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Abstract: New techniques to directly grow metal oxide nanowire networks without the need 

for initial nanoparticle seed deposition or post-synthesis nanowire casting would bridge the 

gap between bottom-up formation and top-down processing for many electronic, photonic, 

energy storage and conversion technologies. Whether etched top-down, or grown from 

catalyst nanoparticles bottom-up, nanowire growth relies on heterogeneous material seeds. 

Converting surface oxide films, ubiquitous in the microelectronics industry, to nanowires and 

nanowire networks through addition of extra species with inter-diffusion can provide an 

alternative deposition method. We show that solution processed thin films of oxides can be 

converted and recrystallized into nanowires and networks of nanowires by solid-state inter-
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diffusion of ionic species from a mechanically contacted donor substrate. NaVO3 nanowire 

networks on smooth Si/SiO2 and granular FTO surfaces can be formed by low-temperature 

annealing of a Na diffusion species containing donor glass to a solution processed V2O5 thin 

film, where recrystallization drives nanowire growth according to the crystal habit of the new 

oxide phase. This technique illustrates a new method for the direct formation of complex 

metal oxide nanowires on technologically relevant substrates, from smooth semiconductors, 

to transparent conducting materials and interdigitated device structures.  
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1. Introduction 

Translating fundamental advances in nanowire (NW) nanoscience into modern technological 

applications is approaching a state where considerations of cost, stability, performance and 

direct integration are improving to such a degree, that these building block materials are now 

part of maturing industrial infrastructures and devices.[1] For semiconducting NWs, we now 

have a very good understanding and control of their growth, attributes and properties,[2] and 

some elegant approaches have considerably improved site-selectivity and placement for both 

bottom-up and top-down modalities.[3] Whether etched top-down, or grown from catalyst 

nanoparticles bottom-up, NW growth relies on heterogeneous material seeds. Converting 

surface films to NWs by adding extra species may provide an alternative where growth and 

crystallization would be related to composition and crystal habit, and oxide NWs, which are 

difficult to grow and control, could possibly be formed from many oxide thin films. 

 Growing thin film oxides for electronic and optoelectronic devices is a well-

established process, and exquisite control of composition, thickness and coverage is possible 

using physical vapour methods and also in some cases, solution processing approaches such 

as dip or spin coating.[4] More complex oxides and ternary oxide films are now the state-of-

the-art for high field-effect mobility thin film transistors for display technologies, In-free 

transparent conducting materials, and as gate dielectrics in CMOS technologies.[5] Complex 

oxide electronics in the form of thin films and interfaces[6] holds promise for invisible and 

high power electronics. However, high quality oxide NW formation directly on surfaces, 

without catalysts and importantly at low temperatures suitable for flexible electronics, still 

remains a considerable challenge at the new oxide nanomaterials technology level.[7] These 

NW dispersions have become important for sensing, solar-to-fuel production and also as NW 

networks for memristor technology[8] and can be adapted for different device components 

and functional interlayers or coatings in many applications.[1a, 9] NW networks are typically 
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formed from NWs grown by vapour[9f], physical[9d] and chemical techniques[9h, 10] and 

largely rely on pre-deposited catalysts nanoparticles for site selective ordered/areal coverage, 

or by after-growth dispersion or deposition onto choice surfaces. The deposition of NW 

networks using solution processed methods is becoming more important due to the cost-

effectiveness and scalability of these techniques.  

Given the importance in developing low temperature, simple methods for high quality 

oxide NWs in simple and complex crystal structures across any surface coated with an oxide 

film, we were inspired by the ability of crystalline needles of complex oxide mineral crystals 

to grow from cracks and oxide surfaces of rough, amorphous stone walls in caves, to see if 

oxides could grow in NW form from surfaces because of the inclusion of species that cause a 

certain crystal habit to be followed. In addition, our approach also tried to merge aspects of 

bottom-up (growth) and top-down (doping, dispersion) processes together to form a design-

by-choice NW oxide composition, crystallinity and surface coverage. In this way, doping is 

achieved after the parent oxide film is first deposited, rather than during deposition as is 

typically done and the dopant species modifies the composition and resulting 

crystallinity/shape. No catalysts are used, and the dopant or species diffused into the oxide 

can be rationally chosen by the ionic composition of the contact source over the oxide film. 

Ultimately, the oxide thin films of one composition are converted to another choice 

composition and crystal structure by phase conversion and recrystallization wherever the 

oxide film exists on a surface, and at very low temperatures compared to typical VLS 

(vapour-liquid-solid)[11], VSS (vapour-solid-solid) or even SLS (solid-liquid-solid) NW 

growth methods.   

Benefiting from the mature industrial infrastructure for oxide thin film growth[9c, 12] 

in microelectronics and CMOS facilities, the ability to convert a thin film into an array of 

high quality oxide NWs without pre-placed catalysts by phase conversion using to-down 
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solid state contact diffusion provides an elegant way of high surface area coverage of a wide 

variety of oxide NW compositions. Inter-diffusion processes can be used to grow a wide 

range of oxide NW structures which can be judiciously chosen by the initial oxide thin film 

composition and the nature of mobile species in the contact source.[13]  

 Here, we detail this new contact diffusion phase conversion and low temperature 

oxide NWs and NW network growth method using a solution-processed vanadium pentoxide 

(V2O5) thin film and a physically-contacted glass containing the donor species. The surface 

contacted glass provides Na species to the V2O5 thin film which facilitates the formation of α-

NaVO3 NW networks through inter-diffusion, sensitively monitored by Raman scattering 

spectroscopy and electron microscopy. The combination of solution processed techniques to 

form a thin film of one oxide composition, and top down solid state inter-diffusion processes, 

phase change and recrystallization opens up a new avenue of research into oxide NW growth, 

doping[14] and NW shape and physical property control across surfaces, substrates and 

device structures directly. 

 

2. Results and Discussion 

 The contact inter-diffusion technique, top-down into metal oxide thins films to form 

phase converted oxide NWs, is outlined in the schematic of Figure 1 (a). Initially, a thin film 

of a-V2O5 is dip-coated onto the substrate with uniform thickness, in this case of ~ 10 nm – 

15 nm per layer.[13a, 15] Both the donor glass and thin film surfaces must be clean, with low 

roughness (<1 nm rms) and free of defects to ensure good interfacial contact to enable inter-

diffusion. Coatings such as FTO or ITO act as diffusion barriers to ionic mobility, preventing 

diffusional movement elemental species, which can occur if a glass substrate is used[13a], 

and so we detail an approach for diffusional incorporation of ionic species top-down in order 
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to cause a phase change in the thin dip-coated film coated on ITO, FTO or oxide-coated 

semiconductor substrates. A clean borosilicate donor glass containing the mobile ionic (in 

this case Na) species is contacted with the surface of the a-V2O5 thin film and pressure is 

applied to keep intimate contact during annealing. Thermal annealing parameters, 

temperature and time, were refined between different a-V2O5 thickness samples to initiate 

and maintain phase conversion to the ‘transparent phase’ – the transparent phase is the region 

on the substrate that defines the resulting NW network.  

 A contact diffusion-formed transparent region is visible in the centre of a single layer 

of a-V2O5 on an FTO substrate in the optical image of Figure 1 (b) after thermal annealing. 

The contacted glass had a distinctive shape, which is evident on the surface of the V2O5 thin 

film after the inter-diffusion processes occurred during annealing, and so the regions of 

interest can be readily identified. For this sample, consisting of a single a-V2O5 layer on FTO, 

the transparent region was formed during a 72 h thermal anneal at 300 oC. A long thermal 

annealing period was applied to enable the contact diffusion process at this temperature, 

based on previous estimations of solid state diffusivities from borosilicate glass into a-V2O5 

thin films.[13a] SEM images of the surface of the contacted region in Figure 1 (c) shows the 

conversion of the thin film to a well-dispersed interconnected α-NaVO3 NW network across 

the surface of the FTO. The FTO substrate has a granular morphology, but we stress that it 

has conformal coverage by the dip-coated V2O5 thin film that is ~10× thinner with an order of 

magnitude lower rms roughness (see Supporting Information Figure S1). Secondary electron 

intensity from the underlying FTO substrate ensures the grains are visible through the 

continuous, lower conductivity a-V2O5 thin film. 
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Figure 1. (a) Schematic of deposition technique for contact diffusion inter-diffusion process. 
(b) Optical image after thermal annealing of an orthorhombic V2O5 thin film on FTO with a 
contact diffused area in the centre and the contacted glass used and (c) SEM image of contact 
diffused area showing formation of NW network.  

   

 For inter-diffusion of a-V2O5 thin films to form α-NaVO3 layers when deposited 

directly onto glass substrates, a thermal anneal at 300 oC for 12 h is sufficient for a conformal 

coating.[13a] In the contact inter-diffusion process a greater thermal energy or longer 

annealing time is required to allow diffusion across the contacted interface between the glass 

and the oxide film-on-substrate surfaces. The NWs formed in the transparent region of Figure 

1 (b) are spread across the surface of the region in differing concentrations, as shown in 

Figure 1 (c). As outlined in Supporting Information Figure S2, the outer areas of the NW-

containing region typically have the highest concentration of NWs.    
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 To form a more uniform NW network, the thickness of the a-V2O5 layer was 

increased to ~30 nm by dip-coating 3 layers in succession. The thicker a-V2O5 layer ensures a 

larger amount of V species available for the formation of the α-NaVO3 NWs. The annealing 

temperature was increased to 450 oC and the annealing time set to 6 h, decreasing the NW 

network formation time.  

 The morphology of the NW network for a contact-diffused sample with an initial 30 

nm thick a-V2O5 thin film annealed at 450 oC for 6 h is shown in Figure 2. The SEM images 

in Figure 2 (a, b) show the large NW network coating that forms on the surface of the outer 

contacted region. Nodes are apparent on the surface of the NW network and a higher SEM 

magnification of these nodes is shown in Figure 2 (c). NWs radially spread from a centre 

mass within these nodes resulting in a larger localised NW concentration. Formation of the 

nodes is attributed to the presence of a surface defect or raised region on the substrate/a-V2O5 

thin film where the NWs radially grew from due to a localised change in the pressure with the 

donor glass substrate. However, the overall deposit shows a very high and relatively uniform 

dispersion of NWs on the FTO surface, each composed of the mixed metal oxide NaVO3, 

forming a NW networked region.  

 A higher magnification SEM image of the NWs is shown in Figure 2 (d). The NWs 

have a uniform morphology and appear to be ribbon shaped with a larger NW diameter than 

thickness. The fibrous morphology of the NWs is common in both vanadium oxide 

nanomaterials[16] and NaVO3 structures.[17] In Figure 2 (e, f) SEM images of smaller 

NaVO3 rods within the centre of the contact diffusion-formed NW network regions are 

shown. In these areas the formation of larger shards, see the Supporting Information Figure 

S4, surrounded by regions of rods can be seen on the surface. Seeded growth of NWs is a 

commonly used method for the preparation of networks[18]. It was previously demonstrated 

that dip-coated thin films of a-V2O5 have an in-plane morphology composed of “flakes” or 
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grains of amorphous vanadium oxide. The SEM images of Figure 2 (e, f) shows that a-V2O5 

grains from the dip-coated thin film are the ‘seeds’, where recrystallization due to inter-

diffusion starts to occur, as these grains are within the thin film that conformally coats the 

granular FTO substrate. The small spaces between the undulating FTO grains ensure that 

voids form between the thin films and the contacted glass, allowing the growth of the NWs 

from the a-V2O5. Shown in Figure 2 (f) and highlighted with false colour images in the inset, 

the tail of the rods can be seen protruding from the surface of the thin film suggesting that 

their formation is seeded from the changes to the phase and crystal structure of the surface 

film, and continue to grow via recrystallization from inter-diffusion from the donor substrate 

that supplies the Na species.  

 Raman scattering spectroscopy was used to examine the different regions on the 

surface of the NW network region. The Raman scattering spectra for the V2O5 and NW 

regions formed from a single layer of a-V2O5 is shown in the Supporting Information Figure 

S3, where the annealed V2O5 thin film forms the characteristic orthorhombic crystal structure 

expected from V2O5[15b] and the NW network region shows the formation of the 

characteristic vibrational modes for α-NaVO3.[19] However, the modes are shifted from 918 

cm-1 and 955 cm-1, to 925 cm-1 and 951 cm-1 respectively, which are related to size and stress 

effects on the crystalline α-NaVO3 phase that forms within the glassy matrix, a common 

effect for NW systems due to phonon confinement and scattering.[20] In comparison, the 

Raman vibrational spectra for two different regions of the NW network formed with 30 nm (3 

layers) of a-V2O5 annealed at 450 oC are shown in Figure 2 (g) with orthorhombic V2O5 as a 

comparison. The observation of the 954 cm-1 and 918 cm-1 modes indicative of α-NaVO3 are 

present in the Raman spectra[19, 21] with no evidence of mode shifting due to stresses within 

the crystal structure, boundary scattering or quantum confinement of phononic modes. The 
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thicker 30 nm initial V2O5 thin film coupled with a shorter and higher temperature annealing 

(450 °C for 6 h) step formed an α-NaVO3 NW network on the surface of the FTO substrate. 

 
Figure 2. SEM images of the surface of a transparent region formed on a 3 layer thick a-
V2O5 thin film annealed at 450 oC for 6 h. SEM images of (a-b) high concentration region of 
NWs with presence of NW nodes. (c) SEM image of a NW node and (d) higher 
magnification image of individual NWs. (e-f) SEM images from the inner area of the NW 
region showing rods formation on the FTO surface. (g) Raman scattering spectra of V2O5 thin 
film and two different areas of the NW region showing evidence of the formation of α-
NaVO3 within the NWs. (h) Raman scattering spectroscopy intensity map highlighting the 
areas where the 954 cm-1 and 940 cm-1 modes increase in intensity.    

 

 The presence of a secondary vibrational mode at 940 cm-1 in the blue coloured 

spectrum of Figure 2 (g) is attributed to the presence of β-NaVO3 with the α-NaVO3 within 

the NWs[17, 19, 21] at specific areas within the network. Raman intensity mapping of the 

940 cm-1 (corresponding to β-NaVO3) and 955 cm-1 (corresponding to α-NaVO3) modes, 

shown in Figure 2 (h), demonstrates that the α-NaVO3 (955 cm-1 vibrational mode) is directly 
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from the larger NWs while the β-NaVO3 (940 cm-1 mode) is specific to the areas between 

these shards where the rods formed - where full crystallization to NWs has not happened.[19, 

21]  

 It is known from investigation of these same NaVO3 phases in large mineral deposits 

in underground vents and caves, that the formation of α-NaVO3 occurs at higher temperatures 

after β-NaVO3 is formed.[21] On the nanoscale, the spectroscopic evidence for the β-NaVO3 

is found where the structures recrystallize out as larger rods or remain as thin film in this 

phase. With sufficient ionic species from the donor contact source, an insufficient thermal 

energy prevents further phase change to needle-like α-NaVO3 NWs. An average diffusion 

constant of D = 3.5 × 10-15 cm2 s-1 was calculated for the species inter-diffusing from planar 

glass to an a-V2O5 thin film directly dip-coated onto the surface at the processing temperature 

of 450 °C. The ionic species inter-diffusion process is rapid and occurs much faster than the 

crystallisation of the a-V2O5 to orthorhombic V2O5. β-NaVO3 occurs prior to the formation of 

orthorhombic V2O5 when glass is contacted (confirmed by Raman scattering), and the 

evolution from β-NaVO3 to α-NaVO3 occurs over a longer (subsequent) annealing time during 

inter-diffusion. The Raman scattering spectra of the pre- and post-annealed donor glass is 

shown in the Supporting Information Figure S5, confirming no evidence of V species 

diffusion to the glass to form a detectable crystalline phase during annealing, nor 

delamination of the material coated onto the substrate. In Supporting Information Figure S6, 

we demonstrate that different sized NWs can be prepared and their formation localised by 

etching into the glass diffusion source, thereby removing intimate contact with the thin films 

substrate. The resulting formation of larger nanostructures is achieved, however, a large-scale 

connected network is not realised which limits the application of the technique suggesting 

that a planar donor surface is required for high concentration NaVO3 NW networks. 
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 To examine the structure and morphology of the NWs formed through the contact 

diffusion mechanism, and how the underlying roughness of the thin film-coated substrate 

discussed earlier affects nucleation and recrystallization, thin films of a-V2O5 were dip-coated 

onto the surface of Si3N4 membranes and annealed at 450 oC for 6 h while contacted to a 

cleaned glass piece. The TEM and AFM image in Figure 3 (a) shows the surface of an 

orthorhombic V2O5-coated Si3N4 surface after annealing without glass contacting. The thin 

film surface is composed of individual V2O5 grains resulting in a smooth and uniform 

coating. TEM and AFM images of the a-V2O5 thin film deposited on Si3N4 prior to annealing 

are shown in Supporting Information Figure S7 with more detailed analysis on these thin 

films available elsewhere.[15b] The TEM image in Figure 3 (b) shows the structures formed 

on the same Si3N4 grid with donor glass in contact with the a-V2O5 during annealing. The 

surface is composed of large quantities of NWs, and other nanostructured materials, such as 

shards and sheets, which we find are typical when recrystallization occurs between smooth 

surfaces, even when the thin oxide film itself is granular.  
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Figure 3. (a) HRTEM and AFM images of annealed solution-processed orthorhombic V2O5 
thin film on Si3N4 membranes. (b) TEM image of the nanostructures formed on a contact 
diffused surface deposited on a Si3N4 TEM grid. (c) HRTEM image of a NW displaying a 
dense interior and (d) crystalline structure. (e) Raman scattering spectra of contact-diffused 
regions indicating vibrational modes for orthorhombic V2O5 on Si and those corresponding to 
β-NaVO3 and V-O-Na materials.  

 

 A singular long NW is shown in the HRTEM image of Figure 3 (c). The interior of 

the NW is darker denoting a denser inner surface while the surrounding material is less dense. 

This type of deposit can be seen in many areas of the low magnification image of Figure 3 

(b). These nanostructures formed on the Si3N4 surface through inter-diffusion are crystalline 
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in nature as evidenced by the TEM images in Figure 3 (d), with well-defined inter-planar 

spacings apparent. Raman scattering spectroscopy was performed on the contact-diffused 

Si3N4 membrane after annealing with the spectra shown in Figure 3 (e) compared to 

orthorhombic V2O5 thin films deposited on Si/Si3N4. In the Si3N4 free-standing window 

regions containing the NW structures, evidence of different vibrational modes is found. 

Raman vibrational modes corresponding to the formation of the β-NaVO3 phase is present in 

the NW regions, however unknown spectra are also present within these regions which match 

that of neither orthorhombic V2O5 nor α-/β-NaVO3. The unknown spectra shown in Figure 3 

(e) is attributed to the formation of a different V-O-Na structure. The effect of the smooth 

Si3N4 surface and the fragility of the TEM grid during glass contacting is attributed to the 

formation of nanostructures not matching that of known NaVO3 materials.  

 
Figure 4. SEM images comparing (a) V2O5 thin film and (b, c) NaVO3 contact diffused NW 
formation on interdigitated Al layers on Si/SiO2 substrates. EDX mapping shows the 
distribution of Si, O, V, Al and Na on the surfaces.  

 

  This process also provides an alternative to NW deposition or casting protocols and 

allows direct NW formation on device-like structures, demonstrated in Figure 4 (a-c). An 

Si/SiO2 substrate with interdigitated Al electrodes was dip-coated with a layer of a-V2O5. 

Annealing was performed on both uncontacted and contacted device structures to 
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recrystallize the film to NWs. In the uncontacted samples the V2O5 thin film uniformly coats 

the Si/SiO2 substrate and Al interdigitated electrodes, while inter-diffusion processes from 

contacted samples allowed the formation NaVO3 NWs across this particular device structure.      

 EDX mapping of all V, Si, Al, Na and O elements confirms uniform coating of the 

orthorhombic V2O5 thin film when uncontacted. Detailed EDX mapping and supplementary 

images are included in Supporting Information Figures S8 – S11. EDX analysis confirms that 

Na was not found in the uncontacted samples, and the elemental distributions are consistent 

with conformal coating of the device structure and substrate. The EDX map for the NaVO3 

NWs grown form the V2O5 films on the Al electrodes shows a high concentration of both V 

and Na localised to the NWs, above the Si and Al-containing device substrate. This confirms 

that the diffusion of Na species into the a-V2O5 film occurs throughout the film, and 

recrystallization into NWs accommodates most of the V, O and Na mass as NWs. The 

underlying surface has significantly reduced V species because of its localised incorporation 

into the NW structures with the formation of NWs and other structures facilitated under the 

right conditions.  

 

3. Conclusions 

 In summary, we have developed a new technique for the formation of oxide NWs on 

surface and directly on device structures using a contact diffusion deposition technique. Low 

temperature induced inter-diffusion between a mechanically contacted donor glass containing 

Na species, and a solution processed a-V2O5 thin film was shown to facilitate the formation 

of NaVO3 NWs and nanostructures on a variety of surfaces, from smooth Si/SiO2 to rougher 

granular FTO morphologies and interdigitated metal electrodes. It was shown that Na 

diffuses from the contacted donor glass to the a-V2O5 thin film where the amorphous grains 
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act as “seeds” for NW growth, negating the need for a separate nanoparticle seed deposition 

step.   

 The contact diffusion mechanism between the a-V2O5 thin film and a borosilicate 

donor glass demonstrates the capability of solid-state inter-diffusion processes for forming 

NW networked morphologies of NaVO3 transparent materials across various surfaces, 

negating the requirement for extra casting protocols and techniques post-NW production. 

This technique can potentially be expanded to directly form single crystal NWs and NW 

networks of complex oxide phases from a range of oxide thin films contacted with donor 

substrate with alternative ionic species that can be driven by thermal inter-diffusion. In future 

studies it will be applied for the possible next-generation formation of cation-intercalated 

metal oxides for use in thin film batteries, smart window electrochromics, networked NWs 

for memristors and many other applications that require high surface area NW networks of 

metal oxides, with NW structure and morphology dictated by the crystal habit of the oxide 

phase.     

 

4. Experimental 

 For contact diffusion deposition, dip-coated thin films of amorphous V2O5 (a-V2O5) 

were deposited onto 350 nm thick fluorine-doped tin oxide (FTO) coated glass substrates 

with a 1000:10:1 (IPA : Alkoxide : H2O) precursor solution. The initial a-V2O5 thin films 

were dip-coated using a PTL-MM01 desktop dip coater at a constant withdraw rate of 2.5 

mm/s. For thicker a-V2O5 thin films, multiple layers were successively dip-coated after 

allowing sufficient time for the previous layer to dry. Clean borosilicate glass (composition: 

SiO2 72.20%, Na2O 14.30%, CaO 6.40%, MgO 4.30%, Al2O3 1.20%, K2O 1.20%, SO3 

0.30% and Fe2O3 0.03%) was placed on the surface of the fully hydrolysed as-deposited a-
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V2O5 thin film and weighted down to ensure equalised and intimate contact between the glass 

and a-V2O5 thin film. UV-O3 cleaning of the a-V2O5 and glass surfaces using a Novascan 

UV-O3 system was conducted for 1 h prior to contacting to ensure a clean surface.  Annealing 

in air at 300 oC was performed in a conventional oven for 72 h. An enclosed furnace was 

used for annealing at 450 oC. For smaller sample sizes, such as Si3N4 TEM grids, contacting 

was performed by sandwiching between two glass pieces for ensuring uniform pressure 

across the surface. Contact diffusion was also performed on interdigitated Al contacts 

deposited on Si/SiO2 wafers using the same dip-coating and contacting parameters.  

 The thin film surface morphology was examined with SEM performed on an FEI 

Quanta 650 FEG high resolution SEM with operating voltages of 10-20 kV equipped with an 

Oxford Instruments X-MAX 20 large area Si diffused EDX detector. AFM analysis was 

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. Raman 

scattering spectroscopy was collected on a Renishaw InVia Raman spectrometer using a 514 

nm, 30 mW laser source. Spectra were collected and focused onto the samples using a 50× 

objective lens. Mapping of the intensity of Raman vibrational modes was accomplished using 

a computerised movable microscope stage. 

 HRTEM analysis of the contact-diffused NWs was performed using a JEOL 2100 

high resolution TEM operating at 200 kV. Single layers of a-V2O5 thin films were dip-coated 

onto the surface of 15 nm thick Si3N4 membrane windows, and contacted to the glass as the 

ionic species source as described above. Device structures were made using standard 

photolithography and metallization process, to form interdigitated structure of 500 nm wide 

Al lines on Si/SiO2. 

 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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FTO Substrates Before and After a-V2O5 Coatings 
 

 
Figure S1. SEM images of the uncoated FTO substrate and a conformal dip-coated VO thin 
film coating on FTO. The SEM settings (working distance, contrast and accelerating voltage) 
were kept consistent during acquisition of both images. 
 

NW Formation on Single Layer a-V2O5 

 

 
Figure S2. SEM images of NW mesh formed on single a-V2O5 layer formed at 300 oC for 12 
hours showing disparity of NWs in outer and inner areas.   
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 The NWs formed in the transparent region of Figure 1 (b) are spread across the 

surface of the transparent region in different concentrations. The outer areas of the 

transparent region have the highest concentration of NWs while the inner regions have a 

lower concentration. Surface SEM images of the inner and outer regions are shown in Figure 

S2 which shows coverage of the FTO substrates of long NWs with random orientations 

across the surface. 

 
Figure S3. Raman scattering spectra for the NW network formed on a single layer of a-V2O5 
annealed for 72 hrs at 300 oC. NW meshes form in the regions contacted with borosilicate 
glass while orthorhombic V2O5 (vibrations marked with *) forms in the uncontacted regions. 
Spectra for α-NaVO3 TTF formed on the surface of borosilicate glass is included.  
 

  
 The Raman scattering spectra for the V2O5 and transparent regions is shown in 

supporting information Figure S2. The un-contacted a-V2O5 thin film forms the characteristic 

orthorhombic crystal structure expected from V2O5 after annealing.[1] The Raman spectra for 

α-NaVO3 transparent thin film (TTF) formed on the surface of borosilicate glass is included 

in Figure S3. The transparent region shows the formation of the characteristic vibrational 

modes for α-NaVO3. However, the modes are shifted from 918 cm-1 and 955 cm-1 to 925 cm-1 

and 951 cm-1 respectively which are related to size and stress effects on the crystalline α-

NaVO3 phase that forms within the glassy matrix, a common effect for NW systems due to 

phonon confinement and scattering.[2-3]  
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NW Formation on Triple Layer a-V2O5 

 

 
Figure S4. SEM images of interdiffused shards within the transparent region. 
 
 
 
 
Raman Scattering Spectra of Contacted Donor Glass 
 

 
Figure S5. Raman scattering spectra of the donor glass both pre- and post-annealing. 
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Crosshatch Cut Donor Glass Contact Diffusion 
 

 
Figure S6. (a) Schematic detailing the large scale formation of NW networks through inter-
diffusion processes by utilising a crosshatch cut donor glass. (b) SEM image of the resultant 
inter-diffused NW network and (c) zoomed in images showing the morphology of the NWs 
and shards. (d) Raman scattering spectra for two different regions on the surface showing α-
NaVO3 and β-NaVO3 formation.      
 
 

Supporting Information Figure S6 (a) illustrates a technique for the formation of 

larger nanostructures through contact inter-diffusion by utilising a scribed crosshatch pattern 

on the donor glass prior to contacting and annealing. The SEM images in the Supporting 

Information Figure S6 (b, c) show the surface morphology of the NW network formed using 

the crosshatched donor glass after heating at 450 oC. The Raman scattering spectra for two 

different regions of the NW network is shown in the Supporting Information Figure S6 (d) 

where the vibrational spectra for both α-NaVO3 and β-NaVO3 are present. The cross-hatched 

contact diffusion source glass spread the pressure exerted on the V2O5 thin film equally 

compared to a conformal source glass. By crosshatching the donor glass, the formation of 



   

26 
 

larger nanostructures is achieved, however, a large-scale connected network is not achieved 

which limits the application of the technique suggesting that a planar donor surface is 

required for high concentration NaVO3 NW networks.  

 
 
 
 
 
 
a-V2O5 Deposition on Si3N4 TEM Grids 

 

 
Figure S7. TEM and AFM images of a-V2O5 deposited on Si3N4 TEM grid prior to 
annealing.  
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EDX Mapping interdigitated Al on Si/SiO2 with V2O5/NaVO3 Deposits 
 

 
Figure S8. Angled SEM images of interdigitated Al electrodes on Si/SiO2 substrate.  
 

 
Figure S9. EDX mapping of Al electrode contact on top of Si/SiO2 substrate. 
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Figure S10. Full EDX maps of orthorhombic V2O5 thin film on interdigitated Al electrodes 
on Si/SiO2 substrates showing O, V, Al and Si distributions.  
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Figure S11. Full EDX maps of NaVO3 NWs on interdigitated Al electrodes on Si/SiO2 
substrates showing O, Na, V, Al and Si distributions.  
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