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Demystifying the Semiconductor-to-Metal Transition in
Amorphous Vanadium Pentoxide: The Role of

Substrate/Thin Film Interfaces

A. Carmel Mary Esther, G. Mohan Muralikrishna,* Manohar Chirumamilla,
Manoel da Silva Pinto, Stefan Ostendorp, Martin Peterlechner, Alexander Yu Petrov,
Manfred Eich, Sergiy V. Divinski, Horst Hahn, and Gerhard Wilde

The precise mechanism governing the reversible semiconductor-to-metal
transition (SMT) in V,O;5 remains elusive, yet its investigation is of paramount
importance due to the remarkable potential of V,O; as a versatile “smart”
material in advancing optoelectronics, plasmonics, and photonics. In this
study, distinctive experimental insights into the SMT occurring in amorphous
V,O; through the application of highly sensitive, temperature-dependent, in
situ analyses on a V,O; thin film deposited on soda-lime glass are presented.
The ellipsometry measurements reveal that the complete SMT occurs at
~340 °C. Remarkably, the refractive index and extinction coefficients exhibit
reversible characteristics across visible and near-infrared wavelengths,
underscoring the switch-like behavior inherent to V,0;. The findings obtained
from ellipsometry are substantiated by calorimetry and in situ secondary ion
mass spectrometry analyses. In situ electron microscopy observations unveil
a separation of oxidation states within V,O; at 320 °C, despite the thin film
retaining its amorphous state. The comprehensive experimental
investigations effectively demonstrate that alterations in electronic state can
trigger the SMT in amorphous V,O:;. It is revealed for the first time that the
SMT in V,O; is solely contingent upon electronic state changes, independent
of structural transitions, and importantly, it is a reversible transformation
within the amorphous state itself.

1. Introduction

In 1954, Denton et al. published the first re-
port on the vitrification of vanadium pen-
toxide (V,0;).1"% This early publication in-
directly indicated that the range of linear
thermal expansion of V,Os-based glass is
limited to 250 °C. Further, Aldebert et al.’]
reported differential thermal analysis and
thermogravimetry data of V,0, gel with a
prominent endothermic peak at ~300 °C
and an exothermic peak ~350 °C. Since the
weight loss at 300 °C was very weak, the
authors related the endo- and exo-thermic
peaks to the dissociation of a strongly
bonded minor fraction of H,O. Further, the
report clearly mentioned that the major por-
tion of H,O dissociated at temperatures be-
low 270 °C. Additionally, the observed pro-
cess was reversible and involved a signif-
icant modification of the coordination of
V*#*. Later reports for V,0Os thin films indi-
cated the occurrence of a metal-to-insulator
transition (MIT) at three different tempera-
tures of #127,1* 260,151 and 338 °C.[%]
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Figure 1. Optical constants as a function of temperature in the spectral region of 600-2100 nm: a) refractive index and b) extinction coefficient.

Blum et al.*l proposed a defect-induced reversible MIT for
surfaces of single-crystalline V,Os. It was argued that, since this
was supposedly only a surface phenomenon, it should thus pre-
dominantly occur in ultrathin films. However, the report did
not conclude the conditions responsible for the reversibility.*
Later, Kang et al.l’] suggested the occurrence of a reversible “non-
structural” phase transition. Naturally, this suggestion triggered
controversies!”! as the phenomenon of a phase transition often
implies the occurrence of a structural change. Porwal et al.l%
reported a reversible phase transition of amorphous V,Os at a
transition temperature between ~335 and 340 °C while the tran-
sition temperature was independent of the film thickness over
the range of ~25 to 240 nm.[%! On the other hand, a phase tran-
sition temperature < 90 °C was reported for VO, and also for
other vanadium oxide-based systems in the presence of a sec-
ond metallic phase viz. composite structures!®! with a metal-
lic dispersion,!®1 coated on metal substrates,'!] vanadium ox-
ide/metal multilayers!’] or nanostructures.'**] However, the
transition temperature values reported in the aforementioned
studies are rather scattered and no systematics can be deduced.
For example, a V,05-MoO, composite system shows a transition
temperature of ~45 °Cl% but co-doping by F with Mo and Ti in-
duced a transition temperature of ~#—24 to —26 °C.["*! In con-
clusion, for both metal-doped VO,['*18] and V,0,[°! systems, a
reduction of the MIT down to near room temperature and even
sub-zero Celsius temperatures was reported. V,Os exhibits semi-
conductor behavior and theoretically is expected to attain metallic
behavior above the transition temperature, thus the transition in
V,0; is referred to as Semiconductor-to-Metal Transition (SMT)
in the current study.

The SMT in vanadium oxide still remains unresolved and at
the same time it offers fascinating opportunities for applications
in advanced optoelectronics and photonics.l"! From a wider per-
spective, the studies on the conductivity change in vanadium ox-
ides are often correlated with the variation in structural,!420-22]
magnetic,[2*?4 strain-induced(**?>%°] or defect induced*! effects.
Recently, for the first time, an interfacial reaction-induced SMT
was reported in amorphous vanadium pentoxide deposited on
soda-lime glass.[?]

V,0; is the basic building block for many functional
applications!?*-3! therefore, in-depth analyses to trace the origin
of the SMT as a function of temperature are essential. However,
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the existing literature reports the occurrence of SMT at differ-
ent temperatures. Despite the diversity in thickness!3?! and sub-
strates investigated, there remains a lack of clear explanation or
direct correlation(*®>1-18] which demands the examination of
factors influencing the SMT in V, Os. This includes understand-
ing the SMT in different forms of vanadium oxide, such as crys-
talline, multilayered, doped, and composite materials.['! Each of
these aspects requires a separate systematic investigation. This
underscores the necessity to uncover a fundamental and depend-
able mechanism for the occurrence of the SMT in V, O,. Hence,
the current study aims to provide a systematic investigation of
the SMT in V, 0.

The present work is based on dedicated in situ temperature-
based characterizations of amorphous V,Os thin films. In situ
ellipsometry is used to investigate the temperature-dependent
optical constants of the thin films. In situ, temperature-based
electron energy loss spectroscopy (EELS) and electron diffraction
within a transmission electron microscope (TEM) were employed
to characterize the oxidation state and the amorphous structure
of V,0; in the SMT temperature range. Differences in the on-
set — and peak positions of the V-L;, V-L, and O-K edges of the
V,O; were obtained from EELS as a function of temperature. The
comprehensive results of the complementing in situ analyses are
discussed in detail with respect to the nature of the SMT of V, Os.

2. Results and Discussion

Figure 1a,b shows the extracted real (n) and imaginary (k) parts
of the complex refractive indices as a function of the wavelength
at selected temperatures obtained for an 80 nm V,O; thin film
sputtered on a glass substrate. A significant decrement in “n”
across the wavelength range is observed when the temperature
increases from 20 to 340 °C, whereas a non-monotonous and
wavelength-dependent change of the extinction coefficient is ob-
served (in Figure 1b). An increment in “k” is observed when
the temperature is raised from 20 to 200 °C, which might be
attributed to a higher optical loss of the material at intermedi-
ate temperature (of SMT region) in the first heating cycle. Above
200 °C, a decrement in “k” is seen for the high temperature V, O,
structure. These “n” and “k” values during the heating and cool-
ing ramps follow the same trends throughout the spectral re-
gion. A residual decrease of the extinction coefficient after the
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Figure 2. a) Refractive index and b) extinction coefficient, at wavelengths of 600 and 2000 nm, as functions of temperature.

thermal cycle is observed. A high transmissivity and low reflec-
tivity are observed at room temperature throughout the visible
to near-infrared spectral region as shown in Figure S1 (Support-
ing Information) of the supplementary material. The optical con-
stants were further validated by conducting measurements at
room temperature and various incidence angles (50°, 60° and
70°), and the results demonstrated consistent behavior irrespec-
tive of the angle of incidence (Figure S2, Supporting Informa-
tion).

Figure 2a,b shows the variation in optical constants “n” and
“k”, respectively, as a function of temperature at the wavelengths
of 600 and 2000 nm, respectively. A decrement in the refractive
index is noticed as temperature rises, which then reverts to its
initial state upon cooling. An excellent contrast of “n” and “k”
is observed for semiconducting and metallic states of the V,Oq
structure. The SMT is observed to be reversible, as indicated by
the similar path of “n” during heating and cooling, with the oc-
currence of only a minor hysteresis, which is more prominentata
wavelength of 600 nm. Upon heating above 300 °C, the variation
of “n” is observed to be minimal/negligible in the temperature
range of 300-340 °C and the completeness of the SMT can be as-
sumed. The values of “n” and “k” are found to be in good agree-
ment with the available literature at room temperature.[33-3¢]
However, Kang et al.l’] reported an increase in the n(T) and k(T)
values of crystalline V,0; with increasing temperature, in con-
trast to the findings in our current analysis. This discrepancy
could be linked to the defects!®’] present in the polycrystalline
film resulting from its lossy metallic state, as well as the inhomo-
geneous structural phases caused by the incorporation of other
phases like V(O,; and V,O;. At the same time, the trend observed
in the current study (Figure 2a,b) closely matches with a report!*8!
on crystalline VO,, where a reduction of “n” and a slight incre-
ment of “k” at the transition temperature was measured in the
wavelength region of visible light.

Figure S3 (Supporting Information) depicts the relative dielec-
tric functions (g, and ¢,) of a V,Os thin film with respect to tem-
perature at a wavelength of 2000 nm. The complex dielectric func-
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tion € = &,+i ¢, provides the optical properties of the materi-
als and describes material electric polarization and absorption,
where ¢, and ¢, are the real and imaginary parts of ¢, with &, =
n?-k?, &, = 2nk.

¢, and ¢, decrease as temperature increases. This change is
predominant at 200 °C, while the values of the dielectric func-
tions did not follow the same course during cooling. These effects
can be directly correlated to the SMT in V, O, which is discussed
in detail in the following sections.

Figure 3 shows the variation in resistivity of the V,0s/glass
system during repeated heating and cooling cycles. In the given
temperature interval, the resistivity of the V, O /glass system (the
AC resistivity was averaged for the frequency range of 5 Hz to
1 kHz) varies almost linearly with the temperature between 108
to 10° ohm cm™!, i.e., within two orders of magnitude (Figure 3).
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Figure 3. Resistivity during heating and cooling cycles of V,Os thin film
deposited on soda-lime glass.
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Figure 4. a) Optimized reference and thin film sample configuration for DSC experiments and b) Calorimetric thermogram of the bare glass reference

(dashed lines) and with the film-coated (400 nm) on glass (solid lines). The scanning rate was 100 °C min

The heating-cooling hysteresis was found to be minimal for the
second and third cycles, after an initial stabilization during the
first cycle. The stabilization during the first cycle includes evapo-
ration of adsorbed surface adatoms/molecules.

The heat flow response obtained from the DSC results further
supports the SMT in V, Os. The procedure followed for the prepa-
ration of thin film samples for DSC measurements is shown
in Figure 4a. Heating and cooling cycles were performed from
20 to 400 °C at 100 °C min~! under high purity Ar atmosphere
(1.5 bar). The thin film coating is sandwiched between two tiny
glass plates, while the reference sample consists of the bottom
and top glass plates alone without the thin film. For reliable heat
flow curves, a measurement on the reference sample is neces-
sary and it is used to exclude the influence of the glass substrate.
Following this procedure, one can avoid the possible chemical re-
actions of V,0, with the sample holders (Al, Pt). To increase the
signal above the noise level, 400 nm thick V,0O; films were used
for the DSC measurements. The 400 nm thick V,0O; films were
deposited by increasing the sputtering time to 5 h and all other
deposition parameters were left unchanged. It is to be noted that
the SMT in V, O is independent of the film thickness.!°!

The heat flow curves in the expected reaction region of 190-
390 °C that was obtained from the DSC measurements are shown
in Figure 4b. V,0; (400 nm)/ glass shows a reaction upon heat-
ing, where an endothermic change of the heat flow is noticed. The

-1

peak of the transition appeared at 339 °C with the onset and offset
temperatures at #325 and 360 °C, respectively. Similarly, during
cooling, the onset, peak, and offset temperatures were observed
at ~340, 330, and 324 °C, respectively. By comparing the calori-
metric sighatures observed on the V,0; (400 nm)/ glass system
with those from the bare glass substrates, the change in the heat
flow after 320 °C can be attributed to the V,Os thin film.

The structural characterization of the as-deposited and heat
treated (350 °C, 2 h) thin film samples by X-ray diffraction are
presented in Figure S6 (Supporting Information) of the sup-
plementary material depicting the amorphous state of V,Os.
In-depth analysis of the prepared samples is conducted by
TEM and corresponding TEM micrographs of V,0s are shown
in Figure S4 (Supporting Information). An on-purpose de-
focused TEM micrograph (Figure S4b, Supporting Informa-
tion) resolved nanocluster-like structures of the directly sputter-
deposited V, O,. The microstructure of the sputter-deposited film
is uniform, with a feature size of <90 nm. Furthermore, the pur-
posely under-focused image was utilized to increase the contrast
of the thickness variations and it shows that the film that was de-
posited on the C-coated Cu grid was highly dense and intact. The
processing conditions for all three films per substrate combina-
tion: V,0; thin film on glass, on C-coated copper grid, and on
a TEM proto-chip sample holder were kept similar for the ellip-
sometry measurements and for the TEM investigation.

Figure 5. In situ electron beam diffraction patterns acquired during heating and cooling, depict the presence of stable and amorphous V,Os in the whole

temperature range of the present study.
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Figure 6. Intensity profiles of the SAED pattern as a function of tempera-
ture for both heating and cooling cycles depicting no observable difference
in the intensity revealing the stable and amorphous nature of the V,Oj thin
film in the investigated temperature window.

Figure 5 depicts the selected area electron diffraction (SAED)
patterns at selected temperatures. The diffraction patterns show
the appearance of a diffuse ring, which is characteristic of
the amorphous V,Os structure.??! The ring is observed to ap-
pear during heating to temperatures above =270 °C. The in-
tensity profiles of the SAED patterns at selected temperatures
are shown in Figure 6, which substantiates that the amorphous
nature of the deposited vanadium oxide film is stable through-
out the entire heating and cooling cycles and the intensity of
the diffuse ring is weak. Hence, an in-depth analysis of the
recorded series of diffraction patterns (Figures 5 and 6) revealed
no structural transformations or nanocrystal formation during
the heating and cooling cycles. As the atomic structure of amor-
phous systems is a complex and still unsolved issue, involv-
ing distributions of atomic neighborhoods that are currently
described as short- and medium-range order, small structural
modifications of the amorphous phase in terms of local rear-
rangements cannot be excluded. Yet, the occurrence of “disrup-
tive” structural transitions, e.g., the formation of (nano) crystals,
can safely be excluded on the basis of our detailed structural
analyses.

In situ, temperature-based EELS data of the V-L,; and O-K
edges of amorphous V,0s obtained during heating and cool-
ing cycles are shown in Figure 7a,b. An expanded view of the
V-L,; and O-K edges is shown in Figure 7c,d. The oxidization
state of amorphous V,0O; is determined as V>* from the chem-
ical shifts of the V-L, edge in particular from V" at 513 eV to
V>* at 515.2 eV. Within the experimental accuracy (<1 eV) the
values agree with the reported values of the V-L; edge of single-
crystalline V,O5 at 515.8 eV, determined by EELS with a disper-
sion 0f 0.22 eV.[**1 Table 1 depicts the energy difference of the V-L,
edge with respect to the V-L, edge of V* as well as the splitin the
O-Kedge. The HAADF-STEM micrograph in Figure S5 (Support-
ing Information) shows the unaltered microstructure of V,Os be-
fore and after heat treatment. This structure was prepared on a
TEM Protochip sample holder for in situ temperature-based TEM
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studies and was thermally cycled (three cycles) between 25 and
340 °C.

2.1. The Semiconductor-to-Metal Transition in Amorphous V,0O;

The reduction of the refractive index n and the real dielectric con-
stant &, (Figure 2a; Figure S3, Supporting Information) upon ex-
ceeding the transition temperature can be attributed to a transi-
tion to a metallic — from an initial semiconducting state. At the
same time, we do not observe plasmonic behavior with nega-
tive dielectric constants in the considered spectral range of 600
to 2100 nm (Figure 1), which is different from what was reported
for VO, films.[*!] Still, we assume that at longer wavelengths neg-
ative dielectric constants will be observed and an increase of the
conductivity may be observed, as reported for VO, .[%8]

The major differences of the optical constants between 20 and
200 °C can be correlated with the initial changes facilitated prob-
ably by the evaporation of adsorbed surface adatoms/molecules,
as shown in the first heating cycle of the resistivity measurement
(Figure 3). Hence, the optical constants are reproducible and ex-
pected to follow a similar trend in the first cooling cycles as evi-
denced by in situ SIMS (Figure 8) and temperature-dependent
resistivity measurements (Figure 3) for the subsequent three
cycles. Furthermore, the variations in the optical constants are
not very specific to the interface states as depicted previously by
impedance spectroscopy of the high-frequency response.[?]

At the outset, the in situ temperature-dependent EELS mea-
surements indicate a shift of the V-L; edge (Figure 7c) and the
splitting of the O-K edges (Figure 7d) into two distinct peaks at
320 °C. This shows the formation of a strong metal-metal (V**-
V*) interaction and a vanishing V>*-contribution at tempera-
tures above 320 °C. Based on in situ TEM studies[*?! it is reported
that upon annealing at 350 °C, O-K edges with two distinct peaks
emerge along with the formation of nanocrystalline VO,. How-
ever, in the present study, the split of the O-K edges disappeared,
forming instead a single broad O-K edge centered at 532 and
531.8 eV for measurements done at 300 and 25 °C, respectively.
It is important to note that, under a high vacuum environment
and operating temperatures above 400 °C, the crystalline V, O,
structure shows decomposition and the associated formation of
a reduced oxidation state.[*344]

However, the present analysis shows that the V>* state was re-
gained and sustained upon cooling down to room temperature.
The most plausible reason for this phenomenon seems to be a
change of the van-der-Waals bond length, rather than consider-
ing it as induced by decomposition. In situ temperature-based X-
ray diffraction studies, by Singh et al.l**l also reported a similar
behavior: the absence of a decomposition process and a unique
splitting of Bragg peaks of the V,Os structure during heating to
temperatures above 320 °C. The observed splitting of the XRD
peaks was correlated with an elongation of the van-der-Waals
bond.I**] This phenomenon is supported by dilatometric mea-
surements on crystalline V,0s, where an unusually large coef-
ficient of thermal expansion in the direction perpendicular to the
van-der-Waals interaction layer was observed.[*#¢] Additionally,
the in situ electron diffraction study in the present work substan-
tiated (Figures 5 and 6) no significant changes during thermal
cycling between 25 and 340 °C. This observation clearly indicates
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Figure 7. EEL Spectrum obtained during heating a), cooling b) cycles. Enlarged views c) of the shift of the edges of V-L; and V-L, and d) splitting of O-K

edge at the SMT.

Table 1. Onset difference of O-K and V-L; edges as a function of temperature.

522 524 524 528 532 536 540 544 548 552

EEL (eV)

Temperature [°C] V-L; [eV] V-L, [eV] O K edge [eV] AV-L; (with respect to VO*) [eV]
Edge 1 Edge 2
Heating cycle 25 515.2 521.7 - 531 2.2
300 5143 520.6 - 530.3 13
320 513.9 520.2 525 530.4 0.9
340 514 520.4 526 530.3 1.0
Cooling cycle 300 515.1 521.7 - 532.0 2.1
25 515.6 522.0 - 531.8 2.6
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substantiating the reversible enhancement of the V* concentration (intensity) on both sides of the interface upon heating to 340 °C and its depletion
while cooled to 25 °C. The relative intensity ratios of NavVO* /(VO* + Na%) are shown in c) where the relative intensity ratio of NaVO™ is seen to be
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the absence of a structural transformation that involves a disrup-
tive change as involved in transitions that change the symmetry
of a crystal lattice.

The Mott criterion describes that a phase transition in a ma-
terial should satisfy the conditions: azn./* ~ 0.25,4748] where a,
and n,, are the effective Bohr radius and the charge carrier den-
sity, respectively. With respect to the Mott criterion, the metal-
to-insulator transition in V,Os is not expected to exist, due to
its large value of “a,”.[*+*’] However, the experimental data in-
dicates that the van-der-Waals bond length might increase at a
distinct temperature (i.e., the “transition” temperature).*"! Such
an extension of the van-der-Waals bond length in V,0, might
cause a reduction of the “a,”. Within this picture, the reduction
of ap would further enhance the total “n,” by forming V+-v*
interaction pairs, i.e. strengthening the contribution from a di-
rect metal-metal interaction. a; is directly proportional to the di-
electric constant via the following relationship: a, = fie/(e’m”)
where m” is the effective mass.[*3°%] Such interpretation is in good
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agreement with the current experimental results, as indicated in
Figure S3 (Supporting Information). The course of the dielectric
function is in agreement with a (hypothetical) reduction of the
“ap”. Further, the increase in metal-metal interaction is also sub-
stantiated by the shift of the V-L; edge to 513.9 eV at the SMT
temperature, as depicted by the EELS spectra shown in Figure 7c.

The above interpretation also agrees with the most recent lit-
erature on the SMT of VO, and closes the existing gaps between
observation and explanation. In several instances, the interaction
of VH—V* (electron- electron) was found as a common factor
of the SMT.[25265L52] However, these earlier studies failed to
explain the reason for its reversibility. In order to understand the
possible metal-metal interactions in V,0, and to understand the
reversibility of the SMT, in situ SIMS analyses were performed.
The detailed investigation of the interfacial reactions of the
V,0,/glass thin film system is reported elsewhere.?”] Figure 8a
shows the variation of the intensity of V* ions with increasing
temperature. For better understanding, the V* ion intensity

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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at the lowest (25 °C) and at the highest (340 °C) temperatures
are shown in Figure 8b. From the intensity plots of V* ions it
is evident that a NaVO™ interfacial layer is present, which was
also demonstrated in.[?”] The intensities of NaVO™ and V* ions
vary systematically in a reversible manner, both in the confined
NaVO* interface layer and in VO* diffused soda-lime glass, as
shown in Figure 8c. The variation of the relative intensities of V*
ions is in strong correlation with the possibly increased charge
carrier density derived from the EELS results presented in
Figure 7. From the reversibility of the initial states, as indicated
by the in situ SIMS measurements, the explanation by a possible
structural phase transition can be ruled out for the SMT in
V,Os. The reversibility of V* ion intensity, i.e. the regaining of
the ionic state (V°*) further strengthens the hypothesis that the
increase in the van-der-Waals bond length that causes enhanced
metal-metal interactions with increasing temperature is the
reason for the SMT in amorphous V,Os.

Moreover, while correlating the reaction temperatures in DSC
with SIMS data, it is obvious that the observed DSC signals fit the
transition behavior of the thin film system. The obtained DSC
results are in strong correlation with the available literaturel®) on
V, O gel exhibiting a prominent endothermic peak between 300
and 350 °C. The observed process was reversible and is reported
to involve a significant modification of the coordination of V**.
As mentioned earlier, the decomposition and the associated for-
mation of a reduced oxidation state were reported to occur at tem-
peratures above 400 °C in a high vacuum environment for crys-
talline V, 05,1331 therefore the current investigation has been
limited to temperatures below 400 °C.

Even in the case of the well-studied VO,, there is only one study
mentioning structural changes according to a Mott-type phase
transition.[?2l However, many studies showed disagreement con-
cerning such structural transformations for VO,.[2526:515254] A
recent report indicated the presence of both, an electronic state
transition along with a structural Mott-type transition for VO,.>?]
Again, the observed reversibility of the transition along with the
experimental data concerning the atomic as well as the electronic
structures in dependence of temperature do not corroborate such
interpretations for the present case. Instead, it should be empha-
sized that the data presented here can be fully rationalized by
explaining the reversible SMT of V,0O; on the basis of a strong
variation of the direct metal-metal interactions. These might not
be limited to V¥*—V** interactions but might also be influenced
by the V* — Metal interactions (from the substrate or external
dopants, in the present study V-Na*) that occur at the transition
temperature. Furthermore, the present study suggests the poten-
tial extension of the investigation to other vanadium oxides, such
as VO,, known for phase transition behavior similar to V,Ox.
While V#* has been more extensively studied than V>*, exploring
these interactions on amorphous states is challenging yet essen-
tial for a comprehensive understanding of these phenomena and
goes beyond the scope of the present work.

As obtained from the EELS spectrum in Figure 7, the splitting
of the O-K edge at the SMT was observed at ~320 °C, which is
in good agreement with the SMT revealed by other characteriza-
tion techniques. These findings reveal that the SMT is caused by
substrate-independent metal-metal interactions. Further, the in
situ SIMS analyses indicate that the interfacial reactions impact
the transition temperature.[’l Therefore, the choice of the semi-
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conductor — or metal substrate along with the thin film process-
ing techniques may influence the transition temperature without
much impact on the transition behavior/mechanism.

The interface-induced metal-metal interactions at the transi-
tion temperature open up a new opportunity to tune the transi-
tion temperature and functionality of the V,04 by engineering
of incorporated metal ions (e.g., by varying the dopant concen-
tration) for, e.g. thermo-electronic applications. The present re-
sults also motivate studying different vanadium oxides irrespec-
tive of their oxidation states or crystallinity, or vanadium-diffused
or vanadium oxide-based semiconducting glasses under different
atmospheric conditions.

3. Conclusion

The occurrence of a semiconductor-metal transition in V,Os
has been verified for a fully amorphous structure that remained
amorphous throughout the transition. The optical constants
showed a significant and reversible variation during heating and
cooling the structure between room temperature and 340 °C.
The amorphous structure of V,0, was verified by both, in situ
temperature-based electron diffraction and HAADF-STEM anal-
yses before and after thermal cycling. The real-time observation
of the SMT was proven via results obtained from EELS. At the
SMT temperature of 320 °C, a reduced oxidation state of V is
formed by a reversible splitting of the oxidation states. The ori-
gin of the SMT in amorphous V,O;s is explained by the V** in-
teractions or metal-metal interactions. This explanation might
be generalized to any form of V,Os. The current results indicate
future prospects for tuning the phase transition temperature to
fully utilize the SMT in advanced applications such as thermo-
optical switches.

4. Experimental Section

Thin films of V, 05 were deposited on glass substrates (Thermo Fisher
Scientific Silica-based microscope slides) using a vanadium metal target
(99.95% purity) in a room-temperature reactive sputtering process. The
DC Magnetron sputtering instrument (BesTech) was operated at a power
of 40 W. The vacuum recipient was pre-evacuated to a pressure < 7.5
x 1078 mbar and the working pressure was adjusted to 5 x 107> mbar
with an O, to Ar ratio of (2:3) in terms of partial pressure. The thick-
nesses of the V,0Os thin films were determined to be approx. 80 nm us-
ing a surface profilometer (Bruker DektakXT) by averaging over a mini-
mum of five measurements on at least two similarly processed samples.
The sheet resistance (R,) of the as-prepared V,0s thin films on glass
was measured at room temperature by a four-point probe setup (Keith-
ley SCS — 4200). It is observed that the sheet resistance of amorphous
V,Os is in the semiconductor range (6.5%10% Q per square) at room
temperature.

The in situ temperature-based optical constants of the thin film were
evaluated by spectroscopic ellipsometry (Semilab SE-2000), at an inci-
dence angle of 70°, in the visible-to-NIR region (600-2100 nm).[3336] A
heating stage (Linkam Scientific Model TSEL1000V) operating under 2 X
107> mbar vacuum condition was used to heat/cool the structure between
20 and 340 °C with a rate of 10 °C min~". The dielectric functions of the
bare glass substrate were measured and used to fit the optical constants
of V,05 using Semilab’s SEA software. By considering an 80 nm V,0Os
film thickness, the real and imaginary parts of the complex dielectric
functions were extracted using the wavelength-by-wavelength method.[’]
This method was generally used for lossy transparent materials (without a
priori knowledge of material and dispersion relations), where the complex
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dielectric functions were obtained directly from ¥ and A by extracting
the real and imaginary parts numerically for each wavelength from the
spectrum without the necessity to correlate with other wavelengths. The
wavelength-by-wavelength extraction method was validated by perform-
ing the measurements at various angles between 50° and 70°, where it
provides identical optical constants for each angle. Further, the optical
constants were verified by measuring the optical properties of the V,05
film and comparing with the calculated spectra using a transfer matrix
method.

TEM was performed in a Thermo Fisher Scientific FEI Themis G3
60-300 operated at 300 kV. The microscope was employed to per-
form temperature-based EELS and to collect electron diffraction pat-
terns. TEM and HAADF-STEM- modes were utilized for imaging the mi-
crostructure of V,0s5, which was directly sputter-deposited on a cop-
per grid as well as on a TEM Protochip sample holder (Fusion Heating
FHBC series).

As the V,05 thin film is electron and ion beam sensitive, the V,05
thin film is directly sputter-deposited on the TEM Protochip sample holder
(Fusion Heating FHBC series). A specialized mechanical masking-based
method was developed for sample preparation, enabling precise align-
ment of the mask with specific areas on the TEM chip for the reactive
sputter deposition of the V,0O5 thin film. This approach ensures mini-
mal damage to the samples, making them suitable for TEM analysis while
avoiding the need for ion beam exposure in FIB-preparation. A thin film
of stoichiometric V,Os, characterized by an amorphous phase and free
from any defects or secondary vanadium oxide phases, has been success-
fully deposited using the method described in.[?’] The detailed sample
preparation method and the demonstration of its usage are presented
elsewhere.[33]

EELS low-loss and high-loss spectra were obtained in the energy win-
dow of 0-200 eV and 500-700 eV, respectively. The temperature was con-
trolled by the Protochip fusion software via a Keithley sourcemeter. Tem-
perature profiles of 10 °C s~ up to 300 °C and 1°C s~ for the tempera-
ture range of 300-340 °C were applied for both, heating and cooling cycles.
Above 300 °C a low heating rate was applied to capture the minute changes
in the diffraction pattern series. Further, a selective area electron diffrac-
tion pattern series was recorded at a rate of 1 frame per second with an
aperture size of 40 pm. Spot EELS spectra were recorded at 25, 300, 320,
and 340 °C during the heating cycle, and at 300 and 25 °C during the cool-
ing cycle. In total 20 EELS spectra with an integration time of 4 ms (0.2 ms
per frame) and 40 s (2 s per frame) were recorded for low-loss and high-
loss spectral windows, respectively, with a dispersion of 0.1 eV. The power
law background model was employed to fit the edges of V-L3, V-L, and
O-K. The V and O fundamental edges are identified with reference to the
EELS Atlas digital library.l8]

Differential scanning calorimetry (DSC) was performed by a Diamond
DSC (PerkinElmer). Heating and cooling cycles from 20 to 400 °C with
a scanning rate of 100 °C min~! were performed under Ar atmosphere
at a pressure of 1.5 bar. In general, the magnitude of the DSC signal is
proportional to the mass of the specimen which poses a major challenge
when measuring thin films. For this reason, thin films with a higher thick-
ness were used for DSC measurements to enhance the signal strength. It
is to be noted that the transition temperature of amorphous V,0Ojs is not
affected by the film thickness.

The depth profiles of the deposited thin films at the varying temper-
atures were measured using Time-of-Flight Secondary lon Mass Spec-
troscopy (ToF-SIMS, IONTOF GmbH) with a custom-built device that
is largely equivalent to the IONTOF M6. Standard samples of 1 cm X
1 cm were used to facilitate in situ measurements from the same sin-
gle sample surface. For each measurement, sputtering is carried out over
a 500 X 500 pm? area and the analyses were performed on data ob-
tained over a 100 X 100 um? region. The sample was held at the tar-
geted temperature and sputtering was carried out while maintaining a
constant temperature. The same procedure was followed for the mea-
surements while heating and cooling. For each measurement, a new and
fresh sputter area was selected on the sample surface. For a detailed
description of the measurements and analysis of ToF-SIMS profiles, see
ref. [27].
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