermal emittance of AZO film grown on glass substrates as a function of aluminum doping concentration.

The UV-VIS-NIR total hemispherical transmittance was measured for the optimal doping
concentration (4.7 at.%) as a function of the number of ALD cycles and the results are displayed in
Figure S4. A significant decrease of the NIR transmittance with a contraction of the transparency
window is observed. A continuous decay of the transmittance was observed within the 1000-2000 nm
window, which can be associated to both scattering and absorption by the free charge carriers.
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Figure S4: Thickness effect on the total hemispherical transmittance of Al doped ZnO films (4.7 at.% Al) on glass
substrates.



Randomly oriented CNTs were deposited on silicon substrates using CVD at 450 °C. Figure S5 shows
the scanning electron microscopic inspection over the cross-section of a pristine CNT layer. The layer
features a density of 0.4-0.5 mg/cm?3 which is more than 2 orders of magnitude lower relative to dense-
packed CNTs. This high porosity is considered as an advantage for the present application. The CNT
diameter is measured around 10 nm.

Pristine CNT Overview
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Figure S5: SEM cross-section inspection of pristine CNTs with a thickness of 3.5 um, (¢cvr=10 nm) with high magnification
view in the near surface and interface regions.



ALD coating of AZO on the CVD grown CNTs yields a conformal layer around the individual CNTs. The
resulting core-shell structure is illustrated in the SEM inspection by the preservation of the tubular
morphology while rising the diameter of the CNTs (figure S6). The growth rate was estimated on the
CNT at 0.2 nm/cycle which is 20 % slower relative to deposition on planar silicon substrate. This
behavior is attributed to the contrasting surface density of the nucleation sites. The film shows a
typical polycrystalline surface morphology.

As-grown AZO-CNT Overview

near the surface near the silicon interface

Figure S6: SEM cross-section inspection of ALD coated CNTs with 88 cycles of AZO film (4.7 at.% Al) showing an apparent
CNT diameter increase to reach ~45 nm both, near the surface and at the interface with silicon.



Expending the number of AZO cycles leads to a complete densification of the porous CNT structure
beyond 500 cycles. Higher number of ALD cycles leads to the formation of an AZO dense layer on top
of the AZO-CNT composite as featured in figure S7.

CNT—AZO 500 cycles CNT-AZO 5000 cycles

Figure S7: SEM cross-section inspection of AZO/CNTs with increasing number of ALD cycles (0-5000).

The UV-vis-NIR total hemispherical reflectance (THR) of CNT-AZO is displayed in Figure S8. Pristine
CNTs have a reflection below 1% throughout the solar wavelength region (0.25-2.5 um). Upon AZO
coating on CNT structures, the reflectance increases in the UV side of the spectral window due to the
presence of multiple defects in the ZnO lattice. There is a possible contribution of the Fresnel
reflection due to the larger refractive index of AZO i.e. (1.85 at 633 nm) relative to porous CNT film.
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Figure S8: Total hemispherical reflectance of Al doped ZnO films (4.7 at.% Al) on a 3.5 um thick CNT layers.



The thermal emissivity of CNT-AZO as function of the surface temperature is displayed in Figure S9.
Emissivity CNT-AZO with/without Al,Os interface layer has shown no significant temperature
dependency irrespective of the thickness of the AZO layer. However, the emissivity is substantially
reduced after thermal ageing at 1000 K for 72 h in absence of the Al,Os interface layer and it becomes
temperature dependent. This behavior is attributed to the oxidative removal of the CNT from the
composite.
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Figure $9: Thermal emissivity assessed using an IR camera as function of the surface temperature; CNT-AZO-4000 cycles
before thermal ageing (left), CNT-AZO-66 cycles with/without Al,O3 interface before/after thermal ageing at 1000 K for
72h

The benchmarking of the CNT/AZO performance as solar absorber is displayed in Table S1 relative to
the state of the art regarding carbon containing coatings.

Table S1: State-of-art of solar selective absorber based on carbon materials.

Sample Process Solar Emittance | Figure of merit | Ref

absorbance (€) (aQ-0eTH/Q

(a)
SS-CNT-AIOOH +MTMS | Wet chemistry | 0.9 0.3 0.762219 !
AI-CNT -AIOOH+TMMS Wet chemistry | 0.98 0.9 0.566657 2
Al-rGO-Si02 Wet chemistry | 0.92 0.04 0.901629 3
Metal-black paint Wet chemistry | 0.97 0.90 0.556657 4
AI-CNT-Si02 Wet chemistry | 0.93 0.17 0.851924 5
SS-CNT-Si02 Wet chemistry | 0.92 0.09 0.878666 6
SS-Pyromark paint Wet chemistry | 0.95 0.8 0.582584 7
SS-AITiO-CoO-CNT CvD 0.95 0.2 0.858146 8
SS-CNT-ITO- Wet chemistry | 0.72 0.12 0.664888 9
Si-CNT CvD 0.99 0.96 0.555101 Our
Si-CNT-AZO CVD-ALD 0.95 0.6 0.675438 work
SS-CNT CvD 0.76 0.22 0.658961
SS-AZO-CNT ALD-CVD 0.97 0.24 0.859775

Solar absorber efficiency is given in the form of figure of merit () as shown in equation 1

n = [aQ-(oeT*)]/Q

Eql




o is solar absorbance, Q is irradiance on absorber (1000 W/m?), ¢ is Stefan-Boltzmann
constant (5.67x10® W/m? K#), T is surface temperature (300 K), ¢ is thermal emittance
measured.
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3.1.5 Statements

We have developed ALD process of the metal oxides for planar silicon and 3D porous MWCNT
substrate configurations through systematic ALD optimization. Metal oxides are deposited
through hydrolysis of metal precursors. Synthesised vanadium dioxide film featured optical
transition from semiconducting to metallic (SMT) with an external thermal stimulation. A
continuous film morphology with significant improvement in surface roughness for thin film
until 20nm thickness was obtained via argon plasma treatment prior to vacuum thermal
treatment. Discontinuous VO3 layer on the MWCNT has displayed optical absorption across
the SMT, while continuous VO, layer featured optical reflectance. Morphology of the VO,
layer deposited on the MWCNT surface had significantly influenced optical property of the
VO,-CNT composite structure. Optical modulation across the SMT for VO, decorated sample
has shown unique innovative characteristics, which can be used for solar cooling devices. For
instance, in solar thermoelectric device, an optimum temperature can always be maintained
through VO, decorated structure to achieve maximum efficiency. Infrared reflectance
obtained from metallic VO; on MWCNT is significantly low. A robust IR reflecting layer with
very high transparency in the visible region is therefore required to reduce the overall thermal
emissivity. In this context, Al-doped zinc oxide (AZO) is developed through the ALD process
using zinc and aluminium alkyl precursors. Al is doped in ZnO lattice by incorporating trimethyl
aluminium and water ALD cycle for every "n" number of DEZ, water ALD cycles, which
determines the Al dopant ratio. Al dopant of 4.7 at% is considered optimum value because of
its minimum electrical resistance and thermal emittance values. The optimised Al-doped zinc
oxide films are deposited on the 3D porous MWCNT structures to form a core-shell structure.
Systematic optical properties were studied for various AZO layer thicknesses. Solar
absorbance decreased insignificantly from 0.995 to 0.96, while thermal emittance decreases
significantly from 0.995 to 0.6, with an increase in AZO layer thickness from 0 t0o140 nm.
Further increase in AZO thickness has not demonstrated any improvement of the solar
selectivity. However, high temperature annealing under vacuum structure has a detrimental
impact on solar absorbance of CNT-AZO core-shell structure. Nevertheless, an Al,O3 interface
layer between CNT and AZO has illustrated thermal stability without any negative impact on
solar absorbance and the thermal emittance. Thus, Nano-engineering of hybrid composite
material for solar thermal technology application is feasible through the developed CVD-ALD
process.
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3.2 SOLAR H; ENERGY

Chemical energy storage in the form of H, produced by solar water splitting stands as a
promising technology for long-term storage. In this process, semiconductors play an
important role via the capture of photons and driving the water splitting reaction along a
photo-electrochemical process. Current photovoltaic materials suffer from poor chemical
stability and cost-effectiveness. On the other hand, metal-oxide semiconductors feature a
better chemical stability, favourable optical band energies, and high abundance in the earth’s
crust. Nevertheless, poor electrical conductivity and short carrier diffusion lengths limits their
usage as electrode materials in solar water splitting technologies. In this context,
nanostructured metal oxides diminish carrier diffusion limitations, and the addition of
MWCNT gives a scope to improve the electrical conductivity.

This section is based on the work of MWCNT-ZnO and MWCNT-TiO2 core-shell structure
developed by CVD-ALD process. Photo-electrochemical characterizations are performed to
estimate their solar water splitting performance.
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3.2.1 MWCNT-ZnO for the solar H; application

Several oxides have been studied intensively as photoanodes, among them ZnO has a high
charge mobility 200-300 cm?Vls! and a favourable band alignment relative to water
reduction potential (0 Vrxe) and oxidation potential (1.23 Vgue). ALD optimized ZnO layer was
conformally coated on the MWCNT. Photoelectrochemical comparison of planar ZnO films
and MWCNT-ZnO hybrid nanostructure revealed an improved solar water splitting
performance for the hybrid nanostructure. The band alignment of MWCNT-ZnO interface
favours a spontaneous electron transfer from ZnO to MWCNT. The difference in performance
between Si-ZnO and MWCNT-ZnO was associated with the diminished electron-hole
recombination, efficient electron collection and increased relative surface in MWCNT-ZnO
core-shell structure.
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CNT-ZnO core-shell photoanodes for
Photoelectrochemical water splitting

Vasu prasad PRASADAM, Ali Margot HUERTA FLORES, Naoufal BAHLAWANE

Material Research and Technology Department, Luxembourg Institute of Science and Technology,
Rue du Brill, L-4422 Belvaux, Luxembourg

Abstract

Solar-driven water splitting is a promising route toward clean H; energy and the photoelectrochemical
approach attracts a strong interest. The oxygen evolution reaction is widely accepted as the
performance limiting stage in this technology, which emphasizes the need of innovative anode
materials. Metal oxide semiconductors are relevant in this respect owing to their cost-effectiveness
and broad availability. The combination of chemical vapor deposition and atomic layer deposition was
implemented in this study for the synthesis of randomly oriented CNT-ZnO core-shell nanostructures
forming an adhering porous coating. Relative to a directly coated ZnO on Si, the porous structure
enables a high interface area with the electrolyte and a resulting 458 % increase of the photocurrent
density under simulated solar light irradiation. The photoelectrochemical characterization correlates
this performance to the effective electrons withdrawing along the CNTs, and the resulting decrease of
the onset potential. In terms of durability, the CNT-ZnO core-shell structure features an enhanced

photo-corrosion stability for 8 h under illumination and with a voltage bias.
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Introduction

Most carbon emission is related to the combustion of fossil fuels for transportation and electricity
generation, which results in greenhouse effect with the worrying global warming[1]. A widespread
implementation of renewable non-fossil fuels is therefore relevant in this context[2]. Hydrogen is a
clean energy carrier with enormous potentials for transportation and power generation owing to its
high energy density (142 MJ/Kg) relative to gasoline (47 MJ/Kg)[3],[4]. A positive impact on the
environment requires however a shift from the current dominance of H; production from fossil fuels.
Clean H; production is feasible with solar water splitting technology e. g. photovoltaic coupled with
electrolyser (PV-EC), photo catalysis (PC) and photo electrochemical catalysis (PEC) [5]. PEC presents
advantageous scalability and cost among these technologies, nevertheless, the performance is limited
by the availability of efficient photoanode materials that are responsible for the oxygen evolution

reaction (OER).

Conventional photovoltaic electrode materials with low band gap energy (1.3-2.4 eV) and high carrier
mobility, e.g. transition metal sulphides and selenides, were successfully used in PEC technology.
Nevertheless, these materials feature a strong ageing due to photo-corrosion in acidic and alkaline
media[6],{7],[8]. Semiconductor metal oxide alternatives are less expensive, non-toxic and abundantly
available in the earth’s crust. Several oxides have been studied intensively as photoanodes such as,
BiVQ,, TiO3, ZnO, W03 and Fe,03 [9],[10]. Among these materials ZnO has a high charge mobility 200-
300 cm?Vls! and an electron lifetime exceeding 10 s [11], but it has a limited chemical stability[8].
Zn0 features a favourable band alignment with a more negative conduction band (-0.15 V) relative
to water reduction potential (0 Vrue) and a more positive valence band (3.05 Vgrye) relative to water
oxidation potential (1.23 Vgrue)[12]. Vrue stands for the potential relative to the reversible hydrogen
electrode (RHE). The resulting high band gap limits, however, the theoretical photocurrent to ~1.8 mA
cm?[6]. The enhancement of ZnO’s performance as a photoanode in PEC water splitting was reported
via nano-structuring, doping and the implementation of a co-catalyst[13], but the chemical instability
remains a primary issue in highly acidic and highly alkaline media [14]. The dark electrochemical
dissolution of ZnO occurs at 2 V versus standard hydrogen electrode[15]. The photo generated surface
holes oxidize ZnO in aqueous solutions, which enhances the corrosion. The last might be inhibited by
cationic/anionic doping, hybridization with co-catalysts, carbon materials or by forming
heterojunctions[16]. The photo-corrosion of the anode material can be reduced in PEC by adding a
hole scavenging agent in the electrolyte[17],[18] or by implementing a passivation layer. In this
context, TiO,[19], CoO[20],CoNiO4[21], NiO[22] and Ta;0s[23] confer a long term photo stability to
Zn0. Adjusting the thickness of the passivation layer is crucial to optimize the resulting performance

[24], which makes Atomic Layer Deposition (ALD) a particularly efficient process [25]. The
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implementation of solution-based processes requires the application of an additional hydroxide

overlayer [26].

The application of a carbon layer was also proven efficient for the reduction of ZnO photo-corrosion
in aqueous solutions[27], and this effect was associated to the improved charge carrier separation. In
fact, the work function of ALD grown ZnO is 3.78 eV[28], while that of multiwall CNT (MWCNT) is
reported at 4.95 eV[29]. A spontaneous electron transfer is therefore expected from ZnO to MWCNT,
followed by the formation of a Schottky barrier, which the height might be reduced via the application
of a forward bias, resulting in the promotion of further flow of electrons from ZnO to CNT [30].The
high electrical conductivity of carbon prevents electrons from accumulating at the ZnO-carbon
junction[31]. Covering ZnO surface with reduced graphene oxide[32],[33] or C3N4[34] confers few

hours protection from photo-corrosion.

Photocurrent densities varying from 0.2 to 0.6 mA cm?(at 1.23 Vzue)[35][19][36] were reported for
Zn0O nanostructures synthesised by wet chemistry, and the reproducibility is noticed as an issue.
Chemical vapour deposition (CVD) resulted in a reproducible photocurrent of I, = 1 mA cm™ (at 1.23
Vriue) [37][38], however, the needed high deposition temperature is restrictive in terms of substrates.
Atomic layer deposition (ALD) is highly suitable for low temperature deposition of pinhole-free,
conformal and crystalline ZnO[37]. These advantages were used to design semiconductor-ZnO
heterostructures with core-shell architectures i.e. CdS-ZnO (lpn = 0.55 mA cm™ at 1.5 Vrue)[39], TiO,-
ZnO (lph = 0.6 MA cm™ at 1.3 Vgye)[40] and N-doped porous silicon-TiO,-ZnO (lph = 4 mA cm™ at 1.5
Vrue)[41]. These heterostructures still however feature photo corrosion. In this study, the ALD is
proposed for the design of a CNT-ZnO core-shell architecture and a focus will be given to the

photoelectrochemical characterization and stability against photo-corrosion.

Experimental Section

The synthesis of the CNT-ZnO nanocomposite film involves a single-pot hybrid CVD-ALD process.
Multiwalled carbon nanotubes (CNTs) were grown on silicon substrates by thermal chemical vapour
deposition (CVD) with a single precursor feedstock [ethanol solution of 0.65 x 1073 mol L™ of cobalt
acetylacetonate (Co(acac),) and 0.65 x 102 mol L™ of magnesium acetylacetonate (Mg(acac),)]. This
feedstock was introduced into the reactor via an evaporation cylinder at 220 °C, using a pulsed spay
with a frequency of 4 Hz and using the opening time of 4 ms. The growth temperature was kept at
485 °C and the pressure at 10 mbar. Further details regarding the process are reported
elsewhere[42],[43]. ZnO films are deposited using thermal ALD with the sequential hydrolysis of
diethyl zinc (DEZ) precursor. Precursors were kept at room temperature and the substrate

temperature was set at 150 °C. One ALD cycle for ZnO growth consists of a separated 1 s exposure to
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DEZ and 1 s exposure to H,O with 29 s of Ar purge. The ALD saturation conditions are reported

elsewhere[44].

The thickness of ZnO films grown on silicon substrates was assessed using a multi-wavelength
Ellipsometer (Film Sense) with the Cauchy model. The crystallinity was investigated using X-ray
diffraction (Bruker D8), with Cu-K, as the X-ray source. Data were collected in the grazing incidence
mode at 0.5° and a detector scanning from 20° to 80° with a step size of 0.02°. Raman scattering was
performed using an InVia Raman spectrometer from Renishaw with a 532 nm laser and a power
density of 2.35 mW/cm?. The morphology of the films was inspected using the FEI Helios Nanolab 650
scanning electron microscope (SEM) at a working distance of 5 mm and using 5 V as the acceleration

voltage.

A standard three-electrode setup was used for the photoelectrochemical measurements with CNT-
TiO, as a working electrode. All voltages were measured versus Ag/AgCl reference electrode and
platinum (Pt) was used as the counter electrode. The electrolyte was an aqueous solution of 0.1 M
NaOH (pH 12.7). All the potentials from Ag/AgCl reference are converted to RHE based reference by

given equation 1.
Ernue (V)= Eag/agal (V)+ 0.059*pH +0.1976 Eq1l

The electrode area, 2 cm?, was front-illuminated by a Xe-lamp at 100 mW/cm?2. Electrochemical
measurements were conducted using an AUTOLAB potentiostat. Steady state current-voltage curves

were used for assessing the electrochemical performance.

Results

The ALD of ZnO has been optimized to secure self-limited reactions upon DEZ and water exposure.
The growth rate per cycle was measured at 0.24 nm/cycles, which is in line with the literature[45].
This rate is significantly low when the deposition is applied on the randomly oriented CNTs. Conformal
growth of ZnO across the CNT thickness was noticed in the cross-section SEM image displayed in the
figure 1. Upon deposition of 130 ALD cycles of ZnO, the outer diameter of the CNTs increases from
10 nm to 40-50 nm. Here the growth rate per cycle (GPC) of ZnO on the CNT surface was approximated
to 0.12-0.15 nm/cycles. The low GPC on CNT relative to silicon surface is attributed to a contrast in
surface nucleation sites. The porous nature of the CNT-ZnO core-shell configuration was retained still
with the deposition of 550 ALD cycles, which corresponds to a ZnO thickness of 74 nm. In contrast, the
deposition of 1100 ALD cycles, with an expected ZnO thickness of 150nm, fills the porosity in the CNT

film, and results in a compact CNT-ZnO composite film.
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Figure 1: SEM observation of pristine CNT film (left) and of Si-CNT-ZnO-18 nm (right).

The grown ZnO on Si-CNT is polycrystalline as shown by the XRD measurements in Figure 2a. The
observed peaks and their intensity correspond to the polycrystalline wurtzite ZnO (PDF: 04-015-4060).
The crystallite size, calculated from these spectra using the Williamson-Hall method, increases with
Zn0 thickness to reach a saturation above 550 ALD cycles (Figure 2b). Raman scattering of the CNT-
ZnO core-shell structure shows the expected ZnO characteristic peaks at 99 and 438 cm™ that
correspond to the E;°" and E;"&" modes (Figure 2c). The phonon confinement effect is revealed via
the detection of broad first order A;.0 peaks at 571 cm™ and 2" order A; overtones at 203, 333 cm?,
and by the decreasing peak intensity ratio (2" order/1° order) with the thickness of ZnO [46]. The
other observed peaks, 1356 and 1595 cm™, correspond to D and G bands of the CNTs[47].
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Figure 2: XRD spectra of the CNT-ZnO coatings on silicon (a) with the extracted crystallite size (b); and their respective
Raman spectra (c)

The synthesized CNT/ZnO core/shell coatings were investigated as anode materials for the
photoelectrochemical waster splitting. The oxygen evolution reaction (OER) occurs at the photoanode
in PEC technology involving four photogenerated holes (h*) as shown in equation 1. In fact, the
generated electron-hole pairs in ZnO upon illumination are separated. While, holes are transferred to
the surface of ZnO to contribute to the oxidation of water, electrons are transported via an external
electrical circuit to the cathode where they contribute to the hydrogen evolution reaction (HER).

Generally, water splitting onset potential occurs over 1.23 Vgue in the absence of catalysts.
2H,0 + 4h* - O, + 4H* (OER) Eql

Although the surface area of CNT-ZnO is significantly higher than the planar ZnO on silicon, the photo-
electrochemical performance is normalized to the geometric surface area. The photoelectrochemical
process, as in this contribution, relies on light absorption to photo-generate charge carriers. In this
regard, the reaction is driven by the incident solar radiation that scales with the geometric area. The
Si-CNT-ZnO configuration is more suited to trap sunlight but the CNT will strongly compete for the
light absorption which generate heat instead of electrical charges. These two effects counteract to

result in a trade-off under a constant illumination flux.

The photocurrent density is illustrated in figure 3a for the ALD-grown ZnO on Si and Si-CNT substrates
with a comparable ZnO thickness. Bare silicon substrate has shown a very low photocurrent value of
1 pA cm?in chronoamperometric measurement at 1.23 Vgug, versus 2 pA cm for pristine Si-CNT. The
measurable photocurrent in pristine CNT is presumably attributed to the cobalt particles formed
during the CVD process of CNTs, which might convert to cobalt oxide upon interaction with the
electrolyte. It is worth reminding that cobalt is used as a catalyst for the growth of CNT films. The
photocurrent density in the absence of ZnO remains however marginal in both cases. Si-CNT-ZnO
sample featured a photocurrent density of 0.55 mA cm™ at 1.23 Vgue, Which is 458 % that of Si-ZnO
(0.12 mA cm™).

The cyclic voltammetry (CV) was measured under illumination with a sweep rate of 0.1 V/s, and the
results are displayed in Figure 3b and 3c. These measurements reveal the need of a bias exceeding
1.5 Vrue to reach a current density of 2 uA/cm? on silicon substrates. This onset potential, defined as
the potential bias needed to reach a photocurrent density of 2 pA cm?, reduces significantly to reach
0.46 Vgue with the deposition of a 62 nm thick ZnO film on Si. Further reduction of the onset potential
was observed to reach 0.32 Vrue for ZnO coated Si-CNT with a comparable thickness, which is 140 mV

lower relative to Si-ZnO. Similar onset potential was reported for Carbon-ZnO nanocomposite[34].

Pristine Si-CNT shows a very large hysteresis with current densities of 0.5 mA cm™ and -0.25 mA cm

in the forward and reverse sweep respectively at 1.23 Vrue. As this high current density vanishes in
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static measurement, chronoamperometry, it is most likely originating from the non-faradaic capacitive
charging[48]. This contribution is not evidenced in the other samples, Si, Si-ZnO and Si-CNT-ZnO, as
marked by the quasi-absence of a hysteresis in the CV measurement. This observation is in line with
the attribution of the capacitive current to the presence of exposed CNT surface to the electrolyte,

and their efficient coverage by ZnO.
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Figure 3: Chronoamperometric measurements at 1.23 Ve (a) and the cyclic voltammetry at 0.1V/s sweep rate for the
noncoated and ZnO-coated Si (b) and Si-CNT (c) substrates. The thickness of ZnO is 74 nm on the CNTs and of 62 nm on Si.

The photocurrent density obtained for the Si-CNT-ZnO samples is presented in figure 4 for various ZnO
thicknesses. The chronoamperometric measurement at 1.23 Vgye shows a rise of the photocurrent
density with ZnO thickness up to a maximum value of 0.55 mA cm™ for 74 nm and a further increase of
the thickness leads to a decay in photocurrent density. It is worth reminding that the CNT-ZnO core-
shell structure is no longer an appropriate description at, and above a ZnO thickness of 150 nm as the
porosity is filled. The amplitude of the photocurrent is directly related to various parameters including
the ZnO-electrolyte interface area, effectiveness of the charge separation and the light penetration
depth. The last was reported for ZnO at 50-65 nm from A:280-360 nm respectively[49]. Therefore,
increasing the thickness of ZnO, below the light penetration depth, rises the number of

photogenerated charge carriers as a higher volume fraction is concerned by the photogeneration of
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charges[50]. As a result, a maximum photocurrent can be expected when varying the ZnO film
thickness[40],[51]. This behaviour is observed in the case of grown ZnO on Si, where a photocurrent
plateau is observed above 100 nm (Figure 4b). The increase of ZnO thickness on CNT, however, can
close the porosity that leads to a reduced surface area. Hence, a trade-off is established between the

surface area and the light penetration when adjusting the thickness of ZnO on the CNTs.
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Figure 4: Chronoamperometric measurements at 1.23 Ve of various ZnO thicknesses on CNT (a) and the compared
thickness-dependent photocurrent with films on planar Si substrates (b).

The chronoamperometric measurement shows a fast kinetics in response to light switching except for
ultra-thin (< 20 nm) ZnO films on the CNTs. This behaviour is neither observed for ultrathin ZnO on
silicon substrates nor for uncoated CNT, and it agrees with an eventual influence from the underlying
CNT. The spontaneous charge transfer between CNT and ZnO upon contact yields a depletion layer,
which the impact on the ZnO-electrolyte interface is most likely for ultrathin ZnO layer. A decisive
factor in this case is the thickness of the film relative to the depletion layer thickness. At a first glance,

a ZnO thickness of 34 nm is high enough to screen this interference.

The role of CNT is schematically illustrated in Figure 5 by considering the energy band diagrams. When
Si-ZnO is illuminated, electron-hole pairs are generated in both ZnO and Si. The band alignment
favours the recombination of photoelectrons from ZnO with photo-holes from Si, while, the holes

from ZnO migrate to the interface with the electrolyte to contribute to the OER. The observed OER
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rate, semi-quantitatively assessed via the photocurrent measurement, contrasts between Si-ZnO and
Si-CNT-ZnO which might be associated with the reduced electron-hole recombination, the efficient
electron collection and the increased relative surface area in the CNT-ZnO core-shell architecture. The
electron transport in the case of Si-CNT-ZnO structure in secured along the CNT network which is
highly conductive. The core-shell architecture limits the electron’s diffusion distance to the thickness
of ZnO, which reduces the bulk recombination of the photogenerated charge carriers. Here the work
function of metallic CNTs is reported at 4.95 eV while the electron affinity of ZnO is 3.32 eV[28], which
favours a spontaneous electron transfer from ZnO to CNT and the consequent formation of a Schottky
junction. Therefore, an external bias at the junction is needed to overcome the Schottky barrier and
to favour the flow of electrons from the ZnO conduction band to CNT nt-system[52] during the photo-
electrochemical reaction. Hereby CNT plays the role of an electron acceptor, and the received

electrons are promptly transported to the cathode via the external electrical circuit.
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Figure 5: Schematic of PEC water splitting mechanism for Si-ZnO (left) and CNT-ZnO (right) photoanodes.

ZnO films are prone to chemical-corrosion, which the extent depends on the pH and the applied bias
voltage[19]. The electrochemical-corrosion of ZnO is enhanced under light illumination (photo-
corrosion) and is related to the accumulation of photo-holes at the surface. Indeed, holes trapped at
the surface follow either of the three possible pathways:
- Transfer across the interface layer for the oxygen evolution reaction (OER) (faradaic process)
- Recombination with electrons at the surface (non-faradaic)
- Promotion of Zn*? dissolution due to the reaction with unsaturated 02 of ZnO[17]. (Photo
corrosion)
The high charge transfer resistance in Si-ZnO samples along with the slow OER kinetics lead to the

accumulation of charges at the surface, which enhances the photo-corrosion. Various approaches
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have been reported, in the context of the photocatalytic organic dye degradation, for the limitation
of ZnO photo-corrosion. This includes hybridization with a co-catalyst or with carbon, and the
formation of heterojunctions [17]. The photo-corrosion enhances with the application of a bias
voltage[19], which makes the ZnO photo-corrosion in water-splitting application more critical. ZnO
nanostructures degrade severely under an applied bias voltage and light illumination in different
electrolytes such as Na;S04[50] and NaOH[39]. The protection of their surface with carbon[29],
C3N4[35], RGO[34],[33] or oxides (TiO2[21], V,0s[65] and BiVO4[66]) have been reported as a mean to
improve the photo stability and at best, a loss of photocurrent was noticed at 40% after 4h of light

illumination under a bias voltage.
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Figure 6: Photocurrent stability measured in a 0.1 M NaOH solution (pH 12.7), under a 1 sun illumination and a bias of
1.23 Vgpe, for various ZnO thicknesses on Si and on Si-CNT.

The heterostructures investigated in the present study are CNT-ZnO core-shell with a direct ZnO
exposition to the electrolyte. The photo-corrosion of this heterostructure is compared to Si-ZnO in
Figure 6. As far as Si-ZnO is concerned, a loss of 80% of the photocurrent occurs after ~50, 200 and
>500 min for the 62, 138 and 275 nm thick ZnO respectively (see supplementary information).
Assuming a constant absorption coefficient and a complete light penetration depth, an average ZnO
dissolution rate of 0.8 nm/min could be estimated. A substantially higher dissolution rate, 40 nm/min,
was reported for ZnO film with a thickness of 800 nm made by a hydrothermal process [53]. This
relatively low dissolution rate might be the result of a pin hole free ZnO made by ALD. The ZnO
dissolution rate was estimated at 0.024 nm/min for the CNT-ZnO samples, which is substantially low
(ultrathin ZnO films: 8 and 34 nm). As no passivation was implemented in this case, the surface kinetics
would remain unchanged. The porosity of the CNT-ZnO core-shell structure is suspected to play a
determinant role by limiting the Zn*? outward diffusion in the electrolyte which slows-down the
coating’s degradation. The CNT-ZnO sample with a shell thickness of 74 nm features a photocurrent
density of 0.55 mA/cm? and a stability of 8 hours under 1 sun illumination and a bias voltage of

1.23 Veue. As displayed in Table 1, these results are appealing relative to literature data.
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Table 1: State-of-art of carbon-ZnO composite material studied for photo-corrosion stability

Material Synthesis/Remark Dimensions Current density Reference
ZnO thin film Hydrothermal/ ZnO thickness of 0.4 mA/cm2 (1.23 Vgrye) [53]
covered with enhancement by 800 nm; nafion photocurrent stability for 5 h
nafion (002) crystal facet thickness of 2.5 um
orientation
Zn0 rods Electrodeposition/ | ZnO rods of 2 um 0.45 mA/cm (1.23 VRrue) [54]
covered with enhancement by length; CsNs of photocurrent stability for 1 h
C3N4 layer surface passivation | 15 nm thickness
Zn0 rods Electrodeposition/ | 400 nm ZnO rod 0.4 mA/cm™ (1.23 Vgrye) [34]
covered with enhancement by arrays photocurrent stability for 1 h
C3Ns sheets in- | surface passivation
between
RGO dispersed | Solvothermal/ 1-2 um diameter 0.1 mA/cm2 (1.23 Vgrye) [55]
between ZnO enhancement by Zn0 sphere photocurrent stability for 3h
sphere heterostructure
ZnO particle on | Sol-Gel/ 30 nm ZnO particle 0.45 mA/cm (1.23 VRrue) [56]
CNT composite | enhancement by photocurrent stability for 20 min
heterostructure
CNT-ZnO CVD-ALD/ 3 um thick-CNT film; | 0.55 mA/cm™ (1.23 Vrue) Present
core-shell enhancement by 74 nm thickness-ZnO | photocurrent stability for 8 h work
nanocomposite | heterostructure shell layer

Conclusion

Gas-phase CVD-ALD process was used to synthesis porous CNT-ZnO nanocomposite film on silicon

substrates. The CNTs deposited via thermal CVD in this work are randomly oriented and feature a low

density, whereas the subsequent ALD enables the growth of a polycrystalline wurtzite ZnO shell

around the individual CNTs. The photoelectrochemical characteristics of the so formed Si-CNT-ZnO

were investigated and compared to a directly grown ZnO on Si (Si-ZnO). The ZnO in these cases was

investigated as an anode material for photo-electrochemical water splitting reaction. The Si-CNT-ZnO

reveals a nearly 5-fold increase of the photocurrent density relative to Si-ZnO samples, where ZnO

features a comparable thickness. This improvement was correlated to the enhancement of electron-

hole separation and surface area. CNT acts as an efficient electron collector with a fast 1D transport.

Furthermore, the CNT-ZnO core-shell structure features an enhanced photo-corrosion stability

relative to bare ZnO.
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Supplementary Information

Linear sweep voltammetry measurements were preformed at 0.1V/s from 0 to 2.2Vgue. CNT-ZnO
samples show high photocurrent density in relative to Si-ZnO samples as shown in figure S1.
Photocurrent density in both the configuration increases with ZnO thickness. In figure S2, we observed
the steady state chronoamperometric measurement of Si-ZnO samples with varied ZnO thickness, at
1.23Vrye bias potential. Onset potential is defined as bias potential to reach 2puA cm™ current density.
Onset potential shifts negative with the increase in ZnO thickness, irrespective of substrate. For thin
Zn0 layer, Onset potential of the CNT-ZnO is slightly negative to Si-ZnO sample. In contrast, for thick
Zn0 layer, onset potential becomes saturates at 0.3V, irrespective of substrate as shown in figure S2.
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Figure S2:Linear sweep measurement at 0.1V/s of CNT-ZnO (left), Si-ZnO (right)
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Figure S3: chronoamperometric measurement of Si-ZnO at 1.23Vrue (left), Onset potential for both the configuration with
varied ZnO thickness (right).

Electrochemical impedance spectroscopy was implemented at 1.23Vgue in frequency range between
1Hz to 1x10° Hz to comprehend the photoanode charge carrier mechanism and the obtained results
are displayed in figure S3, S4. Electrical circuit parameter such as Rs is defined at contact resistance
that include resistance of solution and resistance of charge flow between electrodes. R is defined as
the charge transfer resistance across the electrode-electrolyte interface. C is defined as the
capacitance at the electrode-electrolyte interface. Contact resistance (Rs) has shown insignificant
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variation under dark and light condition, it decreased marginally with increase in ZnO thickness.
However, charge transfer resistance (Rct) was higher under dark condition and with light illumination
resistance decreased significantly. This reduction is intuitive, as the hole concentration increases with
illumination that further induces the enhanced reaction at the electrolyte interface. Here, we assume
presence of uncovered CNT sites that influence the electrode-electrolyte reaction kinetics. Therefore,
with increase in ZnO thickness the CNT-electrolyte interaction is completely nullified that lead to
apparent increase in charge transfer resistance.
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Figure S4: Nyquist diagram of CNT-ZnO samples under dark, light at 1.23 Veue (top), with a fitting electric circuit model
parameter (bottom).

Sample Rs- dark | Rs-light Rct-dark Rct-light C-dark C-light
(Q-cm3) | (Q-cm?) (Q-cm™?) (Q-cm?) (uF-cm?) | (uF-cm??)
CNT 182 171 37 34 19.2 8.43
CNT-ZnO-8nm 348 276 124 123 0.449 0.681
CNT-ZnO-18nm 149 141 172 166 0.24 0.224
CNT-ZnO-34nm 200 196 3410 834 39.7 45.7
CNT-ZnO-74nm 110 110 19900 1290 134 14.6
CNT-Zn0O-150nm 79 78 12900 2920 4.6 5.57

In case of the Si-ZnO sample, contact resistance (Rs) has shown similar trend as CNT-ZnO samples.
However, the charge transfer resistance (Rc.:) decreases with thickness, become constant after 62nm
Zn0 layer.
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Figure S5: Nyquist diagram of CNT-ZnO samples under dark, light at 1.23 Vrye (top), with a fitting electric circuit model
parameter (bottom).

Sample Rs- dark Rs-light Rct-dark Rct-light C-dark C-light
(Q-cm™?) (Q-cm?) (Q-cm?) (Q-cm?) (uF-cm2) | (uF-cm?)
Silicon 5870 4980 2820000 197000 8.72e-4 0.02
Si-Zn0O-18nm 3880 2600 239000 97300 0.00369 0.00381
Si-Zn0-62nm 1120 975 71973 4100 0.00637 4.98
Si-Zn0-138nm | 365 294 370000 3910 3.04 4.2
Si-Zn0-275nm | 245 211 355000 5080 1.47 2.16
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Figure S6: Photocurrent stability measured in 0.1M NaOH solution (pH 12.7), under 1 sun illumination and a bias of 1.23
Vrre, CNT-ZnO and Si-ZnO samples.
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3.2.2 MWCNT-TiO: for solar H; application

TiOz is among the most investigated oxides for water splitting. TiO; has a suitable positioning
of the conduction and valence band energies to drive Hydrogen evolution (HER) and oxygen
evolution reactions (OER). Furthermore, the low charge carrier mobility with short diffusion
length (10-100 nm) imposes either a reduction of its thickness to match the diffusion length
scale or nanostructuring. The poor electrical conduction of TiO; nanostructures and the fast
recombination of photogenerated charges limit the PEC water splitting performance, and the
addition of CNT is potentially beneficial as the electron transfer is energetically favourable
from the TiO; conduction band to the CNT nt-system.

The ALD grown TiO; films by the hydrolysis of TTIP feature an anatase phase, and conformal
shell layers could be achieved around the CNTs. The experimental results show that the
MWCNT-TiO2 nanostructure outperforms the planar TiO,, which was attributed to the
hindered charge carrier recombination and enhanced electrode-electrolyte interface area.
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CNT-TiO; core-shell structure: synthesis
and photoelectrochemical
characterization.

Vasu prasad PRASADAM, Ali Margot HUERTA FLORES, Naoufal BAHLAWANE

Material Research and Technology Department, Luxembourg Institute of Science and Technology,
Rue du Brill, L-4422 Belvaux, Luxembourg

ABSTRACT

Porous composite coatings, made of a CNT-TiO; core-shell structure, were synthesized by the hybrid
CVD-ALD process. The resulting TiO, shell features an anatase crystalline structure that covers
uniformly the surface of the CNTs. These composite coatings were investigated as photoanodes for
the photo-electrochemical (PEC) water splitting reaction. The CNT-TiO, core-shell configuration
outperform the bare TiO; films obtained using the same process regardless of the deposited anatase
thickness. The improvement factor, exceeding 400 % in the photocurrent featured by the core-shell
structure, was attributed to the enhancement of the interface area with the electrolyte and the
electron fast withdrawal. The estimation of the photo-electrochemically effective surface area reveals
that the strong absorption properties of CNT severely limit the light penetration depth in the CNT-TiO,

system.
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Introduction

Photo-electrochemical (PEC) water splitting is an appealing approach for clean hydrogen energy
generation?!. Hereby, the process is essentially limited by the water oxidation reaction, which drives
intense research for the development of high-performance anode materials. In this context, non-oxide
semiconductors feature convincing performances,?> however, they are chemically unstable in acidic
and alkaline environments®*. In contrast, several metal oxides exhibit better chemical stability in the
dark and under illumination®. Furthermore, metal oxide semiconductors come with additional merits
such as cost-effectiveness, non-toxicity and high abundance. In this context, TiO,, ZnO, WOs3, Fe,03

and BiVO, have been intensively investigated in PEC water splitting®’.

Among the available metal oxides, TiO; has a high abundance and high chemical stability®. It has eight
polymorphs, among which anatase and rutile have shown a significant photocatalytic activity towards
water splitting®!°. Anatase-rutile composite forms a heterostructure where charge carrier separation
is improved, and the bandgap is decreased. As a result, the composite significantly outperform the
photocatalytic property of the individual constituents!. TiO, has a suitable positioning of the
conduction and valence band energies to drive Hydrogen evolution (HER) and oxygen evolution
reactions (OER). This is associated with a band gap in the UV (3.0-3.2 eV), which limits the theoretical
efficiency. Furthermore, the low charge carrier mobility with short diffusion length (10-100 nm)*?
imposes either a reduction of its thickness to match the diffusion length scale, or nano-structuring®®.
Further improvement was reported using several approaches such as, doping, forming a
heterojunction with other semiconductors and by the application of a co-catalyst**>®, Nano-
structured TiO, is synthesised by different processes such as hydrothermal, solvothermal, titanium-

foil anodization and template-assisted process*1°.

The poor electrical conductivity of TiO; nano-structures and the fast recombination of photogenerated
charges limit the PEC water splitting performance?’, and the addition of CNT has a beneficial effect.
The electron transfer is energetically favourable from the TiO, conduction band to the CNT mt-system?,

1*%2% and hydrothermal processes®>??, which are

So far, CNT-TiO; structures are synthesised by sol-ge
affected by the challenging CNT dispersion in aqueous media as the unmodified CNTs are hydrophobic.
Therefore, the process is difficult to control and heat treatments are needed to enhance the
crystallization of TiO,?3. The electronic structure of the CNT-oxide interface is degraded due to the
chemical modification of the CNT surface, a step that is necessary to enable their appropriate
dispersion 224, Here, TiO; is essentially present as nanoparticles decorating the CNT surface. This
configuration leads to charge recombination upon interaction with the electrolyte?®. The performance
of such coatings results in a photocurrent density of 0.05 mA cm™ at 1.6 Vrue?!, while the core-shell

CNT-TiO; synthesised by gas phase process has shown the photocurrent density of 0.16 mA cm2 at 1

Vrie 2°. In the last case the CNTs were grown at 750 °C, detached and drawn on the PEC surface prior
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to the deposition of TiO,. Here we propose a simple and one-pot gas-phase process, low temperature
hybrid CVD-ALD, for the synthesis of an innovative CNT-TiO; core-shell structure, for which the photo-

electrochemical properties are investigated.

Materials and Methods

The synthesis of the CNT-TiO; core-shell film architecture involves a single-pot hybrid Chemical Vapor
Deposition-Atomic Layer Deposition (CVD-ALD) process. The deposition of carbon nanotube on silicon
substrate was performed using thermal CVD. An equimolar ethanol solution, 0.65x1073 mol L™, of
cobalt acetylacetonate (Co(acac),) and magnesium acetylacetonate (Mg(acac),) was implemented as
a single precursor feedstock. This feedstock was introduced into the reactor via an evaporation
cylinder at 220 °C, using a pulsed spray with a frequency of 4 Hz and using the opening time of 4 ms.
The deposition was run for 2 h at 10 mbar, using a substrate temperature of 485 °C. The thickness of

the film is assessed via the cross-section SEM inspection, and the density is assessed gravimetrically.

The ALD of the TiO; shell around the individual CNTs was achieved using the alternated surface
exposure to titanium tetra-isopropoxide (TTIP) and water vapor. Both precursors are maintained at
room temperature during the process. The deposition pressure was adjusted at 0.5 mbar, while the
temperature and the exposure times were a subject of a systematic study. The thickness of the TiO,
film on planar silicon was measured using a multi-wavelength Ellipsometer (Film Sense) with the

Cauchy model.

X-ray diffraction (Bruker D8), with Cu-K, as the X-ray source, was used to identify the present
crystalline phases. Here, the data were collected in the grazing incidence mode 0.5° while scanning
the detector from 0° to 90° with a step size of 0.02°. Raman scattering was performed using an InVia

Raman spectrometer from Renishaw with a 633 nm laser and a power density of 87 uW/cm?.

The CNT-TiO; structure was characterized using transmission electron microscopy (S/TEM Themis Z
G3, 300kV, Thermo Fisher Scientific). The elemental mapping was performed using a combined EDX
(energy dispersive X-ray spectrometer) analysis and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, 29.5 mrad, probe corrected). The coated CNTs were
sampled, by scratching the surface, and deposited on lacey carbon grids. The morphology of the films
was inspected using the FEI Helios Nanolab 650 scanning electron microscope (SEM) at a working

distance of 5 mm and using an acceleration voltage of 5-10 V.

A standard three-electrode setup was used for the photoelectrochemical measurements with the
CNT-TiO, as working electrode. All voltages were measured versus Ag/AgCl reference electrode and

platinum (Pt) was used as the counter electrode. The electrolyte was an aqueous solution of 0.1 M
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NaOH (pH 12.7). All the potentials from Ag/AgCl reference are converted to RHE based reference by

given equation 1.
Erne = EAg/Ag(j + 0059*pH +0.1976 Eq 1

The electrode area, 2 cm?, was front-illuminated using a Xe-lamp at 100mW/cm?. Electrochemical
measurements were conducted using an AUTOLAB potentiostat. Steady state current-voltage curves
were used for assessing the electrochemical performance, whereas the AC impedance spectroscopy
provided information on the contribution of various resistive losses (polarization and ohmic/ionic) to

the performance of the photoanodes.

Results and discussion

CVD of CNT films:

The CNT growth is performed in a single step using a single feedstock approach. In this process ethanol
vapor is thermally converted to CNTs at 485 °C under vacuum via the mediation of in situ formed
catalyst and promoter. The in situ reaction of ethanol with transition metal acetylacetonate at
moderate temperatures yields metallic nanoparticles?”-?22%, that catalyze the CNT growth; whereas,
the thermal decomposition of magnesium acetylacetonate yields MgO, which the basicity promotes
the CNT growth at temperatures exceeding 330 °C%®. The resulting films are composed of randomly
oriented multi-wall CNTs featuring an average diameter of 12 nm. The growth of a 4 um thick CNT film
on interdigital electrodes features an electrical resistance of 5 €. Such a low electrical resistance
results from the strong crosslinking between the MWCNTs. The cross-section morphology of the
grown film on the silicon substrate, Figure 1, displays a porous CNT structure for which the density is
gravimetrically estimated at 0.4-0.6 mg/cm?3. This density is at least three orders of magnitude lower
relative to densely packed CNTs®!. Although the geometric thickness of the film is homogeneous

throughout the substrate, the CNTs occupy a marginal volume fraction.

A close inspection at the surface of the CNT film and at the interface with the silicon substrate shows
a similar morphology, which is a consequence of the simultaneous introduction of the catalyst and
promoter along the deposition process. Cobalt and magnesium were found to be distributed
homogeneously across the thickness of the film and their content in the CNT film was estimated using

EDX at 4 at.%=Co/(C+Co+Mg), and 9 at.%=Mg/(C+Co+Mg).

The as-grown CNT films fail in the adhesion scotch test, as the CNTs are easily detached from the
substrate, and they partially detach from the surface when dipped in the electrolyte under sonication.
This limitation was overcome via the conformal deposition of metal oxides around the CNT to form a
core/shell structure®2, In this context, shells of aluminum oxide or silicon oxide were investigated. Here

we do investigate the ALD of TiO, around the CNTs to provide them the ability to split water in a
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photoelectrochemical setup. It is worth mentioning that the CVD of CNTs and their coverage with an
oxide shell layer can be performed in the same reactor, and the resulting films are mechanically robust

and remain unaffected when ultrasonicated or dipped in the electrolytes.

—— 500 nm ——

—— 500 hm ———— |

Figure 1: The cross-section morphology of a ~4 um thick film of randomly oriented CNT. The high magnification micrographs
at the surface (bottom left) and at the interface (bottom right) illustrate the homogeneous entangled CNTs, featuring an
outer diameter of 12 nm.

ALD of TiOz:

A systematic study was performed on silicon substrates to establish conditions where the thermal ALD
of TiO can be performed using the sequential hydrolysis of titanium tetra-isopropoxide (TTIP). In this
investigation, both precursors (H,O and TTIP) were evaporated at room temperature, which
conveniently limits their eventual condensation in the transport lines. For the investigation of the
temperature effect, Figure 2a, the deposition recipe involved a surface exposure time of 15 s to TTIP,
and 8 s exposure to water vapor, both are separated by 15 s of purge using 50 sccm of Argon. Here an
ALD cycle consists of 4 steps: TTIP/purge/H,0/purge and the growth rate is defined by the deposited
thickness of TiO, per ALD cycle (growth per cycle/GPC). The impact of the surface temperature on the

growth per cycle (GPC) is marginal in the 140-195 °C temperature range. A rise of the GPC, outside
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this range, is associated with the dominant thermal decomposition at high temperature and the
plausible insufficient purging of water vapor at low temperature. A GPC of 0.56-0.58 A/cycle was
measured in the plateau, which agrees with the ~0.5 A/cycle reported for the hydrolysis of TTIP at
250 °C33. The same ALD chemistry was implemented at 80-120 °C3* and 160 °C**, and GPCs of 0.33 and
0.68 A/cycle were reported respectively. The diverging literature data regarding the GPC values might

hint at the presence of competing deposition mechanisms.

Beyond the great relevance of self-limited reactions for the attainment of conformal coatings on
structures with high aspect ratios, such as CNTs, studying the effect of the exposure time helps to
understand the ALD process. Investigating the effect of the surface exposure to water vapor was
performed at a deposition temperature of 160 °C, while maintaining the TTIP exposure time at 15 s.
The displayed results in Figure 2b evidence the self-limited hydrolysis reaction step. An exposure time
of 8 s is appropriate to completely hydrolyze the adsorbed TTIP, which enables a maximal GPC of ~0.6
A/cycle. Non-complete hydrolysis at short exposures to water vapor leaves ligand moieties that poison

the surface and yield a reduced GPC.
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Figure 2: Effect of the temperature (a), water (b) and TTIP (c) exposure times on the deposited thickness per cycle at a
pressure of 0.5 mbar.

Unlike the self-limited behavior observed for the hydrolysis reaction, the TTIP adsorption gives a
continuous increase at 160 °C as displayed in Figure 2c. A strong rise of the GPC with the TTIP exposure
time is observed, reaching 2.3 /3\/cycle after 120 s. No saturation was observed, which indicates a
significant CVD contribution. In this case, the thermolysis of TTIP leads to the growth of TiO; film even

in the absence of water vapor.

Decreasing the deposition temperature from 160 °C to 140 °C significantly limited the rise of the GPC

with the TTIP exposure; but did not suppress it. Decreasing the deposition temperature would logically
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further limit the contribution of the CVD components, and likely enable the ALD-typical self-limited
growth. Nevertheless, it is worth mentioning that 140 °C is at the low temperature side of the
processing window featuring a constant GPC (Figure 2a). Therefore, the CVD growth contribution
persists in the optimized pseudo-ALD process. The omnipresent CVD contribution might be the reason
behind the diverging literature data regarding the reported values of the GPC. The occurrence of a
competing CVD pathway was demonstrated below the TTIP thermolysis temperature3®338, This
behavior was attributed to the catalytic effect of the under-coordinated Ti**, which is assumed to
induce dehydration of TTIP or of the formed isopropanol®®*’. As a result, further growth occurs instead
of a surface saturation upon exposure to TTIP. Dosing isopropanol onto a surface of TiO, (110) shows
that the associative dehydration reaction extends from 30 to 180 °C*°. Therefore, only a pseudo-ALD
of TiO, can be expected from the hydrolysis of TTIP; nevertheless, limiting the surface exposure to

TTIP would limit the CVD contribution.

CNT-TiO2 Core-Shell structure:

The ALD of TiO; was performed on the CNT layers within the identified temperature window (140-
200 °C). The SEM cross-section displayed in Figure 3 corresponds to a film grown at 160 °C. At first
glance, the initial porous structure of the randomly oriented CNT is retained after deposition of TiO,.
The apparent diameter of the CNT is however significantly larger, 35 nm, relative to the non-coated
CNTs (12 nm), and their surfaces feature faceted crystallites. The outer diameter hints at the
deposition of a shell with a thickness of 11.5 nm around the CNT core after 200 cycles. This
corresponds to a GPC of 0.58 A/cycle, which is comparable to the growth on planar silicon (Figure 2).
The resulting morphology was further inspected across the thickness of the CNT layer. The surface and
interface regions, Figure 3, reveal an identical morphology, and the coated CNTs feature a similar

diameter across the layer, which is a strong evidence about the conformality of the TiO, coating.

Raman scattering and X-ray diffraction on the ALD-grown titanium oxide over CNTs at 140, 160 and
175 °C are displayed in Figure 4. It is worth mentioning that these films have the same thickness, as
the GPC in these temperature conditions is similar, but their analyses show a significant contrast. The
CNT characteristic Raman bands at 1345 cm™ (D band) and 1589 cm™ (G band) are observed for all
samples, whereas the anatase fingerprint is only observed for films grown at 160 °C and 175 °C. The
most intense and sharp peak at ~140 cm™ in addition to the peaks at ~ 200 and 630 cm™ are attributed
to the Eg modes®™. The peak at 395 cm™ was assigned to a Bz mode, whereas the peak at 513 cm™
involves components from Az and B1,™°. Relative to the film grown at 175 °C, the signals are weaker

for the film grown at 160 °C, while no peaks can be distinguished for the film grown at 140 °C.
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500 nm —

Figure 3: The cross-section morphology of a ~4 um thick film of randomly oriented CNT after the deposition of a TiO; shell at
160 °C. The ALD was performed using 8 s and 15 s as exposure times for water and TTIP, while the purge time was fixed at
15 s. The high magnification micrographs at the surface (bottom left) and at the Si-CNT interface (bottom right) illustrate
the homogeneous entangled CNT-TiO; core-shell, featuring an outer diameter of 35 nm.

The performed XRD analysis confirms the polycrystalline nature of the grown film at 175 °C. The
recorded peaks in the XRD pattern correspond to anatase TiO; (pdf 01-075-2547). The film grown at
lower temperatures show weak peaks intensities of the same phase, indicating their poor crystallinity.

Weak diffraction peak corresponding to Si substrate and CNT can be identified.
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Figure 4: Raman scattering and XRD analysis of CNT-TiO; core-shell.

Photoelectrochemical measurement:

TiO, deposition at 175°C was retained for films destined to the PEC measurements. The evolution of
the morphology with the thickness of TiO; is illustrated in figure 5. The preservation of the porous
structure is noteworthy even after deposition of a 44 nm thick TiO; layer. High resolution TEM
displayed in figure 6 shows the conformal coating of TiO, layer on CNT confirming the formation of a

core-shell structure.

Figure 5: SEM of CNT-TiO; structures with approximate diameters of 20 nm (left); 55 nm (middle) and 100 nm (right).

The oxygen evolution reaction (OER) occurs at the anode involving holes, whereas the hydrogen
evolution reaction (HER) occurs at the cathode involving electrons as shown in equation 2. The OER
requires an overpotential of 1.23 Vgye that might be reduced when implementing photocatalysts such

as TiO,*.
40H > 0, + 2H,0 + 4e” (OER) Eq2
2H,0 + 2e" - H, + 20H (HER)

2H,0 > 03 + H, (Overall reaction at 1.23 Vrue)
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Figure 6: HRTEM of CNT-TiO, sample confirming the core-shell structure formation.

Due to its n-type characteristics, TiO; structures are used mostly as anode for the OER reaction. When
n-type semiconductors, such as TiO,, are immersed in an electrolyte, an equilibrium is reached by the
transfer of electrons from the semiconductor to the electrolyte. The formed space charge at the
interface features an internal electric field and inhibits the further transfer of electrons to the
electrolyte. However, upon light illumination, electron-hole pairs are created and the built-in electric
field contributes to their separation. The photo-generated holes are drifted to the surface of the
semiconductor and participate in the oxidation of adsorbed water molecules. Whereas, electrons are
drifted to the bulk under the bias effect, and are further transported to the cathode®. The O2 evolution

reaction involves 4 holes along with the formation of O-O double bond. In principle, an overpotential
beyond 1.23 Vrwe is required for the OER, while the overpotential required for Hz evolution is far smaller.

Hence, OER is typically considered as a rate limiting step in the water splitting reaction*t. The extent of

water oxidation is assessed by measuring the photocurrent density.

The investigated TiO; is applied either on a planar Si substrate or Si-CNTs. The surface area of CNT-

TiO; is significantly higher than the planar TiO,, which offers an extended interface with the
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electrolyte. The surface area in this case was assessed by combining the geometric thickness around
the CNTs and the weight gain as a result of TiO, deposition (Supplementary materials). The surface
area assessed from the 10 nm TiO, deposition corresponds to 401 cm? per cm? of the geometric area,
which reveals a specific surface area of 133 m?/g in the CNT-TiO; film. The surface area varies from
401 to 209 cm?/cm? when the thickness of TiO; is varied from 10 to 78 nm, which is related to the
partial obstruction of the channels between CNTs. If the electrochemical reactivity of CNT-TiO, might
be related to the entire available TiOs-electrolyte interface area, the photoelectrochemical reactivity
should take into consideration the light penetration depth and the competing light absorption by the
CNTs. These effects reduce substantially the effective surface area of TiO,, which can be estimated
using cyclic voltammetry with a varied scan rate in the negative potential range*?. Notwithstanding
the relevance of the effective surface area, the photoelectrochemical characterization in this study
refers to the geometric area, as light is the factor that triggers the reactivity. The results displayed

here correspond to illumination with a flux of 1 sun.

Steady state chronoamperometry measurement was performed at a bias potential of 1.23 Vrye to
assess the photocurrent generated during intermittent illumination periods. The current is normalised
to the geometric area and the results related to pristine CNTs and bare silicon substrates are depicted
in the supplementary information (figure S1). The results reveal a photocurrent in the order of 1-2 pA
cm. Figure 7 shows the equivalent results with the application of various thicknesses of TiO,. Upon
illumination the current density raised quickly from 0 to reach an equilibrium plateau in the case of
TiO; films on silicon substrates. However, CNT-TiO, core-shell structure features a residual dark
current density that reduced gradually. Here the dark current is attributed to the presence of surface
charge trapping, for which the suppression needs an extended time in the electrolyte. The current
density response to light switching of thick TiO, on CNT is slow relative to the grown TiO; on silicon
substrate, which is also associated with charge trapping that is emphasized by the large surface area®.

Trapped charges might either witness a transfer across the interface or a recombination®.

The CNT-TiO; core-shell structure features a photocurrent density of 0.17 mA cm2 at 1.23 Vgue, which
is 425% higher than bare TiO, with a similar thickness (i.e. 0.04 mA cm?). One of the primary
limitations of TiO, material is the short diffusion length of minority charge carriers, ~10-100 nm®,
which is associated with the high recombination rate. This hinders holes (h*) from reaching the
interface with the electrolyte. In case of CNT-TiO; core-shell structure, the photogenerated electrons
are likely to witness a transfer to the CNTs avoiding the bulk recombination in TiO,. In both cases the
photocurrent density value increased with the thickness of TiO,. Photocurrent density is mostly
affected by the photogenerated charge that depends on the thickness. The photocurrent density
increases with the TiO; thickness on Si up to 45 nm, where a plateau above is observed in contrast to

the grown TiO; on CNT.
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N-type Silicon/n-type TiO, heterostructure promotes the photogenerated charge carrier
recombination at the interface®. The electrically resistive undoped silicon substrates were used in this
study, which forces a lateral 2D electron transport in TiO; resulting in enhanced recombination of the
charge carriers. In the case of CNT-TiO; structures, bulk recombination is limited due to the high
electron conductivity of CNTs. Here the work function of 4.95 eV# and 4.5 ev*® were reported for
metallic CNTs and for TiO, respectively. Therefore, the formed junction, CNT-TiO,, favours the transfer
of electrons towards the CNT mt-system*. The transfer of the electron from the TiO, to CNT leads to
the attainment of equilibrium by balancing the Fermi levels. A built-in electric field at this interface
inhibits the further flow of electrons towards CNT, forming a Schottky barrier with negatively charged
metallic multiwalled CNTs. The height of this barrier can be reduced by applying an external bias>®,
enabling the flow of photogenerated electrons from TiO, to CNT as illustrated in figure 8. The TiO,-
electrolyte interface will also feature a built-in electric field that further enhances the photogenerated

charge separation by driving the photogenerated holes towards the surface.
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Figure 7: Photocurrent density of bare TiO, (a) and CNT-TiO; (b), under dark and light conditions with an illustration of the
effect of TiO; thickness (c).
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Cyclic voltammetry (CV) measurement was performed in the 0-2.2V potential range with a 0.1 V/s
scan rate and the results are displayed in figure 9. Si-TiO, samples, figure 9a, show negligible dark
current densities throughout the potential range. Increasing the thickness of TiO, induces a
perceptible increase of the dark current indicating the occurrence of electrocatalytic reaction.
Exposing the surface to radiation brings a relatively prominent increase of the current density. The
last features a significant increase with the bias potential and with the thickness of TiO,. The onset
potential is defined as the bias potential at which the anodic photocurrent starts to increase. This
onset potential under light exposure is observed at 0.96 V for Si-10 nm TiO, sample and it shifts further

negatively to reach 0.82 V with a thickness of 78 nm.

The CV measurements of CNT-TiO, samples, figure 9b-d, show significant forward & reverse dark
currents that increase with the bias potential, giving rise to a hysteresis behaviour. A marginal current
density increase is observed upon illumination and the hysteresis characteristics are retained. This
behaviour is qualitatively like the one observed for non-coated CNTs (figure S1b). Current density
obtained from the voltammetry measurement might be categorised into faradaic and non-faradaic
current. The Faradaic response is due to the redox-reaction with a transfer of electrons at the
electrode-electrolyte interface and the capacitive current is related to the charging of the
electrochemical double layer formed at the electrode-electrolyte interface®!. The electrochemical
water oxidation occurs over pristine CNT sites at high overpotential®*%3. The steady state current
density at 1.23 V was measured with a periodic exposure to light (figure S1a). While the dark current
is high for pristine CNT, the sensitivity to light exposure is relatively marginal. This variation in current
density in steady state and at 0.1 V/s scan rate shows the presence of a large non-faradaic capacitive
current with a marginal faradaic contribution. This behaviour was presumably attributed to the
electrocatalytic reactivity over TiO,, partially covered CNTs or cobalt decorated CNTs. It is worth

mentioning that cobalt was implemented as a catalyst for the growth of the CNTS. The potential
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contribution of electrocatalysis will be prominent as it would concern the total CNT-TiO; layer, which
contrasts with the photo-electrocatalytic reaction that is limited to the penetration depth of light. The
carrier charge density of TiO, was assessed as a function of the thickness using the Si-TiO; model
system and the Mott-Schottky analysis (Figure S2 in the supplementary materials). A decrease from
3.8 10'® to 2.6 10* cm™ was noticed when increasing the thickness from 10 to 78 nm, which was
related to a lower density of grain boundaries. With a known density of charge carrier, the impedance
spectroscopy was implemented to assess the photo-electrochemically effective surface area as a
function of the thickness of TiO,. The results reveal indeed that only 7 % of the available surface is
photo-electrochemically effective with TiO, thickness of 10nm. This percentage rises to 36 % with

thicker TiO; film (78 nm).
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Figure 9:Cyclic voltammetry measurement at 0.1 V/s scan rate, of Si-TiO; (a), Si-CNT-TiO, samples (b-d).

The investigation of the CNT-TiO, system reveals advantages leading to an enhancement of the
photocurrent with a factor exceeding 400 %. This includes the enhancement of the surface area and
the withdrawing of electrons from TiO,. The thorough analysis indicates however several limitations
with further optimization potential. Among these aspects we might emphasize the band alignment
between the electron collector and TiO,, competing for light absorption and the contribution of

parasitic capacitive current.
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Conclusion

CNT-TiO2 nanocomposite coatings have been grown in this study, and their PEC characterization was
performed. Single step thermal CVD process was used for the growth of CNT film, resulting in a
randomly oriented CNTs, which were used for the ALD growth of the oxide layer (TiO;). Anatase phase
has been grown via the hydrolysis of titanium tetra-isopropoxide that exhibits a constant growth rate
0.056 nm/cycle between 140-190°C. The crystallinity of the film improves, however, with the

temperature in this range.

CNT-TiO; core-shell configuration outperforms the bare TiO; films in terms of PEC water splitting rate
at a constant potential bias. The improvement in the photocurrent was attributed to the enhancement
of the TiO,-electrolyte interface and the electron-hole separation. Here CNTs act as nano-structuring
support and as an electron transport channel. Evidences of this role are extracted from the

chronoamperometry measurements and cyclic voltammetry.
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Supplementary information

Chrono-amperometry measurement of pristine CNT and bare silicon was performed at
1.23 Vgrue under intermittent light illumination. Silicon shows, Figure S1a, a weak dark current
(2 10> mA/cm?) relative to CNTs (5 10 mA/cm?). The dark current in the case of CNT-TiO3 is
attributed to the electrocatalytic activity of decorated CNTs with traces of cobalt, used as a
catalyst for their growth. A photocurrent of 1 uA cm was measured for Si, while pristine CNT
features a photocurrent of 2 pA cm™. It is worth mentioning that both photocurrent

contributions are marginal in respect to that of coated samples with TiO,.
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Figure $10: Chronoamperometric measurement at 1.23 Vrye for pristine CNT and bare silicon (a); and the cyclic voltammetry
at 0.1 V/s scan rate for bare silicon (b) and pristine CNT (c).

Cyclic voltammetry on silicon (Figure S1b) has shown no significant sensitivity to the applied
potential in the dark, however a substantial increase is observed with the applied potential
under illumination to reach 8 uA/cm? at 2.25 Vgue. This magnitude is very small relative to
pristine CNT that shows a broad hysteresis with a high dark-current and a relatively weak
sensitivity to illumination (Figure S1c). The non-faradaic capacitive current likely dominates
the dark response, which is in line with the implementation of CNT as an electrode material
for supercapacitors.

Mott-Schottky analysis was performed based on the equation 1 for the Si-TiO, configuration.

T_(—2 V. (yv— _KpT

2 (e-eo.e-Nd-AZ) (V Vfb e ) Eql

where, € is the dielectric constant (for anatase TiO;, € =48), £¢ is the permittivity of vacuum, e
the electron charge, Nq the charge carrier density, Cis the space charge capacitance, V is the
applied potential and Vj is the flat band potential. The charge carrier density was extracted
from the slope of the Mott-Schottky plot shown in figure S2 given by equation 2.

V= () (i)

c
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Figure S11: Mott-Schottky curves obtained at 10Hz for Si-TiO; (a-c) samples featuring different TiO; thicknesses. Donor density
extracted from the Mott Schottky analysis are displayed in the panel (d).

The overall charge density decreases with the thickness, which might be attributed to a
decrease in the concentration of the electroactive grain boundaries?. Thicker films allow for
the growth of larger grains, which decreases the density of grain boundaries that act as donor-

defective sites by the aggregation of oxygen vacancies (Vo) and titanium interstitials (Ti;).

The open circuit potential (OCP) was measured using a three-electrode setup and the potential
difference was assessed between the working electrode (Si-TiO; or Si-CNT-TiO;) and the reference
electrode (Ag/AgCl). The photo-potential is defined as the difference in steady state between the open
circuit potential in dark and light i.e. (OCPdark - OCP”ght). Here the OCPy;g4p; shifts more to the
negative potential, relative to OCP4,, Figure S3, due to the generation and re-distribution of photo-
charge carriers. The Si-TiO, samples show an increase of both OCP 4y and OCPy;gp,, With the increase

of the TiO; thicknesses from 10 nm to 80 nm. The resulting photo-potential for TiO, shows relatively
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higher values for the 10 nm and 80 nm thick films. It is worth noting that the SEM inspection shows a

partial coverage and the evolution of surface roughening for these films successively (Figure S4).

The OCP,4yk in the case of CNT-TiO, samples is insensitive to the presence and to the thickness of
TiO,. While the Si-CNT shows a barely measurable sensitivity to illumination, Si-CNT-TiO, samples
feature a clear decrease of the OCP upon illumination, however the TiO;, thickness does not
significantly impact the response. In fact, the Si-CNT-TiO, samples feature two contributions due to
the CNT-TiO; and TiO,-electrolyte junctions. Their opposing effect might explain the low photo-

potential relative to the Si-TiO, samples.
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Figure S12: Open-circuit potential under dark & light for Si-TiO; (a), Si-CNT-TiO; (b) for various TiO; thicknesses.

The SEM inspection of planar TiO; on silicon substrates shows generally a smooth morphology
composed of crystals that are far larger than the thickness of the film. The ultrathin film

(10 nm) features a partial coverage, while the thickest (80 nm) features a surface roughening.

(a) (b)
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Figure S13: SEM images of Si-TiO, with TiO; thickness of 10 nm (a), 44 nm (b), 78 nm (c)

The mass of TiO; coating on CNTs was assessed by weighing the samples before and after the
ALD process. The growth on CNTs yields a rate of 1150 ng/cm?/cycle, while it is 54
ng/cm?/cycle on silicon substrates. The last was calculated considering the density of the film

and the thickness obtained by ellipsometry. The obtained data are depicted in figure S5.

The planar sample retains a surface area of nearly 1 cm? regardless of the TiO; thickness,
whereas films grown on CNT feature a surface area evolving from 401 to 209 cm? as a function
of the TiO; thickness from 10 to 78 nm. This estimation relies on the measured mass per cm?
of the geometric area, and on the measured TiO; thickness around CNTs. The pristine CNTs
feature a diameter of 12 nm and the assessed surface corresponds to the total TiO; surface

area.
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Figure S14: The mass of TiO, on Si (a) and CNT (b) as a function of the number of ALD cycles and the extracted surface area
relative to the geometric surface (c).

The effective surface area is identified as the part participating to the photoelectrochemical
reaction. The last was estimated using the impedance spectroscopy on CNT-TiOz. From the
equation 2, effective surface area (A) of CNT-TiO; is estimated by considering a similar carrier
density value as for the grown TiO2 with equivalent thickness on Si. Here we consider the
charge carrier density of Si-TiO, and CNT-TiO2 to be similar because the growth method and
kinetics of TiO, on Si and CNT are identical. In this case the calculation leads to 29 cm? as the
effective surface area for TiO2 with a thickness of 10 nm. The unfavourable real/effective
surface area (0.07) hints at the combined effect of limited light penetration depth and the
competing absorption on CNTs. The eventual presence of a double junction in the CNT-TiO;
contributes presumably to this discrepancy. This competition is lower for thicker TiO; film

leading to a ratio of 0.358 for a thickness of 78 nm.
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3.2.3 Statements

The photocurrent density of the CNT-TiO; core-shell structure surpasses the bare TiO; films
irrespective of thickness, which is synthesized using the same ALD process. An enhancement
of photocurrent by 400% for core-shell structure. PEC water splitting characterization was
also studied for CNT-ZnO core-shell structures. Similar results as CNT-TiO; is observed but
with higher photocurrent density because of better electrical properties of ZnO. We observed
an increase of 458 % of the photocurrent density in relative bare ZnO. We attribute the
photocurrent enhancement in both cases to the presence of CNT structures, which feature
an increase in electrode-electrolyte interface area and fast electron extraction. ZnO films are
prone to electrochemical corrosion with a dissolution rate of 0.8 nm/min. While the ZnO
dissolution rate was estimated at 0.024 nm/min for the MWCNT-ZnO samples. The porosity
of the MWCNT-ZnO core-shell structure is suspected of playing a determinant role by limiting
the Zn*? outward diffusion in the electrolyte, which slows down the coating’s degradation.
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4 GENERAL CONCLUSIONS

We address the critical material issues of solar thermal and solar water splitting technologies
through multiwalled carbon nanotubes (MWCNT)-metal oxide hybrid materials. MWCNTSs are
known for their high solar absorption, thermal and electrical conductivity. While metal oxides
such as VO,, Al-doped ZnO are known for their infrared reflecting properties with high
transparency in the visible region. TiO, and ZnO have appropriate band positions for water
splitting reactions. Here, combining CNTs and metal oxides at the nanoscale leads to unique
properties not present in individual constituents. The most common method to synthesise
CNT-metal oxide hybrids is the sol-gel, hydrothermal process. However, they have a poor
electrical interface that negatively affects their performance and complicates their
integration into devices. Here we fabricate the CNT-metal oxide through the chemical vapor
deposition-atomic layer deposition (CVD-ALD) process, relying on the CVD to grow MWCNTSs
at a low temperature. The ALD process is implemented for the growth of metal oxide on high
aspect ratio 3D porous MWCNT structures.

Solar selective absorption:

ALD process for the IR reflecting oxides such as VO, and Al-doped Zinc oxide are optimized to
conformally cover MWCNT structures. MWCNTs grown by the CVD process are conformally
coated with nanocrystalline V,0s through an optimized ALD process. Post-deposition
annealing has converted the oxide layer into the VO, phase. Morphology of the obtained VO,
layer is determined by the thickness of the as-grown V;0s oxide layer. Discontinuous VO3
nanoparticle structure is obtained from the thin oxide layer, while the thick oxide layer
resulted in the continuous VO; layer. Optical modulation across the semiconductor-metal
transition is influenced by the morphology of the VO, phase. VO, nanoparticles on MWCNT
feature an enhancement in the spectral emissivity across the SMT temperature, whereas a
contrasting optical modulation is displayed by the continuous VO, layer on MWCNT.
However, the solar absorption selectivity from the MWCNT-VO; is still insufficient, which
encourages the investigation of other TCOs. In this context, aluminium doped zinc oxide (AZO)
engineered by the ALD process is deposited on MWCNTs. Nanoengineered aluminium dopant
concentration of 4.7 at % has improved the solar selectivity with a solar absorbance of 0.96
and thermal emittance of 0.6. The thermal stability of the engineered MWCNT-AZO is limited
for the intended implementation at 1000 K under vacuum. The interface between ZnO and
MWCNT is thermodynamically unstable above 670 K resulting in the carbothermal reduction
of the ZnO film. However, a thin Al,Os layer prior to the deposition of AZO stabilizes the
interface with MWCNTs. A core-double shell structure, i.e., CNT-Al,03-AZ0O, withstands
thermal treatment at 1000 K for 72 h without degrading the solar selectivity property.

180



Solar water splitting:

ALD optimized ZnO layer is conformally coated on the MWCNT. Photoelectrochemical
comparison of planar ZnO films and MWCNT-ZnO hybrid nanostructure revealed a better
solar water splitting performance for hybrid nanostructures. The difference in performance
between Si-ZnO and MWCNT-ZnO is associated with diminished electron-hole recombination,
efficient electron collection and increased relative surface in MWCNT-ZnO core-shell
structure. MWCNT-TiO; core-shell structure was developed through gas-phase synthesis and
was investigated for solar water splitting. Photocurrent density of MWCNT-TIO;
nanostructure outperforms the planar TiO,, which was attributed to the hindered charge
carrier recombination and enhanced electrode-electrolyte interface area.
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5 PERSPECTIVES

The combination of CVD-ALD process illustrates a promising route for the synthesis for core-
shell structures. Developed MWCNT-Metal oxide hybrid materials through the CVD-ALD
process have displayed solar selective absorber properties with high thermal stability, and
enhanced performance as photoanode for solar water splitting.

In the context of solar selective absorber, there is a broad scope in design optimization. Until
now, there are not enough studies on MWCNT-metal oxide hybrid materials for the solar
selective absorption application. So far, we considered only a simple design, i.e., infrared
reflecting metal oxide layer over the CNT solar absorber. Nevertheless, other designs can be
realized through optical simulation studies. Besides, other metal oxides such as Fluorine
doped Tin oxide (FTO), Gallium doped Zinc oxide (GZO) have been identified as relevant
alternatives to Aluminium doped Zinc oxide (AZO). Limited research work on gas-phase
synthesis of MWCNT-VO; core-shell structure despite the large scope for vanadium oxide as
electrode material in Li-ion batteries. Optical modulation of VO; across the semiconductor-
metal transition (SMT) opens application for two solar thermal technologies, i.e., smart
absorber in solar thermoelectric and selective absorber for concentrated solar thermal
technologies. Infrared absorbance displayed by VO, nanoparticle-MWCNT can be utilized in
solar thermoelectric devices for smart solar selective absorption, i.e., at low-temperature act
as solar absorber and at high temperature act as thermal emitter. Obtained optical
modulation across the SMT can be improved with Fabry—Perot interference using dielectric
oxide layer between CNT and nanoparticle VO; layers. Continuous VO3 layer over the MWCNT
has illustrated solar selective characteristics across the SMT temperature. Low optical
modulation displayed can be improved by altering the implemented design, i.e., thick VO,
layer at the bottom and thin MWCNT structure at the top.

In the context of solar water splitting, the feasibility of gas-phase synthesis of relevant
MWCNT-metal oxide core-shell structures was demonstrated Solar water splitting
performance of the MWCNT-TiO2/Zn0O can be further improved by utilizing metal catalyst
materials to achieve a faster reaction kinetics. Furthermore, this technique might be
expanded to multilayer oxide with different bandgap energies. For instance, metal oxides
such as Fe;0s3, Cu;0, BiVO4, and BiFeOs have bandgaps in the visible region, indicating strong
candidacy for photoelectrode application. However, these materials have poor electrical
conductivity, short carrier diffusion lengths, i.e., <50nm. Introduction of 3D porous MWCNT
electron collector template to the above-mentioned oxides induces increment in solar
hydrogen production.
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6 ANNEX- OPTICAL PROPERTIES OF DIFFERENT
MATERIALS

Sunlight is an electromagnetic radiation with spectrum range from partial UV-visible-near
infrared region, which have both wave, particle characteristic. When a light interacts with
matter, basically scattering and absorption phenomena occur depending on the frequency
(energy) of the light®.

Incident light is absorbed by a compound when the incoming photon energy matches with
one of its excited energy states. In general, absorption in a material is attributed to interband,
intraband (free carrier) electron transitions, and phonon transition?. The perturbed excitation
from absorption is limited for short duration of 108 to 10-°s. Excited atoms are relaxed to the
ground states by losing the energy. Energy lost is realised as emission of light or as thermal
energy by inter-atomic collisions in dense medium. The last represents the photon to thermal
energy conversion process.

Scattering is basically represented as non-resonant process. Here atoms are not excited to
higher energy states because the photon frequency is lower than the resonant frequency, of
atoms. Electron clouds present in the atoms oscillate with respect to positive nucleus
behaving like a dipole oscillator. So immediately emit the radiation at that frequency. This
remission of light is termed as scattering process. In dense material where atoms are arranged
periodically, each atom acts as a source of secondary emitted radiations that propagate in
forward direction due to constructive interference. While in lateral and backward direction
scattered radiation are nullified with destructive interference. Optical properties, such as
reflection, transmission and refraction are macroscopic manifestation of scattering and
interference occurring at atomic level.

Propagation of light in matter depends on the refractive index of the material. Refractive
index (n) is defined as the ratio of light velocity in vacuum (c) to light velocity in the material
(v). In general, light velocity is reduced while travelling any material in relative to light velocity
in vacuum. This phenomenon is called as refraction, is frequency dependent. Generally
refractive index increases with frequency.

[
n=-
v

Transmission can be understood as constructive scattering in forward direction. Transmission
is quantified as the coefficient of transmission or transmittivity (T). It is usually defined as the
ratio of the transmitted light fraction (l1) to incident light (lo). However, at the interfaces
discontinuous arrangement of the atoms precede to constructive scattering in backward
scattering. This backward scattering is considered as reflection. Reflection is quantified as
coefficient of reflection or reflectivity (R). It is usually defined as the ratio of the reflected light
fraction (Ir) to incident light (lo).

183



Refractive index (n) determines the propagation of light in the transparent material. However,
in absorbing material, propagation of light depends on the refractive index(n) and extinction
coefficient(k) given by complex refractive index (N)3.

N =n+ik

Attenuation of light while propagating through an absorbing material is given by Beer
lamberts law shown in Eq.

I =1,e % Eq

Where a is absorption coefficient and d is the thickness of the material. Increased absorption
coefficient leads to a decreased light penetration depth (dp) i.e. (dp=1/a). For opaque
materials like metal, penetration depth is very small due to their high absorption coefficient.
The last is weaker for transparent materials, so the light penetration depth is larger.
Absorption coefficient and extinction coefficient (k) are related by equation shown below.

_ amk

oA
According to Fresnel equation reflectance at normal incidence can be estimated if the n, k
values are known as shown in below equation.

_ (n-1)2+k?

T (n+1)2+k2
Reflectance is high when n,k values are high. In transparent material (a=0, k=0,), then
reflectance depends entirely on the refractive index value.

Solid materials are broadly categorized into metals, dielectric (semiconductor), metal-
dielectric composites. We have understood in above section that propagation of light is
depend on the complex refractive index of the material. However, they are determined from
the dielectric polarization in the material. Dielectric polarization is a phenomenon where the
electric field of the light separates the electric charges in the material. Dielectric polarization
magnitude is given as permittivity or dielectric constant. Dielectric materials show large
dielectric polarization because the electric charges are not free but bound by strong chemical
bonds. So, upon external field application, separate regions of positive, negative charge are
formed. In contrast, metals have free charge carriers that upon interaction with electric field
of light leads to current flow. Therefore, dielectric polarizations are weak in metals. In
dielectric (semiconducting) material, electric, atomic polarizations are commonly observed.
Because of sinusoidal AC electric field of the light, the electric dipole is oscillated that leads
to emission of electromagnetic radiation with similar frequency as the light. This phenomenon
is referred as scattering mechanism in the above section.

There is close relation between complex refractive index and complex dielectric constant.
complex dielectric constant (permittivity) given as

E=¢& tig

With &; is real permittivity and &, is imaginary permittivity, which relates to refractive
index(n) and extinction coefficient (k), as shown below

g =n?—k?
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&, = 2nk

In dielectric material we observe two type of absorptioni.e. inter-band transition in UV-Visible
region and phonon absorption in infrared region. Therefore, a typical frequency dependent
dielectric constant (dielectric function) shows Lorentz line (&;) at each resonance frequency
(absorption) with a distinct peak in the imaginary part of dielectric constant (¢&,), as shown in
figure 14. Constant magnitude of the real dielectric constant (&;) in infrared region depends
on the atomic and electric polarization, while the (&;) constant in the visible region depends
on the electric polarization. A constant (&;) and negligible (&;) in the visible region explain
the transparent behaviour of most dielectric materials. Here the negative (&;) value at
slightly higher frequency than the resonance shows the polarization response is opposite to
the electric field. In contrast, when frequency is slightly lower than the resonance, (&;) is
positive with enhancement shows polarization response is in phase with the electric field.
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Figure 48: The dielectric function €(w) for a typical dielectric material with the lattice resonance and electronic transition
resonance at wi, w; respectively®.

Dielectric function alteration in metals or doped semiconductor depends on free charge
carrier absorption concurrent to inter-band transition absorption. Upon light absorption, free

charge carrier oscillates at a frequency called plasma frequency (w,), which is given by
equation.

ne2

Wp = gom

Plasma frequency moves to the higher frequency region with the increase in free chare carrier
concentration. Hence, we observe metal have plasma frequency in UV-Visible region while
the doped semiconductors have it in infrared region. The real dielectric constant (g;) is
positive for frequency higher than the plasma frequency. For frequencies lower than the
plasma frequency it becomes negative as shown in figure 15, while the dielectric constant
becomes zero at the plasma frequency. Negative (&;) value shows the free electron
oscillation is out phase to incident electric field. Thus, for frequencies below the w,, reflection

is predominant. Imaginary dielectric constant (&;) increase below the plasma frequency that
is consider due to free charge carrier absorption.
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Figure 49: Dielectric function of doped semiconductor3.

Drude model used for describing light propagation in metal assumes the damping parameter
to be constant at a given temperature, Drude complex dielectric function is shown in below
equation.

2
@p

2
. wp.T
w24TI2’

real & = € — m

imaginary &, =

Where &, is high frequency dielectric constant, w, is plasma frequency, I' is damping
parameter. Damping parameter (I') is related to electron mean free path as shown in below
equation.

F=17F.l

v is the fermi velocity, [ is electron mean free path. When the geometric size of metal is
comparable or smaller than the electron mean free path, then effective new mean free path
is reduced to physical boundary of metal structure. New damping parameter is given as

=T+a-=x
R

aisthe geometric shape factor, R is the size of the metal particle. Imaginary dielectric constant

(g,) is directly proportional to the damping factor. For nanostructured metal particles, the
(g;) value increase relative to bulk metal®. Figure16 shows the dielectric function of silver,
size effect of the imaginary dielectric constant. Hence, in nanostructure®, absorption is
predominant in relative to their counter bulk part.
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Figure 50: Dielectric function of silver(left), size effect of the imaginary dielectric constant(right)*.

Light propagation in metal-dielectric composite is determined by the effective medium
approach. Dielectric function of individual components, their respective volume fraction is
considered to determine the effective dielectric function of the composite, given by equation
fi + 12 =0,1t+tf=1

&1—€¢€ Ep—¢&

&1+2¢ Ex+2¢

Where f;, f, are volume fraction and &;, &, are dielectric function of dielectric, metal particle
respectively and ¢ is the effective dielectric function of the composite. Figurel7 displays the
real, imaginary dielectric function of various metal volume fraction composites. For =0, f=1
(metal volume fraction) the real dielectric function shows positive, negative values that
characterizing typical dielectric, metal dielectric functions respectively. For metal volume
fraction between 0 to 1 real dielectric function value gradually changed from positive to
negative value. While the imaginary dielectric function which determines the resonance peak
has shown increase in resonance peak with metal volume fraction. Nevertheless, a broad
resonance band is obtained for f=0.4, which eventually disappear with increase in the metal
volume fraction. Here the resonance peak is due to surface plasmon resonance at the metal-
dielectric interface. An optimum metal volume fraction of f=1/3 is referred as percolation
point beyond this value the metal particle forms a continuous conductivity path. Therefore,
the composite shows prominent dielectric characteristic for metal fraction below percolation
threshold, and metallic characteristic above them.
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Figure 51:The real and imaginary parts of the effective dielectric function of silver-silica composite*.
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