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Abstract

Using an alkoxide based precursor, a strategy for producing highly uniform thin films and
multilayers of V205 is demonstrated using dip-coating. Defect free and smooth films of V205
on different surfaces can be deposited from liquid precursors. We show how pinholes are
formed due to heterogeneous nucleation during hydrolysis as the precursor forms a nanofluid.
Using knowledge of instability formation often found in composite nanofluid films, and the
influence of cluster formation on the stability of these films, we show how polymer-precursor
mixtures provide optimum uniformity and very low surface roughness in amorphous V.05 and
also orthorhombic V.Os after crystallization by heating. Pinhole and roughness instability
formation during the liquid stage of the nanofluid on gold and ITO substrates is suppressed
giving a uniform coating. Practically, understanding evolution pathways that involve dewetting
processes, nucleation, decomposition or hydrolysis in complex nanofluids provides a route for
improved uniformity of thin films. The method could be extended to improve the consistency
in sequential or iterative multilayer deposits of a range of liquid precursors for functional

materials and coatings.



Introduction

Thin films grown from liquid precursors or solutions are often subject to sol-gel processes that
influence uniformity.t Thin films, hybrid films and nanocomposite derivatives are important
since their mode of processing often mimics that of polymer films, and often possess the
properties of both the inorganic and organic phases. These different levels of complexity make
controlled assembly or uniformity over a large dimension a major challenge of modern
materials chemistry?. Thin films of alternative composite materials, those formed by the
addition of nanoparticles of inorganic species to polymer films, i.e. nanofluids, offer the
possibility of creating materials with features on the nano/microscale® with tunable properties
due to nanoparticle—matrix, and nanoparticle—nanoparticle interactions.*’ While there has
been significant research on the stability of thin polymer films, on particle aggregation, and the
controlled assembly of monolayer and assemblies of nanoparticles®, the knowledge of the
stability of films of hybrid materials, those where inorganic units are formed in situ by

molecular precursors, is still being developed®.

Hybrid thin films, and indeed many physical and chemical vapour deposited thin films,
rely on a high degree of uniformity and low roughness, and such degrees of morphology and
composition control are difficult to produce in dip-coated or spin-cast liquid precursors due to
their sensitivity to dewetting on various substrates. This difficulty is compounded by
complications arising from the chemical decomposition and phase changes during hydrolysis
or pyrolysis, which can often lead to a high density of inorganic units within the originally
liquid film. Many of the classical inorganic solid state materials are formed using solid
precursors and high temperature processes, which are often not compatible with the presence
of organic groups because they are decomposed at elevated temperatures.? In some cases, this
decomposition can prove useful when forming a metal oxide from a more complex
organometallic or related derivative, and subsequent incorporation of polymeric/organic

species can then influence growth.

Dewetting effect of liquids on surfaces can limit the spreading uniformity of liquid
precursors, and applies to deposition on planar and non-planar substrates; the phenomenon is
found with oil on a hot pan to more complex examples such as spin cast polymer films that are
heated.® Research into bottom-up deposition methods is important for complex oxide films!-
12 "and directed self-assembly and block copolymer based techniques™ augment well-known

processes involving sol-gel or molecularly engineered clusters such as organometallic,



covalently or coordinatively designed precursors to help in the design of new functional

materials, assemblies, arrays or coatings.'46

Recently, several reports have shown that dewetting of thin liquid polymer films could
be suppressed by the presence of ‘inclusions’, typically nanoparticles or small additives, with
the resulting polymer film exhibiting spinodal character.> " Spinodal clustering and nucleation
dewetting effects are characterized by specific pattern formation in surface films that are
defined by a definite wavelength in their distribution.'® *® This wavelength is indicative of a
perturbative instability that forms within the liquid resulting in a random orientation of features,
where each feature is equidistant in all directions from the next-nearest neighbour.'® These
effects are likely in liquid alkoxides and similar precursors®® that solidify in time to form
another phase that is amenable to a thin film deposit. Recent papers identified definite control
over polymer film smoothness and patterning by using Au nanoparticle networks on the surface
of films, or Ceo fullerene structures within PMMA films, or even by the addition of colloidal
quantum dot nanocrystals within polymer films as a composite.> 1 17:21-22 |n 3]| cases, beading
of the polymer into typical VVoronoi tessellations is prevented and several models have been
advanced to explain these effects.’

During alkoxide hydrolysis, a system that is chemically well understood, the
solidification during oxide formation is as a result of an ever increasing density and association
of oxide entities within a liquid that increases in viscosity until a solid film forms. 2 We report
on such a system and show that these effects are not only similar to nanoparticle-loaded liquid
polymer films that do not fully dewet a surface, but help to understand the underlying process
that defines the hydrolysis of an alkoxide of vanadium to vanadium oxide, and influences the
resulting morphology of the nominally layered material.?*? The production of devices from
thin films of amorphous metal oxides has been recently studied and new techniques are always

being examined for their synthesis.?¢-2

Here, we demonstrate that the well-known alkoxide of the transition metal vanadium,
in liquid form on a surface to which it wets, undergoes a mechanism of competitive nucleation
dewetting and solidification via hydrolysis that influences and defines the final structure and
morphology of the film.2%2® Thin films of vanadium pentoxide (V20s) have been used in the
production of polymer solar cells as interfacial buffer layers® and for bolometer applications,
but also for electronic materials®, optical materials®, charge storage electrodes for batteries*
and in ionic sensing based on their layered structure and oxidation state.>® The formation of

thin films of V20s for devices using a dip-coating technique would be beneficial for large area
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coverage with high uniformity often required for optical materials and functional coatings. By
adjusting the alkoxide precursor and the crystallisation procedure, thin films of vanadium oxide
with different oxidative states can be produced.**=" By utilizing the deposition techniques in
this work, thin films with a smooth and uniform morphology over large areas are possible. This
low-roughness characteristic would be beneficial for materials such as vanadium dioxide
(VO>), which has recently been shown to act as a disordered metamaterial with blackbody-like

thermal emissivity*®3° and thermochromic*®* properties.

Many physical and chemical vapour deposition processes have difficulty controlling
the stoichiometry of vanadium oxides** and in general, non-planar substrates cannot be
uniformly coated by these methods. The development of atmospheric pressure deposition
technologies highlights the importance of low-cost and high-throughput processing with open
air systems, which are important for many industrial applications.** However, depending on
the desirable surface morphology of the film for each device, it is important to examine the
formation effects of the thin films on different substrates and the techniques to limit unwanted

morphologies from forming during deposition, especially when using liquid-based methods.*

The potential similarity to polymer-NP composited films inspired the search for the
underlying mechanism of this classic phase formation process and to develop a protocol
allowing optimization of the uniformity of thin films from liquid based precursors that solidify
through hydrolysis. The addition of polyethylene glycol (PEG) or an increase in the viscosity
of the alkoxide mixture can minimize pinhole formation and non-uniformities in coated thin

films.

Experimental

Thin vanadium oxide (V20s) films was synthesised from vanadium (V) triisopropoxide
OV(OCH(CHpa)2)s purchased from Sigma-Aldrich. The alkoxide was mixed by volume with
isopropyl alcohol and deionised water at a ratio of 1000:10:1 (IPA : alkoxide : water) to produce
a low concentration precursor. The precursor was stored with 4 A molecular sieves from

Sigma-Aldrich to prevent hydrolysis prior to use.

Two deposition techniques were used for preparing the samples. Drop casting was used
to deposit irregular films of V.Os while dip coating was used to form uniform thin films. Dip
coating was performed using a PTL-MMO1 desktop dip coater. A withdraw rate of 150 mm/min

was used for depositing the thin films in this work.



Thin films were deposited onto both Au and ITO coated glass substrates due to their
prevalence as current collectors for applications involving V20s. Borosilicate glass cantilevers,
60 mm in length and 3 mm in width, were coated with a 10 nm Ti adhesion layer and a 250 nm
Au layer by high vacuum thermal evaporation. The Au coated substrates were thermally
annealed at 650 °C for 90 s prior to deposition of the precursor to produce larger Au grains and
prevent delamination occurring during the thin film deposition. The growth in grain size due
to annealing is shown in Fig. S1 (a,b). ITO coated glass was purchased from Sigma-Aldrich
and cleaved into strips 25 mm in length and 3 mm wide for direct comparison to the Au
substrates. Multiple coatings can be performed during dip coating to produce films with a
desired thickness. To examine the changes between subsequent layers, “staircase” samples (see
Fig. 1a) were prepared by successively dip-coating thin films with shorter film lengths on top
of underlying layers such that the morphology of each successive layer could be examined on
a single sample for direct comparison. After deposition, the samples are UV-Ozone treated for
30 minutes in a Novascan UV ozone system to remove any organics that remain from the

precursor.

Surface morphologies were examined using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM analysis was performed on an FEI Quanta 650 FEG
high resolution SEM equipped with an Oxford Instruments X-MAX 20 large area Si diffused
EDX detector. Images were collected at an operating voltage of 10-20 kV. AFM was used to
analyse the surface topography and roughness of the prepared samples. Scans were performed
on a Park XE-100 AFM system in non-contact mode with SSS-NCHR enhanced resolution
tips, the XY and Z resolution are ~ 2 nm and 0.05 nm respectively.

To determine the phase of the films post-crystallisation, Raman scattering spectroscopy
was collected with a Renishaw InVia Raman spectrometer using a 514 nm 30mwW Argon lon
laser, spectra were collected using a RenCam CCD camera. The beam was focused onto the
samples using either a 20x/50% objective lens. X-Ray Diffraction (XRD) analysis was
performed using a Phillips Xpert PW3719 diffractometer using Cu Ko radiation (40 kV and 40
mA) scanned between 10° - 40°.

X-Ray photoelectron spectroscopy (XPS) spectra were acquired on an Oxford Applied
Research Escabase XPS system equipped with a CLASS VM 100 mm mean radius
hemispherical electron energy analyser with multichannel detectors in an analysis chamber

with a base pressure of 3.0 x 10°° mbar. Survey scans were recorded between 0-1100eV with



a step size of 0.7 eV, dwell time of 0.5 s and pass energy of 100 eV. Core level scans were
acquired at the applicable binding energy range with a step size of 0.1 eV, dwell time of 0.5s
and pass energy of 20 eV averaged over 10 scans. A non-monochromated Al-Ka X-ray source
at 150 W was used for all scans. All spectra were acquired at a take-off angle of 90° with respect

to the analyser axis.

Structure factors used for examining the spatial arrangment of pinholes within films
were acquired by carefully thresholding digital images and obtaining fast Fourier transforms
(FFTs). Random distributions of features without any definitive wavelength in position give a

decaying intensity from the maximum intensity (000) central mode.

Results and Discussion

Thin films of V205 were prepared using two deposition techniques: Drop casting and dip
coating. During drop casting, the precursor is dropped onto the substrate to initiate the
hydrolysis step, and is unconstrained. The length of time for the hydrolysis step to completely
form a V205 solid film is dependent upon the alkoxide concentration. While still in liquid form,
the precursor can spread across the surface of the substrate (unlike the case of dip-coating) until
the hydrolysis is complete. Unlike most transition metal alkoxides that form particulate
structures, the layered molecular structure of vanadium oxide allows a dominant layering of
the crystal structure parallel to the substrate.? > Recently it has been shown that dip-coating

of vanadium alkoxide precursors can result in surface cracking of the thin films.*

During dip-coating the substrate is drawn from the precursor at a controlled rate with
the hydrolysis occurring once exposed to air. The hydrolysis of the alkoxide to its oxide after
dip-coating occurs rapidly so that an amorphous V20s thin film is formed and the increased
dewetting and beading normally experienced by the drop casted liquid thin films is prevented.

Figure 1(a) is an SEM image of the surface of a thin film of as-deposited V.Os on an
Au substrate. The sample was deposited in a staircase configuration, depicted in the schematic
in Fig. 1(a) which is composed of iterative dip coats after hydrolysis has occurred to form a
multi-layered deposit. The low magnification SEM image shows the film surface and interfaces
for the Au substrate and the first two successive layers of V20s. The interfacial regions are
highlighted for visual aid. Each successive layer thickness of V.Os is measured to be 15 — 18

nm. The AFM insets show the surface morphology of each of the surfaces respectively. The



first dip-coated layer of V205 on Au exhibits a similar morphology to the Au grains while the
AFM image shows the formation of pinholes on the surface of layer 2. The AFM surface image
of layer 2 is that of a typical V.Os film formed on top of a previously formed V20s film on an
Au substrate, i.e. the second, third, etc. layers. Small 25 — 35 nm diameter pinholes, which are
between 6 and 10 nm deep, were revealed by AFM analysis. These features are characteristic
of oxide thin film formation from liquid alkoxide precursors based on our examinations. The
pinholes are only apparent on the AFM image; their shallow depth and the secondary electron
intensity from the underlying Au substrate beneath the film reduce the visibility of small

defects in the V20s film from SEM images as can be seen in Fig. S2.

0.1
Substrate

. Layer 1
Layer2
Layer 3

Figure 1. (a) SEM of as-deposited V2Os film on an Au substrate with the interfaces highlighted
between each successive layer. AFM images showing the morphology of the (i) Au substrate,
(i) first layer of V2Os film and (iii) second layer of V.0Os film with formation of pinholes
visible. The schematic architecture of a ‘staircase’ thin film sample. (b) AFM and SEM images
of V205 drop casted on glass. (¢) AFM image of dip-coated V205 film on an ITO substrate.
Pinholes of different distributions and sizes are present in these samples compared to films
formed on Au substrates. The unit for the AFM sidebars is in nm.

The as-deposited surface images from AFM and SEM for drop casted films on glass
are shown in Fig. 1(b). Due to the increased hydrolyzation time involved in drop casting
(compared to dip-coating of thinner films), V20s films formed on different substrates by drop

casting share similar morphologies. Both surface bound hillock features and pinholes are
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present in the thicker drop casted film in Fig. 1(b) as seen from both the top down and AFM
images, confirmed by SEM showing the presence of hillock features on the surface. The surface
roughness of the drop casted film from the AFM images displays a labyrinthine topology that
is similar to spinodal instability (buckling and undulations) effects'® 22 seen in polymer thin
films, and we find that such features of fully hydrolysed amorphous V2Os films are seen when

thicker drop cast films are examined.*®

The formation of pinholes that are similar to nucleation dewetting effects in composite
liquid polymer films, is also observed on dip-coated V2Os thin films formed on ITO substrates
shown in Fig. 1(c). The pinholes formed on the ITO have a characteristically larger size and
shape compared to those formed on the rougher, granular Au surface. The pinholes formed on
ITO have a lower distribution compared to those on Au. The pinholes on ITO are also formed
from the first layer and maintained in subsequent dip-coated layers. As-deposited amorphous
V20s thin films deposited on ITO also contain hillocks of material on their surfaces, as seen in
Fig. 1(c); hillock formation is a common trait between the thin films formed on both Au and
ITO substrates. It is not entirely clear from measurement of multilayer deposition if the
movement of material during pinhole formation is related to the density and size of hillocks,
but typically, their density and position is not spatially correlated to the distribution of the

pinhole features in the first and subsequent layers.

The Au substrates are measured to have a greater rms roughness (5.43 nm) than the
transparent ITO substrates (2.03 nm). The roughness of the amorphous thin films formed on
the Au and ITO substrates are 2.61 nm and 0.68 nm respectively: for both types of films the
rms roughness of the amorphous thin films is less than that of the respective metal or ITO

substrates.

During the hydrolysis step, the liquid film forms clusters of hydrolysed amorphous
V205 which are suspended in the liquid precursor until hydrolysis is complete and the solid
film has formed. This effect may be described as a thin film mixture where the solvent and
solute are the liquid precursor and hydrolysed amorphous V20s respectively, similar to Class |
hybrid nanocomposite blends. The deposit is somewhat analogous to network modifiers in sol-
gel processes involving blends of molecular building blocks, but here, these building blocks
form in-situ during the chemical change.*® Similar systems have been examined in the case of
thin polymer films containing mixtures and suspensions.® Recently, a gradient dynamics

description was proposed for films of mixtures and suspensions involving a concentration-



dependent wettability for liquid films containing suspensions.® The model details an ability of
a film containing a suspension to modulate its thickness and concentration simultaneously,
giving rise to feature formation. In the present case, the increasing viscosity during hydrolysis
to a solid oxide from its alkoxide complicates the comparison to particle-loaded liquid polymer
films, but motivated the experimental investigation into improving the uniformity in thin film
formation by supressing instabilities that can form in the thin film in its liquid state prior to

solidification by hydrolysis.

Figure 2(a-b) shows the morphological characteristics of the two types of pinholes
formed on Au and ITO substrates respectively. The pinholes formed on Au substrates are
generally smaller (in width) but consistently deeper (6 — 9 nm), compared to shallower (3 — 5
nm) pinholes in V20s films on ITO. On ITO the pinholes are predominantly non-circular with
a significantly larger width to those on Au. As the precursor hydrolyses and solidifies after
deposition, the form of dewetting process, including instabilities caused by lateral variations in
nanoscale oxide cluster density throughout the films, thickness variations and changes in
material parameters during hydrolysis to it oxide form, are halted by solidification leaving a
solid film with a random distribution of pinhole defects. These defects are also observed on

secondary, tertiary and further sequential layers of the thin film multilayer.

(@ (b) -

= 08 nm—y F 77 hm —] - «427 nm
° = P ]

Width Width Width
15 nm 54 nm

0 0 0
0
125 nm . 200 nm
Substrate Substrate :
Au 250 nm ITO . 4

Figure 2. AFM images, topology and depth profiles for pinholes formed on (a) Au and (b) ITO
substrates. The schematic illustrates the various phases of film hydrolysis: (1) dip-coating of
liquid precursor that (2) develops a hydrolysed wetting layer to the surface with the continual
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formation of oxide clusters within the hydrolysing films which leads to the formation of (3) a
roughened, pinhole-containing solid film.

The distribution of the pinhole diameters formed on Au is shown in the graph for Fig.
3(a), the pinholes form in varying sizes with an average diameter (longest axis) of 27.3 nm.
Statistical analysis of AFM images shows that the pinholes cover less than 8% of the total

surface area for both types of substrates (this information is summarized in Table S1).

The distribution of the pinholes on Au was examined using Fast Fourier Transforms
(FFT) of the AFM data. The FFTs were performed to ascertain any periodicity in the
distribution of the pinholes, the method used in calculating the FFTs of the pinholes is outlined
in Fig. S3. The FFTs for the two layers shown in Fig. 3(b-c) indicate that the pinholes are
randomly distributed on the surface of both Au and ITO surfaces due to the lack of evidence
for a characteristic inter-feature wavelength expected in samples that undergo defined
instabilities, such as spinodal decomposition, or influences from lateral concentration
variations!’ (Marangoni and other instabilities that assume the oxide clusters are mobile).
Pinhole formation in liquid polymer films that contain nanoscale inclusions that prevent
complete dewetting typically result from heterogeneous nucleation. Pinholes formed through
this mechanism that open right down to the substrate become pinned in liquid films, but
typically are not found in the present case even during the early stages when the dip-coated
film is liquid. We believe this effect is due to a very thin wetting layer that instantaneously
hydrolyses due to the presence of adsorbed water molecules on the substrate. AFM
measurements in all cases consistently show a lesser pinhole depth compared to the average

final film thickness.
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Figure 3. (a) Diameter distribution of pinholes formed on the surface of an Au substrate. (b-c)
AFM surface image and corresponding FFT of pinhole distribution for two subsequent layers
of V205 thin films on Au. The FFTs illustrate the random distribution of the pinholes.

To examine the influence of crystallization on the morphology of thin films, the V205
films were crystallized in air using a convection oven at 300 °C for 12 hours. The surface of
the films was examined post-crystallisation to ascertain the changes to the thin film
morphology after the phase change from amorphous to orthorhombic V20s.3* 4’ Figures 4(a-b)
show the AFM and SEM surface images of the crystallized V20s films on both Au and ITO
substrates respectively. In both cases crystallites of VV2Os form on the surface of the thin films

with an average height of 31.7 nm and 36.8 nm on both Au and ITO respectively. In the case

11



of the thin films on Au, the pinholes are still apparent on the AFM images while their average
depth is reduced to 4.8 nm. The rms roughness of the orthorhombic V2Os thin films on Au and
ITO is 9.7 nm and 5.9 nm respectively. The increase in roughness is predominantly related to

the changes caused by crystallization, the greatest roughening found for thin films on Au.

An XPS spectrum, Fig. 4(c), was acquired for both an as-deposited amorphous and
crystallized single layer thin film of V205 deposited on an ITO substrate. The as-deposited and
crystallised spectra show the expected V2ps2, V2p12 and O1s XPS peaks for V20s at 517.5
eV, 524.6 eV and 530.6 eV respectively.*® The presence of the oxygen XPS peak at 532.6 eV
is not attributed to the formation of another vanadium oxidative state in the film.*4° The O 1s
core-level emission is due to contributions from the ITO conductive layer and the SiO:
substrate underneath the V,0s thin film.>%5! The low intensity 3d core-levels peaks for Sn and
In are shown in Fig. S4. The presence of XPS peaks for the substrate underneath the thin film
is due to the thinness of the single layer of V,Os. The XPS study demonstrates that the V205
films are free of surface contaminants from the alkoxide precursor or other sources.

Additionally, the oxidation state for as-deposited and crystallized films remains unchanged.
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Figure 4. Post-crystallization AFM and SEM (insets) images of V2Os thin films on (a) Au and
(b) ITO substrates. The images show the formation of dispersed crystallites on the surface. (c)
XPS spectra of amorphous and crystalline V2Os thin films on ITO showing the contribution of
photoelectron emission from the underlying substrate due to the thinness of the film. (d) Raman
scattering spectra of the as-deposited and crystallized films for successive films in the
multilayer.

Figure 4(e) shows the Raman scattering spectra of the V20Os thin film coatings on Au
before and after crystallization. The as-deposited thin film is amorphous V20s, thus no specific
phonon modes from the known V-O bond structure are found. Post-crystallization, the

characteristic vibrational peaks for orthorhombic V2.Os are present, and identical to that
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expected from the lamellar phase for the material.>>>® Multilayers of V20s from iterative dip-
coating also crystallize to orthorhombic V20s, a stoichiometric phase that can be difficult to
control using CVD, ALD and related physical vapour deposition methods. Conventional XRD
was found to be inadequate in determining the crystal structure of the thin films. To correlate
the Raman scattering spectra of the thin films to X-ray diffraction characteristics of V20s, a
thick film with a high surface area was produced by drop casting the precursor followed by
crystallization. The (001) reflection for orthorhombic V205 at ~20.5° is shown in Fig. S5(a)
and can be correlated to the Raman scattering spectra for orthorhombic V20s in Fig. S5(b).
Additionally, the uniformity in the morphology and consistent low roughness is remarkable for

single and multilayer deposits on metallic and transparent conducting oxide (TCO) substrates.

Most polymers are immiscible with alcohols, particularly alcohols released during the
hydrolytic sol-gel process and phase separation becomes a problem for uniform film coverage.
Utilizing polymers that are soluble with decomposition alcohols as the liquid film hydrolyzes
as a cluster-containing solid film, could potentially alleviate concentration variations and
unwanted structuring from these effects, which are detrimental to functional electronic and

optical coatings and films.>*

As with liquid polymer films, a change in molecular weight of the precursor and the
viscosity fundamentally affects processes such as dewetting, nucleation, demixing and phase
separation, and in those cases are fundamentally linked to gelation via hydrolysis where the
material essentially contains internal ‘pores’ that allow the release of the alcohol, and eventual
solidification. Furthermore, this uniformity should also be maintained when crystallizing the
thin films after deposition. To improve film consistency and suppress pinhole formation
through nucleation effects, a precursor was prepared utilizing polymer-assisted V2Os thin film
synthesis. The hydrophilic and alcohol-soluble polyethylene glycol (m.w. = 400 g/mol) was
added to the precursor to bind the amorphous V20s clusters together during the hydrolysis of
the liquid precursor stage. The AFM surface images for the corresponding V20s thin films,
pre- and post-crystallization, formed using this polymer-assisted alteration are shown in Fig.
5(a).
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Figure 5. AFM images pre- and post-crystallization for (a) polymer-assisted low concentration
and (b) high concentration V.Os thin films formed on ITO. (c) Raman scattering spectra
showing the formation of crystalline orthorhombic V205 from both films. The peaks marked
with diamonds are due to the layered structure of the films and the presence of small amounts
of VO,. The broad background seen in the polymer-assisted spectra between 400 cm™ — 700
cm is due to the thinness of the film and the interaction with the ITO and glass substrate.

The resultant thin films have a uniform surface morphology and no evidence of pinhole
formation is found. The Raman scattering spectrum, included in Fig. 5(c), shows the formation
of orthorhombic V205 after the thermal treatment. The surface rms roughness for the
amorphous and orthorhombic polymer-assisted V.Os thin films is 0.57 nm and 0.74 nm
respectively. Crystallization also calcines the mixture, removing the organic component and
from Fig. 5; the organic phase decomposition does not adversely affect the morphology of the
thin films. Additionally, during the hydrolysis, the PEG is soluble in evaporating alcohols and
may aid in preventing material cracking, and promote a smoothening of the surface topology
by preventing instabilities forming within the hydrolysing film. By utilizing the polymer-
assisted blend, a uniform non-defective thin film of orthorhombic V.Os was prepared with a
surface roughness an order of magnitude below that of thin films prepared without the addition
of a polymer.

A secondary method for smoothing the surface topology is demonstrated by increasing
the concentration of the precursor in the IPA-alkoxide mixture. This decreases the
hydrolyzation time of the liquid film, and is found to suppress the formation of pinholes in the
initial amorphous layer. The decrease in hydrolyzation time does increase the thickness of the

single layer to 35 —40 nm per layer. As in the case with the polymer-assisted films, the resultant
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thin films have a uniform surface morphology with a low rms roughness of 0.56 nm. However,
after crystallization of higher concentration alkoxides (without PEG), large crystallites form on
the surface and the rms roughness increases to 5.61 nm, which correlates to similar
crystallization behaviour of the thin films without polymer addition. Raman scattering spectra
in Fig. 5(c) show the characteristic vibrational peaks for orthorhombic V20s, however, the
presence of extra peaks at 168 cm™, 846 cm™, 880 cm™ and 935 cm?, are attributed to
contributions from the layered structure, or the presence of VO in the polymer-assisted thin
films.® VO, phases in thin films with textured surface have been grown from vanadium
triisopropoxides under atmospheric pressure chemical vapour deposition (APCVD).3% %57
While increasing the concentration of the precursor can halt the formation of pinholes and
surface texturization from grains or nanoscale clusters in V2Os thin films at the nanofluid stage,
the polymer-assisted method with more dilute alkoxide mixtures has the additional benefits of
lower single layer thicknesses (V20s only) and a very low surface roughness both before and

after crystallization.

Conclusions

Using an alkoxide based precursor and cost-effective dip-coating techniques, a rational strategy
for the deposition of highly uniform thin film and multilayers of V205 on a range of surfaces
from liquid based precursors was demonstrated. The nature of hydrolysis of the layered
material V.Os from its alkoxide has been shown to strongly influence the uniformity of thin
films formed on Au and ITO substrates as single thin films and as thin film multilayers.
Utilizing knowledge of instability formation in liquid thin films and the influence of clusters
as a nanofluid on the stability of such films, the addition of polymers to the nanofluid drastically
improves uniformity and smoothness for amorphous and crystalline phases of V20s that can

exceed that of physical and chemical vapour deposition methods.

The choice of substrate was found to have an effect on the type of pinholes formed.
Small diameter pinholes with a high distribution are found on for V.0Os films deposited on
granular sputtered Au films, while those on ITO substrates have a large irregular size and lower
distribution. AFM and electron microscopy confirmed pinhole formation in addition to a
specific surface roughness that is correlated to heterogeneous nucleation dewetting effects

caused when the alkoxide was in its liquid state. The surface roughness and wettability of the
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substrates combined with the alkoxide to solvent ratio of the precursor are associated with the

formation of the pinholes.

The primary difference between the two systems is that due to the hydrolysis effect
experienced by the alkoxide precursor in the formation of the V20s, the thin films produced
solidify prior to the full dewetting and nucleation process can finish as found in polymer films.
To reverse the formation of pinholes and hillocks in the V.0s, a polymer assisted synthesis
using PEG altered the hydrolysis and gelation point of the nanofluid during solidification such
that an ultra-smooth surface is possible without pinholes or roughness linked to instabilities

from the liquid stage that becomes frozen-in upon solidification.

Practically, understanding evolution pathways that involves dewetting processes,
nucleation, decomposition or hydrolysis that includes evaporation in complex nanofluids gives
routes to improved surface coverage of useful stoichiometry of V205 using dip-coating. While
further theoretical work would strongly benefit additional experimental investigations to fully
explain the phenomenon, the method may prove useful for deposition of thin uniform films for
a variety of applications on planar or possibly non-planar substrates (which form shadows and
blank regions in many vapour-phase depositions). Dip-coating or spin casting liquids
precursors and nanofluids can be extended to improve the consistency in sequential or iterative
multilayer deposits of hybrid materials, and provides a liquid-based route for crystallized thin
vanadium oxide films with exotic thermal, electrical and optical properties. In parallel with
CVD and related plasma based deposition methods, such control of thin film uniformity gives

another alternative for atmospheric pressure, open air methods for uniform films or coatings.

Supporting Information

SEM analysis of the gold substrate grain size with annealing, and the method for identifying
thin, electron beam-transparent thin films on gold. Information the pinhole diameter
distribution and area covered is provided together with the method for producing FFTs AFM
imagery. Additional XRD and Raman scattering measurements of bulk and thin film V20s is
provided together with XPS of In and Sn core-levels. This material is available free of charge

via the internet at http://pubs.acs.org/.
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