Chapter 3

Observation of V-V Dimers Softening and Distinct

Length Scales in Nanostructured VO, Thin Films

3.1 Introduction

A unit M1-VO3 cell (pc = 4.66 g/cm3) contains z = 4 VO ordered in “couples”, so-called
a ‘dimer’. The VOg® moieties spiral at the c-axis in uneven chains at 0.262 nm and 0.316
nm ‘V¥*-V* intervals along the a- and c-axes, respectively [1-3]. Molecular
spectroscopy is widely used to probe VO of its different polymorphs in terms of its
phonons and photons [4—6]. An isolated VO2 in an ideal gas has a ground state 2A: (S =
Y) according to its electron paramagnetic resonance (EPR) signal [7]. Assuming VO is
a molecule, two IR bands v1 = 946 cm™! and v; = 936 cm~1 is assigned as V-O symmetric
and asymmetric stretching bands, respectively [8]. Nine phonon bands have been
observed at the 2A; state in a VO2 — VO2~ conversion [9]. Though phonon bands are
well studied in characterizing different VO2 polymorphs, no systematic study is made to
assign the individual phonons in a VOg®~ network [4, 8].

VO has eighteen allowed phonon Ag and By modes in the low-temperature M1 phase
[10—12]. Marini et al. studied the effect of oxygen on the Raman spectra of VO film and
assigned the phonons at 195 cm~ to a V-V vibration [13]. Lee et al. investigated Raman
spectra of amorphous V20s [14]. They attributed phonons in the intermediate and high-
energy region to different VV-O vibrations [14]. At the same time, the phonons in the

medium energy range can be associated with the different bending modes of V-O.
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Structural properties of VO through the SMT have been studied by Marezio et al. [15]
and Atkin et al. [16] and others. Raman spectroscopy has utilized to investigate thin
layers, micro and nano-beams and nanoparticles of VO2 [14—18]. The knowledge of such
phase transitions at the nano length-scale with high sensitivity to the polarization and
symmetry is limited.

This chapter focuses on the study of a high-quality VO3 thin film, fabricated on a SiO:
coated (100) Si(p*™) substrates. Utilizing micro-Raman spectroscopy, we observe the
formation and softening of V-V dimers across Tsmt. By recording current vs voltage (I-
V) and resistance vs temperature (R-T) responses of VO thin films, we measure the
transport and electrical response of VO thin films. An intriguing behaviour has observed
for anti-stokes lines that are observed during a heating cycle of a VO3 thin film across
Tswt. We provide direct evidence of V-V dimers softening and collapse that further
restored which are in their initial phase after cooling. Our experimental findings suggest
an abrupt optical switching at a lower temperature (T, = 332 K), in contrast to a smooth
resistive switching at a relatively higher temperature (T¢ = 340 K). We argue that the
notable difference in the transition temperatures (~ 8 K) attribute to the dependency of
light scattering from the metallic domains, that are extended from the critical size needed
for percolation conduction across SMT [19, 20]. A numerical simulation considering 2D-
statistical nucleation and percolation model with mean-field approaches have performed
to simulate the phase transitions. At the same time, the Mie scattering cross-section has
utilized to explain the different scaling length scales observed in the optical and electrical

transition temperature [19, 20].
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3.2 Results and Discussion

3.2.1 Structural Analysis with XRD

XRD patterns were recorded to examine the phase purity of the VO thin films. Figure
3.1 (a & b) shows the XRD pattern performed on the VO/SiO2(Si) sample. XRD pattern
has a notable diffraction peak (011) at 26 = 27.29°, with full width at half maximum
(FWHM) of w2 = 0.22°, which is attributed to the monoclinic phase of VO.. It is worth
noting that the diffraction peak (011) position is slightly shifted compared to the
theoretical value of 27.82°. This shift can be understood due to a lattice mismatch between
the VO film and the Si substrate, leading to a different value for interplanar distance, d
= 3.26 A. We estimated the average crystallite size (De) using Scherrer formula [21] as
expressed in Eq. (1)

De=0.9 A/(w.cos0) (1)
where w is FWHM of the diffraction peak that is estimated by interpolation at 20 =27.29°
using a pseudo-Voigt function (see Figure 3.1 (b)), A is the wavelength, and 6 is the
diffraction angle corresponding to the peak (011) of VO2. The value of De = 38.47 nm is

estimated for the specimen VO2/SiO,(Si) sample.
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Figure 3.1 (a) The XRD spectra of VO thin film. The Braggs peak across 27.29° and 57.11°
correspond to the (011) and (022) peaks of the monoclinic (M) phase. (b) the highlighted part
of (011) Bragg’s peak along with its pseudo-Voigt function fit. Both experimental and
simulation data are well-matched. An accurate value of the D. is estimated.

3.2.2 TEM Characterization

Figure 3.2 (a & b) illustrates TEM images of a specimen VO3 thin film. The average
particle De is estimated to be ~110 nm. TEM image indicates VO thin films grow in form
of particles of variable shapes and sizes. The particles will grow in the form of the isolated
islands above the critical thickness. A high-resolution TEM image of a such particle
reveals the (011) orientation corresponding to the d-spacing of 3.14 A that matches with
the monoclinic phase of VO,. Above the critical thickness, the strain relaxes and VO
nucleates discretely. Figure 3.2 (a & b) shows the state of art observation of such a
growth mechanism. The results indicate that the grain size distribution in the sol-gel
derived VO film is mediated by the density of the nucleation centre that can vary with
different extents of thermal deformation during the annealing. The crystallite coalescence

will further increase the thickness. The lattice extends along a preferred direction during
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a balancing act between the surface energy and free energy of the grain boundaries (011).
Figure 3.2 (a & b) shows the high-resolution TEM image acquired from the tip of the
NCs. High-resolution TEM images of VO crystallites reveal the lattice fringes,

indicating high degree of crystallinity [21-23].

Figure 3.2 VO, NCs were imaged through a TEM at a nano-length scale by dispersing
crystallites on top of a carbon-coated mesh. (d) Illustrates the well-ordered lattice fringes in
(011) crystallographic direction, imaged by employing HR-TEM.

3.2.3 I-V Characteristics and Temperature Dependence of Sheet

Resistance

Figure 3.3 (a) shows I-V characteristics measured in vertical geometry from 0 to 5 V at
RT. Voltage-triggered SMT is observed at RT with Vi at 1.28 V. The width of the voltage
triggered SMT window is ~ 1 V. Considering the 54 nm thickness of the VO3 thin film,

the threshold electric field for initiating SMT is approximately order of 107 VV/m at RT,
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which is in good agreement with studies on both VVO> planar junctions on sapphire and
capacitor-type devices on silicon [24-27]. Similar characteristics were also observed for
VO planar junctions by Sharoni et al. [28]. Electric field-induced SMT has revived by
conducting AFM in regions more petite than a single grain size to get staircase free steps
in the 1-V curves [26-28]. Figure 3.3 (b) shows the PF plot log(l/V) vs \V of the I-V
curves. At large voltages 2.25 V, the VO thin film shows metallic behaviour over a broad
temperature range. At voltage = 1.19 V, the VO, shows mixed-phase behaviour and acts

as an SC at a lower temperature.
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Figure 3.3 (a) I-V characteristics of the VO,/SiO(Si) measured in vertical geometry between
0-5V at RT. The electric-field-triggered SMT is observed at RT. (b) PF plot of the I-V curves
log(1/V) vs VV. Three regions metallic, Ohmic and PF dominating are defined. The dotted green
lines in the PF region are for visual guidance, indicating the dominating of the PF conduction
mechanism in that region.

At intermediate bias voltages and below thermal SMT, the PF mechanism dominates the
conduction as indicated by the linear dependence of log(I/V) over YV [29]. The dotted
lines in Figure 3.3 (b) are used for visualizing the different dominating conduction
mechanisms. Four areas, namely: Ohmic, PF, mixed and metallic are denoted that suggest

the dominant conduction mechanism in each region. These results indicate that either at
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high-temperature (or larger applied voltages), the VO enters a pure metallic state due to
the thermally or electrically triggered SMT [29]. Whereas below SMT, at lower
temperatures and small bias voltages, Ohmic behaviour is predominant in VO2. At low
temperature and intermediate bias voltage, the PF mechanism dominates. Defects, such
as oxygen vacancies in VO, may serve as localized traps required for PF conduction.
Before the onset of the metallic state, the localized states assist the PF conduction under

electric field bias [28, 29].
3.2.4 Temperature Dependent Raman Spectroscopy

Figure 3.4 (a & b) shows Raman spectra acquired at multiple temperatures across SMT
during heating-cooling cycles from the nanostructured VO thin films under
investigation. The complete spectra contain several peaks that match Raman bands
assigned to monoclinic VO [15-18]. The peaks near 192.1 and 222.5 cm~! correspond
to characteristic Ag symmetry vibrational modes of the low-temperature monoclinic
structure of VO that diminish upon transition into the high-temperature tetragonal phase.
These phonon modes play a significant role in the structural transition of VO, since they
are control the pairing and tilting motions of V-V dimers, which map the monoclinic
phase onto the tetragonal lattice configuration [15-18]. Raman bands are located at RT
at frequencies 192.1 and 222.5 cm are associated an additional feature at 188.6 and
206.1 cm~1. Raman peaks intensities diminish in the heating cycle as the phase transition

is approached.
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Figure 3.4 Raman modes measured for representative VO thin film as a function of
temperature during (a) Heating and (b) cooling cycles. The Raman frequencies vi and vz show
the FWHM and intensity vary as a function of temperature, suggesting a robust structural link,
(¢) variation of Raman frequencies v1 and v, during heating/cooling cycles, (d) evidence of hole
burning in Raman spectra during a heating and cooling cycle.
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The complete disappearance of the 192.1 cm! peak at sufficiently high temperatures
suggests that VO thin film does not contain trackable fraction of the V.Os phase, the
ultimate oxidation state of vanadium. These Raman bands reappear again during cooling
process (Figure 3.4 (b)). The disappearance of the Raman peaks was used to estimate To
(332 K) in NCs of VO thin film [14-17].

A good agreement is found between the temperatures at which the Raman features
become weak across Tsmr, which is well-matched from Tswt measured through
temperature dependence of resistance across SMT (Figure 3.5). The observed Raman
lines at 192.1 and 222.5 cm™! represent the V-V and V-O related Raman bands. Figure
3.4 (d) highlights the additional feature obtained at frequencies 188.6 cm~, known as
hole burning. A phase diagram (T vs FWHM) is constructed to distinguishes the
semiconducting, mixed and metallic regions. The intermediate region is attributed to a
mixed-phase, as depicted in Figure 3.4 (b & c). The phase diagram summarizes changes
in the width of V-V (v1) and V-O (v2) modes versus temperature in the heating/cooling
cycles [15-17]. Figure 3.4 (c) shows the dependence on Raman vi and v> frequencies
during heating/cooling cycles. Temperature-dependent Raman lines at vi and v
frequencies confirm a blue shift across SMT during heating/cooling cycles. For
considered sample a blue shift is noticed for frequency vi between 300 and 370 K, above
which a steady blue shift emerges. A similar overall dependence is seen for frequency vo,
with an initial blue shift temperature across SMT followed by a constant blue shift at
higher temperature (T > Tswmt) [14-18]. This correlation confirms a gradual phase

transformation in the VO. and suggests that the blue shift is related to the rising carrier
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concentration. For VO, a simple phase diagram is expected, in which the material is a

narrow-gap SC below Tsmt and conductor above this temperature [10-12].

3.2.5 Numerical Simulation of Nucleation and Percolation Process

During Phase Transition

Figure 3.5 (a) illustrates T onset and Tswmt values of resistance as a function of
temperature for nanostructured VO, thin film. A good correlation between temperature
dependencies of the resistance and Raman data is expected to confirm the existence of
semiconducting, mixed and metallic regions as designated in the phase diagram as
illustrated in Figure 3.5 (b & c). Figure 3.5 (a) suggests that the mixed-phase extends
over 340-360 K. However, Figure 3.5 (b & c) confirms that the mixed-phase ranges from
330-365 K. For VO thin films, the shape, sharpness, position, width and switching of the
thermal hysteresis have reported to depend on the quality of the VO thin films such as
stoichiometry, crystallinity, impurities, the grain size and their distribution and
orientation [10].

To understand this contradictory observation, we employed the 2D-Bruggeman effective
medium approximation that allowed us to estimate the change in resistance in terms of
the metallic phase fractions and charge puddles size. Mie scattering simulation was also
performed to access more optical properties that depict a link between the changes in
scattering cross-section for a percolative media [19, 20]. Figure 3.5 (d) summarizes the
results obtained by simulation that estimate the variation in macroscopic resistance curves
during a heating/cooling cycle as a function of metallic charge puddles size, which is
dispersed in a homogeneous semiconducting matrix in a non-interacting manner [19, 20].
At metallic phase fraction of 0.5, scattering occurs at T = 320 K [19, 20], where the sheet

resistance is approximately 3.0 and 3.5 KQ during heating and cooling cycles,
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respectively. We noted that relative to the change in resistance, the scattering cross-
section is shifted in temperature across the hysteresis, with a larger hysteresis width [19,

20]. A change in the semiconducting fraction appears to induce a difference in resistance.

1 1
1 b 1 1 (a) -Q-F\IN'HM Heatl '
et o 1 To=340K | 10 2 . & FWHM_Casling
h: .‘o.\ 1 | aF § 1
L ol 1 L o ]
(A 1 E] 1 =]
4= I L l 2F = I =
— L i=} » | 5 1 =
g E; LR i Q 1E 2 3
= 2 = |\ > % | = Lo E g 1 =
~ g iR \‘ < % 2 4 n ' vi=192.1 cm’!
3 2 1 \ > = 2, (b) 1 N
g 0.1 =] [ ! 10 ¥ T T T
8 sk 5} ! \ " ! = E ! —&— PWHM_Heating
2 7] ! Y ' T b - - FWHM_Cooling
k] F 1 \ 5 I = F
o i WA o
.
L - :. \"ot\‘i 1
T Heat{ng : ..:.';:.'.-o‘-(.,. 4
—8— Cooling ; . as F o
2k Vo—222.5 cm
0.01 & ) | ) i ) ! £ |(C) L b—$-6-c5—0—0a |
320 340 360 380 300 320 340 360 380 400
Temperature (K) Temperature (K)
10
—o—Cooling (d) 10F - 1.50E-010
| —e—Heating . —o— Heating Cycle (e) »n
° o . —e— Cooling Cycle o]
8 gl ¢ —ir— Scattering cross-section %
gt o t i ) 2.
2, S 3 1.00E-010 5
8 5 6F 4 0
[&] I =
= 2 $ g
g 4 = f.'- . 5
2 é al ;. / 4 5.00E-011 ?
F 2 . g
2 2 h 2., R =
i i =
! Pl ‘ — J0.00E+000 3
1 L 1 L L L 1 L 1 " 1 L 1 1 L L 1
0 0.0 0.2 0.4 0.6 0.8 1.0 0 5000 10000 15000 20000 25000
Phase Fraction Semiconducting Particle Size (nm)

Figure 3.5 (a) The temperature-dependent sheet resistance of representative VO, thin film. The
change in resistance suggests three different regions: SC, mixed-phase and metallic phase. (b)
The variation of FWHM of V-V dimers (b) (191.93 cm™ and (c) V-O bond (222.5 cm™)
frequencies as a function of temperature across the SMT during heating/cooling cycles. (d)
Resistance vs puddles size plot, which is simulated for both heating and cooling. For each
thermal cycle, critical temperatures, Tci and Tcz, are shown. Dashed vertical lines indicate Tc:
and T, calculated from EMA during heating/cooling cycles. (€) The scattering cross section
as a function of puddles size is well corroborated with resistance vs puddles size plot.

The change in optical scattering cross-section is deviated during heating and cooling

cycles (Figure 3.5 (d)). One can justify the above claims by defining a critical phase
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fraction/puddle (particle) size that describes T for heating/cooling cycles. The
explanation of shift in scattering discussed in the previous paragraphs is that the decrease
in IR scattering cross-section is due to Mie scattering by charge puddles evolving during
the Mott transition [19]. A variation in resistance requires the metallic puddles to have a
high enough density to generate a continuous conducting route at a higher temperature
[21, 30].

We note that the metallic charge puddles are on the length scale of 0.50 um at RT. While
the scattering cross-section is kept changing in the cooling cycle even over temperatures,
the metallic puddles are expected to be 0.5-1.0 um. These findings reconfirm the
assumption that the scattering changes, although no conducting route exists [30, 31].
During the transition of VO, a mixed-phase is evolved only within a narrow range of
transition temperatures for both heating/cooling cycles [31-33]. Since mixed-phase
represents spatial inhomogeneity, it is equally essential to explore their scattering
behaviour to explain the significant temperature shifts optical transitions. We simulated
mixed-phase optical constants that require stabilizing nanoscale charge puddles during

the transition [31-33].

3.3 Conclusion

In conclusion, we investigate the temperature induced phase transition in a nanostructured
VO thin film of M1 phase with wide variations in sample morphology using thermal,
Raman spectroscopy and I-V curve measurements. The experimental findings suggest
that lowering the energy barrier between M1 and R phases promote the growth of spatially
inhomogeneous phases. The optical phase transition proceeds as described by Raman
spectroscopy, with a transition from Mj through some intermediate phase to R with a

characteristic time scale. Despite the variations in sample morphology, the simulated
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dependences indicate that variable sizes for charge puddles size between the phases are
universally present in VO, samples. Thus, the metallic phase and optical switching that
exploits this phase transition may be limited to switching behaviours independent of VO.
morphology. Spatially inhomogeneous mixed-phase presence is manifested, which
causes modulation in scattering cross-section that further explains the significant

temperature shifts during optical transitions.
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