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A B S T R A C T   

In this work correlations between thin film crystallinity of plasma ion assisted electron beam evaporated va-
nadium oxide (VOx) and fluctuations of the deposition parameters during the growth process could be observed 
by in situ monitoring deposition conditions and electron microscopy studies. In the presented case, unintentional 
fluctuations in the gas flow at the plasma source caused by inhomogeneous melting of the target material lead to 
an increase in discharge current and therefore a decrease of the oxygen flow in the plasma source, resulting in the 
formation of highly crystalline bands due to a temporary increase in energy flux. The major part of the VOx thin 
film consists of a large number of nanocrystals embedded in an amorphous phase. In-depth structural analysis 
confirms a mixture of V2O5, in different modifications, VO2, as well as the mixed-valence oxides V4O9 and V6O13, 
for nanocrystalline parts and crystalline bands. These differ mainly in the degree of crystallinity being influenced 
by variations in discharge current, and partly in the amount of higher oxidized vanadium oxides. In future, 
precisely controlled variation of plasma source conditions will open up pathways to control and tailor crystal-
linity of electron beam evaporated thin films, allowing for production methods for patterned thin films or layers 
with graduated crystallinity. This may give rise to a new class of coatings of nanohybrids combining amorphous 
VOx with low electrical conductivity and crystalline domains providing a higher electrical conductivity which is 
useful for electrochromic displays, smart windows, and solar cells.   

1. Introduction 

In the light of recent tremendous research interest in the develop-
ment of nanostructured materials, innovative concepts for new materials 
but also new synthesis approaches are needed. Traditional methods for 
industrial production of thin layers such as printing of wet-chemical 
precursors are often limited in terms of precise tailoring of microstruc-
ture and definition of crystallinity at a local scale. 

Plasma assisted processes offer the advantage of allowing for unusual 
reaction pathways in deposition processes such as electron beam evap-
oration, adding new means of structure control by delivering additional 
energy and charge carried during the deposition process. Another 
advantage is that deposition temperatures are in general low, opening 
up the range of substrate materials that may be employed. For instance, 
crystalline thin metal oxide layers can be deposited by plasma ion 
assisted electron beam evaporation (PIAD) at comparable low temper-
atures of around 200◦C onto carbon, glass, or polymeric support 

materials [1]. 
However, plasma processes are still not well understood and links 

between deposition parameters and properties of the as-grown films 
have to be established. One powerful technique to investigate local 
changes in crystallinity and chemical composition is (scanning) trans-
mission electron microscopy ((S)TEM) which allows characterization 
down to the atomic scale. In this work, we will bridge this gap by 
studying the effect of variations in the PIAD conditions during growth on 
the local crystalline structure of vanadium oxides. As a case study, un-
intentional changes in the discharge current are correlated to the asso-
ciated changes in the crystallinity, crystal structure, and chemical 
composition within the as-deposited film. 

Vanadium oxides show rich redox chemistry due to their variable 
oxidation state which opens up a wide range of applications. Vanadium 
can adopt various oxidation states, ranging from +I to +V, giving rise to 
a large number of various vanadium oxides such as V2O, VO, V2O3, VO2, 
V2O5, and related intergrown structures with mixed valencies, for 
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example, V6O13 and V4O9 [2]. Mostly, they are composed of vanadium 
oxide octahedra which share edges, corners, or even faces [2]. Since 
they possess either layered or open structures, vanadium oxides are also 
interesting as cathode materials in ion battery applications [2–4] but 
also for photocatalytic applications [5,6]. Vanadium pentoxide (V2O5) 
on the other hand, also is a main candidate material for electrochromic 
windows. Low-cost production of durable uniform coatings of V2O5 
without pinholes or gaps becomes more significant with the 
ever-growing demand for such energy-saving green technologies [7]. 

Because of their general similarity, different structure types of 
nanocrystalline vanadium oxides are often very difficult to distinguish 
by X-ray or electron diffraction techniques due to the dominance of very 
similar d-values. Absolute quantification of oxygen from energy- 
dispersive X-ray (EDX) spectroscopy is challenging. One approach, 
however, is the application of experimental k-factors which can be ob-
tained from a standard material with well-known V-to-O composition. 
The Cliff-Lorimer equation [8] (Eq. (1)) for binary compounds 

Ca

Cb
= ka,b

Ia

Ib
(1)  

sets the weight percent Ca and Cb of the respective elements A and B into 
relation to the spectral intensities Ia and Ib by using the factor ka,b. The k- 
factor is a sensitivity factor and not a constant, varying with the EDX 
system, the used acceleration voltage, and also effects like fluorescence, 
absorption, and the atomic number Z of the element(s) [9]. Measure-
ment on a standard material with known composition, i.e. Ca:Cb ratio, 
allows calculating the sensitivity factor for the specific material and 
settings. This factor can then be used to quantify samples of the same 
elements but with unknown composition. However, EDX is not giving 
information about the oxidation state of the elements. 

Electron energy loss spectroscopy (EELS) performed in STEM can be 
used to determine the oxidation state of vanadium by analysing differ-
ences in the energy loss near edge structure (ELNES) in the O K and V 
L2,3 element-specific edges. From this fingerprint analysis, conclusions 
on the structure type of vanadium oxide and its oxidation state can be 
drawn, without the need of quantifying the element-specific edges [10, 
11]. 

In this work, we use a PIAD process for growing vanadium oxide thin 
films on silicon substrates. The flux of oxygen is monitored continuously 
during the deposition, as well as the discharge current, deposition rate, 
and film thickness. In combination with electron microscopic tech-
niques, insights into the correlation between unintentional changes of 
deposition parameters and quality of the thin film are gained. A strong 
impact on crystallinity, and also partly onto crystal structure and 
chemical composition of the deposited films is observed. The obtained 
knowledge can be used in the future for tailoring thin film growth by 
adjusting the plasma parameters accordingly. 

2. Materials and methods 

2.1. Deposition of vanadium oxide thin films 

VOx thin layer samples with a nominal thickness of 500 nm were 
prepared by PIAD in a Marquis M900 coating chamber with a schematic 
sketch presented in Fig. 1. The chamber contained an approximate 
volume of 1 m3 and is equipped with an end Hall ion source [12] with a 
hollow cathode used as an electron source. A vanadium metal target was 
evaporated by means of an electron beam gun (EBG) located next to the 
ion source. The EBG was equipped with a separate oxygen source 
allowing for direct control of the oxygen flux by the evaporation 
parameter. 

The ion source was operated at an argon flow fixed at 10 SCCM plus a 
variable flow of oxygen, defined by the discharge voltage (Vd) and 
discharge current (Id) of the plasma source, in addition an oxygen flow of 
30 SCCM is provided directly to the EBG. For the presented sample a 

discharge voltage of 100 V and discharge current of 6 A were used, 
meaning an oxygen flow of 32.5 SCCM in the plasma source. 

The substrate holder was positioned at the top of the chamber and 
rotated at a constant speed of 30 rotations/minute during deposition to 
ensure uniform coating. Single-crystalline silicon (Si) wafers with a 
[100] crystal orientation, without removal of the native oxide, were 
used as substrates, exhibiting a geometric size of 2.5 cm x 2.5 cm and a 
thickness of 500 μm (MicroChemicals GmbH). 

The sample discussed in this work was deposited at a substrate 
temperature of 150◦C and a deposition rate of 0.2 nm/s. The nominal 
thickness of the film was 500 nm, controlled by a quartz crystal mi-
crobalance. During the deposition, the gas flow of the plasma source, the 
discharge current, film thickness, and deposition rate were automati-
cally recorded. 

2.2. Characterization 

The global crystal structure of the thin film was firstly characterized 
by grazing incidence X-ray diffraction (GIXRD). The measurements were 
performed using a Bruker D8 Advance XRD with a copper X-ray source 
(Cu Kα, 40 kV, 40 mA) in grazing incidence configuration and a LYN-
XEYE XE-T detector. The samples were measured at an incidence angle ω 
of 0.5◦ over a range of 2θ between 10◦ and 100◦, at a step width of 0.02◦

and with data collected at 5 s/step. 
Sample preparation for (S)TEM was carried out by focused ion beam 

(FIB), following the conventional lift-out technique [13] but using 
modified settings which have already been successfully applied in the 
preparation of cross-sectional samples from various thin films [14–16]. 
First, a protective platinum coating was deposited on top of the film 
assisted by an electron beam operated at 5 kV and 2.7 nA, followed by a 
second layer where a gallium beam is used to deposit platinum at 30 kV 
and 48 pA. Second, the surrounding material was removed by means of a 
gallium beam at 30 kV and a current of 6.5 nA. Third, the lamella was 
lifted out, using a Kleindiek micromanipulator, and transferred to a 
copper support grid. Finally, the lamella was thinned to electron trans-
parency by varying the energy and beam current of the gallium beam 
ions from 30 kV to 16 kV and 0.7 nA down to 50 pA, while lowering the 
incident angle of the gallium beam to the lamella respectively. 

(S)TEM investigations were performed on two ThermoScientific 
Titan Themis 300 (S)TEM instruments, both operated at an acceleration 
voltage of 300 kV. One (S)TEM instrument was equipped with a CS probe 

Fig. 1. Schematic drawing of the Marquis M900 coating chamber with end Hall 
ion source. 
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corrector and a Gatan Quantum ERS energy filter, while the other (S) 
TEM was in possession of a CS image corrector. At both machines, a 
Bruker Super X-EDX detector was attached. Calibration for electron 
diffraction patterns was carried out by determining the camera constant 
via measurements and analysis of electron diffraction data of the Si 
substrate. The data of the film was then evaluated and compared to 
literature data [17]. Dual EELS was conducted at a dispersion of 0.1 eV 
and a spectral resolution of 1 eV. STEM images were acquired using the 
attached high angle annular dark field (HAADF) detector and collection 
angles of 78 to 200 mrad. 

Quantitative EDX analysis was performed with the help of the Bruker 
Esprit 1.9.4 software. Measurements on a V2O5 standard material, which 
was checked on phase purity by XRD before, were performed to obtain 
an experimental kV,O-factor. The kV,O-factor was calculated using the 
following equation [8]: 

kV,O =
CV

CO

IO

IV
=

2
5

IO

IV
(2) 

The kV,O-factor is 0.44 ± 0.04 and was used to quantify the EDX 
results. The obtained weight percent ratios were converted into atomic 
percent ratios and then compared to the theoretical V-to-O ratios of the 
different vanadium oxides, ranging from 0.40 for V2O5, over 0.44 
(V4O9), and 0.46 (V6O13), 0.50 (VO2), to 0.67 for V2O3. This way, 
changes in the chemical composition at different locations are analyzed. 

3. Results and discussion 

During normal operation of the PIAD process, several operating pa-
rameters are automatically tracked for quality and process monitoring. 
Among the data collected, the user has access to the applied voltage Vd, 
discharge current Id, gas flow on the plasma source, deposition rate, and 
film thickness over time. For a given deposition, the user chooses Vd and 
Id values, with the gas flow on the source being automatically defined by 
the system depending on the value of Id. During the deposition process, 
in the eventuality of a change in measured Id, the system reacts auto-
matically and adjusts the gas flow in accordance until the user-defined 
value for Id is achieved again. The deposition rate, also user-defined, 
is measured by the quartz crystal based on initial calibrations. The 
rate is then used to calculate the thickness of the film over time. 

In general, highly homogenous vanadium oxide thin films with 
uniform thickness and crystallinity can be grown by the PIAD process 
[18]. A constant deposition rate leads to a steadily increasing film 
thickness. Also, the other tracked process parameters, especially the gas 
flow of the plasma source and discharge current, need to be constant to 
achieve homogenous films and this was found to be achievable 
throughout multiple depositions [18]. 

The present study is dedicated to a deposition (performed at 150◦C 
and Vd of 100 V), where uncontrolled fluctuations of the tracked pa-
rameters were observed (Fig. 2). Soon after the start of the deposition, 

Fig. 2. Comparison between the tracked deposition parameters and a BF TEM image of the VOx film on Si for the complete deposition process. The deposition time is 
adjusted according to the complete film thickness, i.e. from Si substrate to protective Pt coating. 
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one can see the heavy fluctuations of both Id and gas flow. With a closer 
look, it is evident that a sudden increase in Id causes the system to react 
and reduce the gas flow on the plasma source accordingly. The abrupt 
change in the operating parameters has an impact on the overall pres-
sure inside the chamber and therefore the density of species available for 
plasma operation and oxidation of the evaporated vanadium metal, as 
well as an impact in the measured deposition rate. Specifically, an 

increase in Id, as observable until ≈12 min deposition time, leads to 
higher energy fluxes and therefore more ions hitting the substrate per 
time interval. Accordingly, changes in the microstructure are expected 
and analyzed in depth in the present work. 

The film appears amorphous from GIXRD measurements and only 
the strong (111) reflection of the Si substrate can be clearly observed 
(pattern shown in Fig. 3 (a)). The presence of weak reflections around 

Fig. 3. (a) Grazing incidence XRD diffractogram of a VOx film on Si, 
deposited by PIAD at 150◦C substrate temperature and 100 V. The 
strong peak at ≈29◦ originates from the Si substrate. (b) Cross- 
sectional BF TEM image of the VOx film on Si and (c) electron 
diffraction pattern taken over the whole film. (d) – (g) HR TEM images 
of the different areas of the film, (d) main layer consisting of nano-
crystals surrounded by an amorphous matrix (see FFT as inset), (e) 
highly crystalline band 1, (f) band 2, and (g) the mainly amorphous, 
brighter appearing top layer band 3(e).   
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20◦ and 45◦ should be mentioned, however, the noisy pattern did not 
allow for exact phase analysis. Therefore, TEM investigations were 
needed to analyze the crystallinity and phase of the as-deposited film in 
more detail. 

TEM measurements on the FIB prepared lamella show a VOx film 
with a smooth surface (Figs. 2 and 3) and an overall homogenous 
thickness of 479±5 nm, in close agreement with the targeted film 
thickness of 500 nm. The deviation in thickness is likely due to errors 
during the calibration of the microbalance and, as visible in Fig. 2, 
fluctuations in the deposition rates. In the bright field (BF) TEM 
micrograph (Fig. 3 (b)), showing the complete VOx film on the silicon 
substrate and the FIB Pt deposition on top, some further contrast vari-
ations can be observed within the film. Their appearance correlates with 
the fluctuations in the deposition parameters, as shown in Fig. 2. 

From the TEM investigations, it can be concluded that the main part 
of the VOx film consists of nanocrystals surrounded by an amorphous 
phase, in the following referred to as nanocrystalline part (Fig. 3 (b), 
(d)). However, in addition, there are highly crystalline bands visible 
which appear with a darker signal in the BF TEM images and one band 
with lower brightness. The first contrast variation is appearing close to 
the Si substrate and consists of one larger band, composed of two smaller 
crystalline bands (hereafter referred to as band 1), with a total thickness 
of 24±1 nm. These two smaller bands are caused by two distinct sets of 
fluctuations in the deposition parameters during the first five minutes of 
deposition, as can be observed from Fig. 2. The brighter appearing re-
gion between the Si substrate and the start of the first crystalline band 
stems from the native, amorphous substrate oxide, SiO2, which was not 
removed before the deposition of VOx. The second crystalline band is 
present after 104±1 nm of the VOx film and has a thickness of 22±2 nm 
(referred to as band 2). Bands 1 and 2 consist of large crystallites with 
lengths ranging from 13 up to 66 nm. On top of the film, close to the 
protective Pt layer, a band with a brighter appearing signal can be 
observed in the BF TEM images. This band has a thickness of 39±2 nm 
and is located at an overall film thickness of 424 ± 2 nm and will be 
referred to as band 3 in the following. A similar contrast variation at the 
surface of the film was observed for VOx films deposited with the same 
deposition parameters (150◦C, 100 V) but where no fluctuations 
occurred [18]. As this layer is mainly amorphous, as also described in 
the following, it is ascribed to remaining reactants in the chamber 
shortly after shutting off the process, which are still depositing on top of 
the film. 

The reason why peaks originating from the crystalline bands do not 
appear clearly in the GIXRD pattern (Fig. 3 (a)) is because grazing 
incidence geometry was used. While penetrating the sample the primary 
X-ray beam is already scattered and reaches the crystalline bands 1 and 2 
with a lower intensity and gets further weakened when being diffracted 
and leaving the sample. Additionally, the overall contribution of highly 
crystalline parts in the presented films is low (thin bands) and the size of 
the nanocrystals embedded in the mainly amorphous matrix is small. 
Nanocrystals lead to broad peaks and diffuse, noisy reflections are 
visible between 20◦ and 35◦, which are overlapped by the intense, broad 
signal related to the amorphous phase of the thin film. No clear 
assignment to any phase was possible from these diffuse and noisy 
reflections. 

Electron diffraction patterns taken with a selected area aperture 
(resulting in an illuminated circular area with a diameter of ≈440 nm) 
contain contributions from the whole VOx film. Mainly diffraction rings 
and a few individual reflections were observed on a large amorphous 
background (Fig. 3 (c)). This confirms an amorphous phase as the main 
phase but also the presence of polycrystalline parts besides. As 
mentioned, the d-values of the different possible VOx phases are very 
similar and an unambiguous assignment to one single phase cannot be 
established. Furthermore, some d-values are very close to each other, 
and instead of a sharp reflection rather broad ones occur. Still, some of 
the values can only be explained by one or two vanadium oxide phases. 
These values are highlighted bold in Table 1 and will be discussed in the 

following. 
In Table 1 the measured d-values of multiple diffraction patterns are 

summarized and accordingly compared to various possible VOx phases 
[17, 19–22]. d-values larger than > 5 Å are not detected as they are, due 
to the chosen camera length, either hidden in the central spot related to 
overexposure by the primary beam and/or by the beam stopper. Some of 
the measured d-values can only be explained by one or two phases, these 
are highlighted bold in Table 1. Comparison reveals that these values 
mainly stem from either V4O9 or V6O13 which are both mixed-valence 
oxides. As the fit of both V2O5 modifications is also good it is likely 
that one (or both) of them are present, especially as the deposition is 
taking place in a highly oxidizing atmosphere. The presence of V6O13 is 
especially likely as this phase was confirmed by XRD analysis on similar 
VOx films (i.e. prepared by the PIAD method but at slightly different 
temperatures or voltages) that are composed of V2O5 and V6O13 [18]. 
That VO2 also partly shows a match to the measured d-values can have 
two reasons: as vanadium in VO2 has a lower oxidation state of +IV than 
in V2O5 (+V), either the oxidation of the vanadium metal was not 
complete during the deposition, e.g. due to the reduction of the gas flow; 
or the V2O5 film got reduced during the TEM investigation due to 
interaction with the electron beam [23]. The electron beam reduction of 
V2O5 was observed to happen from V2O5 over V4O9 and V6O13 down to 
VO2 until VO [23,24] and could therefore also explain the presence of 
the mixed-valence oxides. However, the sole presence of the 
mixed-valence oxides by electron beam reduction is not likely. Another 
possibility for an underestimation of the V2O5 amount could be the loss 
of oxygen during the electron beam bombardment. 

To further analyze the phase of the different crystalline areas of the 
film nanobeam diffraction was performed. However, the VOx layer was 
fast and strongly damaged by the focused electron beam, which pos-
sesses high energy and a possible reduction of the material could not be 
excluded. Instead, HR TEM images were analyzed and only those were 
considered where no obvious damage occurred. As for the nanobeam 
diffraction, damage occurred after extensive measurements at very high 
magnifications, but this could be followed easily. Images with damage 
have not been used for phase identification. 

Fig. 3 (d)-(g) show high resolution (HR) TEM images of the different 
areas of the film. The largest observable lattice distances in the crys-
talline band 1 are around 5.8 Å, which fit well to α-V2O5 as well as 
V6O13, while the largest lattice distance measured from band 2 with 4.4 
Å is smaller and corresponds well to α-V2O5 or VO2 [19, 21, 22]. 
However, most of the vanadium oxides also show large lattice distances, 
for example, 5.0 Å or 4.5 Å in γ-V2O5 and V4O9 [20,25]. The similarity of 
the d-values of the phases makes the assignment of certain phases to the 
measured values complicate, as also measurement errors have to be 
considered. An HR TEM image of the VOx main layer between band 2 
and 3 is given in Fig. 4 (c). The inset is a fast Fourier transform (FFT) of 
the whole image, indicating small crystallites embedded in an amor-
phous matrix. One of these crystallites is marked exemplarily. 

Table 1 
Summary of d-values extracted from the different diffraction patterns and their 
comparison to literature values. All values are given in Ångstrom [Å]. Values 
which can only be explained by one phase are highlighted bold. Smaller d-values 
are not listed as they cannot be used to distinguish the phases.  

electron diffraction 
whole layer 

α-V2O5  

[19] 
γ-V2O5  

[20] 
V4O9 

[21, 25] 
V6O13  

[21] 
VO2  

[22] 

4,87 - 5,02 5,04 4,98 - 
4,69 - - - 4,68 4,70 
4,54 - 4,48 4,54 - - 
4,04 4,09 - 4,04 - - 
3,46 - - - 3,51 - 
3,41 3,41 3,37 3,39 - 3,39 
3,34 - - 3,33 3,32 - 
3,12 - 3,17 3,09 - - 
2,98 - - 2,99 2,96 -  
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Measurements on some of these small particles indicate small d-values of 
around 1.9 to 1.8 Å, which unfortunately are lattice distances found 
similarly in all vanadium oxides discussed here. Finally, an image of the 
brighter appearing band 3 (Fig. 3 (g)) shows a mainly amorphous layer 
with a very low amount of nanocrystals. Due to the low amount of 
nanocrystals a detailed analysis of those was not possible. 

High angle annular dark field (HAADF) STEM imaging and EDX 
measurements were performed to further determine which oxides are 
formed during the fluctuations of the process parameters. From the 
HAADF image in Fig. 4 (a) it can be observed that the contrast of the 
respective bands is reversed compared to the BF TEM images; band 1 
and 2 now show a bright contrast while band 3 shows a darker contrast. 
In HAADF imaging a higher intensity, i.e. higher brightness usually 
means a higher average atomic number Z (as the intensity is nearly 
proportional to Z2). However, in the presented case the higher bright-
ness in the HAADF STEM image is most likely strongly affected by the 
remaining diffraction contrast caused by the higher (bands 1 and 2) or 
respectively lower (band 3) crystallinity of the bands compared to the 
remaining film. Thus, the image contrast is not directly related to the 
composition alone. 

From the EDX map across the whole film (Fig. 4 (b) signal overlay 
and (c) single elemental mappings) changes in vanadium content in the 
bands are not visible. An increasing oxygen signal, though, can be 
observed for band 1 but close to the silicon substrate. This higher 
amount of oxygen could either be an indication for a vanadium oxide 
with vanadium in a higher oxidation state (i.e. lower V-to-O ratio) but 
can also be caused by the amorphous surface oxide, SiO2, of the sub-
strate. Both vanadium and oxygen signal seem to decrease in the region 
of band 3; however, this is most likely related to the amorphous nature 
and accordingly lower atomic packing of the band. 

The quantified V-to-O ratios from the different areas of the sample 
were analyzed with the help of an experimental k-factor. As mentioned 
before, the received mass ratios were converted to atomic ones. The 
possible phases V2O5, V4O9, V6O13, VO2, or V2O3 have nominal V-to-O 
ratios of 0.40, 0.44, 0.46, 0.50, 0.67, respectively, which are similar. 
However, as electron diffraction and HR TEM indicate mixed phases, 
these values can still give indications if the targeted area contains more 
or less oxidized phases. The EDX quantification itself is affected by an 
overlap of the oxygen Kα with the vanadium Lα line at around 0.5 keV. 
Still, a comparison of the different regions of the film can be done by 
calculating the V-to-O ratios using the oxygen Kα and the vanadium Lα 
lines as the systematic error is the same for the different oxides. Also, it 
has to be mentioned that a loss of oxygen during the illumination with 

the electron beam can occur as well. 
The obtained V-to-O ratio for the nanocrystalline main layer was 

0.52 ± 0.02. This value is very close to the V-to-O ratio of VO2 of 0.50 
and gives a strong hint that the main phase of the film is VO2. Mea-
surements on band 2 resulted in a slightly higher value of 0.57 ± 0.02, 
which can be also attributed to the presence of VO2. In contrast, the 
region of band 1 shows a strongly decreased overall V-to-O ratio of 0.35 
± 0.04, with the measured ratios increasing from the Si substrate to-
wards the top. Close to the substrate the V-to-O ratio of band 1 is 0.28, 
increasing towards the top of the film from 0.33, 0.36, 0.39, and 0.42 at 
the end of band 1. It is likely that the amorphous SiOx between substrate 
and film partly causes this higher oxygen content. Farther away from the 
interface the averaged V-to-O ratio becomes 0.39 ± 0.02, corresponding 
to V2O5. Band 3, finally, is giving a V-to-O value of 0.32 ± 0.10. As the 
standard deviation is high, it could be a V2O5 amorphous phase. 

However, it has to be mentioned that the observed changes can also 
be influenced by varying thickness and/or crystallinity within the film, 
influencing the measurement. For example, channeling conditions can 
affect quantification. Additionally, an influence of the overlap of O K 
with V L has to be considered. Furthermore, as mentioned before, a 
possible influence by reduction of the V2O5 in the electron beam cannot 
be excluded. 

Although vanadium oxides showing similar d-values, especially in 
the lower d-values (not listed in Table 1 for this reason), which makes 
diffraction analysis difficult, a clearer picture can be achieved with 
quantitative EDX analysis (described above). As most vanadium oxides 
can be nicely differentiated in EELS by their electron energy loss near 
edge structure (ELNES), associated with each element-specific edge and 
its oxidation state [10, 11, 26], this method was chosen to gain addi-
tional insight into the nature of the VOx thin film and the influence of the 
deposition parameters and especially to unravel the oxidation state of 
vanadium in the film. 

Fig. 5 (a) shows the EEL spectra, obtained on the different areas of 
the film, within an energy loss region from 510 to 550 eV. The spectra 
are aligned according to their first maximum in the O K edge [27]. The 
main features of the ELNES in this area are the V L3,2 white lines with an 
onset around 515 eV. Fine spectral features cannot be observed. The 
white lines are followed by the O K edge with an onset at around 530 eV. 
However, contrary to spectra published in literature we cannot observe a 
clear splitting of the O K edge at around 532 eV which would be ex-
pected for α-V2O5 and most of the other oxides with oxidation state >
+IV [10,11]. However, in the spectra of band 1 a shoulder within the O 
K edge can be seen (Fig. 5, marked by arrow) and such asymmetry of the 
O K edge can also be observed for the spectra of band 2 and the main 
film, but not as pronounced. The presence of this shoulder hints on the 
presence of either α-V2O5, V4O9, V6O13, or VO2, as for the lower oxidized 
oxides no splitting or shoulder can be observed [10, 11, 23]. However, 
the presence of only a shoulder instead of a full splitting of peaks of the O 
K edge was also predicted by theoretical calculations for γ-V2O5 [26]. 
This phase is different from the α-modification only in the octahedral 
ordering [26]. This difference in the octahedral arrangement/coordi-
nation is reflected in the O K fine structure by a loss of the O K split 
between eg and t2g by losing the long-range order [11,26]. As the growth 
of a γ-V2O5 phase has been observed before for ion beam sputter 
deposited thin films [27] we conclude that γ-V2O5 could be grown also 
in the presented case [28]. Although γ-V2O5 is a metastable phase which 
transforms into the α modification at temperatures around 340◦C [28], it 
can grow as our deposition process takes place at only 150◦C substrate 
temperature and no additional annealing step was performed. Of course, 
a missing shoulder and/or the loss of splitting in the O K edge can also be 
due to a too low spectral resolution of the EELS measurements or an 
overlap of different phases. When comparing the obtained O K spectra to 
published ones, it would also be possible that the present VOx phase is 
VO with vanadium in oxidation state +II [11]. Nevertheless, as the 
deposition of the vanadium oxide films was taking place in a generally 
highly oxidizing environment we do not assume that such less oxidized 

Fig. 4. (a) HAADF STEM image, (b) EDX signal overlay of Si, V, and O signals 
and (c) single elemental EDX mappings of Pt, Si, V, and O signals, respectively, 
of the VOx film. 
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vanadium should be present in a large quantity, even not in the formed 
bands at the lower oxygen flow in the plasma source. Furthermore, no 
hints of a VO phase could be found with electron diffraction, HR TEM, 
and quantitative EDX. 

Interestingly, there are no big differences in the fine structure of the 
O K EELS spectra between crystalline bands 1 and 2 and the remaining 
film, which gives a hint that the octahedral coordination in the nano-
crystalline areas of the VOx film is already established and comparable 
to the one in the crystalline bands and therefore represented in the 
ELNES structure. For the bright band 3, a shift of the V L3,2 edge of ≈1.5 
eV towards lower energies can be observed. This shift – in respect to the 
O K edge onset – is an indication for an overall lower vanadium oxida-
tion state as observed by Gallasch et al. [27]. Furthermore, also the in-
tensity ratio between L3 and L2 line is changing for band 3 with L3 
becoming more intense, while L2 is more intense for the bands 1 and 2. A 
decreasing L3 intensity also is related to a decrease in the vanadium 
oxidation state [23,26]. Concluding, a lower vanadium oxidation state 
could be present in band 3. The fact that the intensity ratio of L3 and L2 is 
nearly equal for the main nanocrystalline layer can give a hint that in the 
main layer also some lesser oxidized vanadium oxides are present, for 
example, V6O13, V4O9 (both mixed-valence oxide with V in oxidation 
states +IV and +V) or VO2. This fits the XRD pattern of similar grown 
films where no abrupt parameter change was observed and can also be 
supported by the electron diffraction data and FFT analysis. 

In the HAADF images, bands 1 and 2 appear bright and closer 
investigation even reveals a layered appearance within, composed of 
bright and darker stripes (compare Fig. 4 (a) and Fig. 5 (b) bottom). 
EELS measurements were conducted on the different layers of band 2 
and the spectra are shown in Fig. 5 (b). The blue curve (labeled bright 
bottom) marks the onset of band 2, followed by a slightly less intense 
layer (red curve, labeled dark between), and finally a very bright 
appearing layer (black curve, labeled bright top) at the end of band 2. The 
three spectra all show a very similar shape and only a very slight shift of 
the V L3 line of 0.2 eV towards lower energies from the bottom (Fig. 5 
(b), black curve) to the top of the band (Fig. 5 (b), orange curve). This 
indicates a decreasing oxidation state of vanadium within band 2, i.e. an 
increase of lesser oxidized vanadium oxide compounds. Combined with 
the results from quantitative EDX measurements, this can indicate the 
transition from V2O5 in the lower part of the film to VO2 as the main 
phase in the rest of the film. 

Although especially the EELS measurements have been conducted on 
areas not visibly damaged already, a possible influence of the electron 
beam reduction during the EELS experiments cannot be excluded and 
the possible intermediates V6O13 and V4O9 in this reduction process 
have to be included [23,24]. Especially the damage generated during 
high-resolution TEM and electron diffraction is visible in bright field 
images after the measurements (not shown). However, for EELS and also 
EDX measurements there is no strong damage visible afterward. 

According to the quantified EDX results the as-deposited film consists 
of a main phase of VO2 nanocrystals, embedded within an amorphous 
matrix, with additional crystalline bands. Band 1 mainly consists of 
V2O5 while band 2 consists of VO2. This is supported by HR TEM. EELS 
measurements show a pronounced shoulder in the O K edge for band 1, 
confirming the presence of V2O5. The weakening of this shoulder, as well 
as a similar intensity in the vanadium L3 and L2 white lines, indicate the 
presence of a less oxidized vanadium oxide for band 2 and the main 
layer. According to EDX, this phase is VO2, which is supported by HR 
TEM. Band 2 is also the transition area between the V2O5 and VO2 phase 
(Fig. 5). Band 3 reveals contradictory EDX and EELS results. While EDX 
shows a V2O5 phase, EELS reveals a chemical shift and L3/L2 intensity 
ratio which relates to a lower oxidation state than the rest of the film. 
This can be caused by FIB preparation. The deposition of the protective 
Pt layer can induce changes in composition and crystal structure of the 
surface region of the VOx film, for example by reduction of the material, 
similar to the effect under the electron beam [23,24]. Thus, band 3 most 
likely consists of VO2. Taking into account the results from electron 
diffraction and HR TEM, also the mixed-valence oxides V4O9 and/or 
V6O13 can be present throughout the whole film alongside the main 
phases V2O5 and VO2. 

A comparison to the tracked deposition parameters reveals a corre-
lation between deposition parameters and the observed crystalline 
bands. An overview is shown in Fig. 2. The crystalline bands 1 and 2 are 
related to an increase in the discharge current Id of the ion source and a 
respective decrease of the gas flow of the plasma source while a reverse 
fluctuation of these parameters can be seen for the (in BF TEM) brighter 
appearing contrast on top of the film (band 3). An increase of Id can lead 
to a higher energy flux within the chamber, i.e. more ions hitting the 
surface at the same time, resulting also in an increase of the deposition 
rate, as can also be observed in Fig. 2. In the presented case, this leads to 
a denser and more crystalline packing of the ions and thus to the 

Fig. 5. (a) EEL spectra taken at different locations of the VOx thin film. Each spectrum has been extracted from a mapped area and the spectra have been aligned 
according to the first maximum of the O K edge[27]. (b) EEL spectra taken at different locations within band 2. 
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crystalline bands 1 and 2. However, bands 1 and 2 differ in their va-
nadium oxide phase. Band 1, the closest one to the substrate, mainly 
consists of V2O5. Band 2, on the other hand, mainly consists of VO2. This 
may be caused by a possibly higher temperature closer to the substrate, 
facilitating the growth of the most stable vanadium oxide, V2O5. Farther 
away from the substrate at a presumably lower temperature, the overall 
energy seems to be not enough to grow V2O5 but sufficent for VO2 
instead. The higher energy flux caused by the increase of Id only leads to 
an increased crystallinity, while the decreased oxygen flow can lead to 
lesser oxidized vanadium oxide phases. For band 3, on the other hand, 
the lower discharge current led to a lower energy flux and therefore a 
decreased crystallinity and an amorphous band. Consequently, the 
phase of this band could also be a lower oxidized vanadium oxide as 
indicated by EELS. However, an exact assignment is complicated due to 
possible sample preparation damage to the upper areas of the film. 
Furthermore, at the beginning of the deposition, the tracked film 
thickness gives an uneven increase, at one point even an abrupt step, 
which also hints at varying growth rates. This step in nominal/measured 
film thickness can also explain the deviation of the tracked film thick-
ness in comparison to the achieved thickness as measured by TEM, i.e. 
due to the step the tracked film thickness is always a little higher than 
the real deposited one. It further explains why bands 2 and 3 seem to 
appear at higher thicknesses (tracked film thickness vs. variations in the 
parameters) than observed in the sample itself. 

To summarize, this work gives proof that a rapid change of deposi-
tion conditions, in the present case an unintentional change of the 
discharge current of the plasma source, strongly influences the degree of 
crystallinity of VOx films on silicon substrates. A high crystallinity/large 
grains can be observed with a sudden increase of discharge current 
because of a higher density of ions reaching the film surface at a time. 
The respective decrease in oxygen flow can lead to higher amounts of 
lesser oxidized vanadium oxide species during the deposition. On the 
other hand, a sudden unintentional decrease of Id, which leads to an 
increase in oxygen flow and fewer ions hitting the film surface as 
described above, can lead to amorphous films. In the presented case, the 
variations in discharge current were most likely caused by the inho-
mogeneous melting of the target material. However, the modification of 
the phase does not seem to be strongly influenced and seems to be more 
an effect of overall energy. Close to the substrate and therefore at the 
highest temperature, V2O5 is grown. With increasing film thickness, the 
crystalline phase evolves to VO2, as electron diffraction as well as EELS 
investigations and STEM EDX measurements prove. It has to be 
mentioned that difficulties in the analysis, e.g. remaining diffraction 
contrast in HAADF STEM imaging, an overlap of V and O edges in EDX 
and EELS, the closeness of d-values for diffraction, and, importantly to 
already happening beam damage during the measurements, as V2O5 is 
known to become easily reduced in the electron beam, can influence the 
results. Although no unambiguous assignment can be drawn, it is 
concluded that the as-deposited VOx film is consisting of a band of V2O5, 
in the α- as well as in the slightly distorted γ-modification, followed by a 
main phase of VO2, partly grown in a crystalline band due to a higher 
deposition rate, but mainly as nanocrystals embedded within an amor-
phous matrix. Present alongside, the mixed-valence vanadium oxides 
V4O9 and V6O13, cannot be excluded. The same phase composition was 
also observed for a VOx film, deposited with PIAD at the deposition 
conditions as presented here, but without the here observed fluctuations 
in the deposition conditions [18]. The observed fluctuations in the 
deposition lead to locally enhanced crystal growth by a higher density of 
ions hitting the surface. While in band 1, close to the substrate, also the 
temperature is highest, the available energy was enough to grow a VOx 
film with a higher content of V+5, while for band 2, with a lower tem-
perature, the amount of lesser oxidized phases is higher. However, as 
possible beam damage, i.e. reduction of V2O5 during the (S)TEM mea-
surements, cannot be fully excluded with certainty and additional ex-
periments at lower acceleration voltage will be performed in future to 
prove this. 

4. Conclusion 

The presented work gives insights that on-line monitoring of (plasma 
assisted) deposition parameters is important to link them with proper-
ties and/or characteristics of the deposited material. In this study, un-
intentional changes of the discharge current were identified to be 
responsible for a change in crystallinity and phase composition. Overall, 
the film is composed of a mixture of different vanadium oxides, i.e. VO2, 
V6O13, V4O9, and V2O5. Highly crystalline bands were formed with an 
enhanced discharge current which resulted in a higher density of 
available ions. Close to the substrate, this resulted in V2O5, while further 
away the amount of mixed-valence oxides and VO2 is higher. Decreasing 
the discharge current, on the other hand, led to an amorphous band in 
the deposited film which is most likely also composed of mainly VO2. 
The achieved results indicate that the chosen conditions for this depo-
sition are not suitable to deposit pure V2O5 films with vanadium 
oxidized to the highest and most stable oxidation state and high crys-
tallinity, but rather yield a mixture of (mixed-valence) vanadium oxides. 
Fluctuations in the discharge current and gas flow then resulted in a 
change of the deposition conditions suitable for the growth of high 
crystallinity layers. However, these findings open up future pathways to 
directly influence the growth of thin films by adjusting different depo-
sition parameters in a direct and traceable way. Monitoring and con-
trolling the deposition parameters will in future allow growing 
multilayer films with varying crystalline layers which can be suitable for 
different applications. Influencing the crystalline modification is very 
important for applications such as water splitting, as these can also 
directly determine the activity of the material. 
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