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Spectroscopic ellipsometry studies are reported for vanadium dioxide grown on c, m, and 

r-plane sapphire substrates. The crystallographic orientation of the VO2 depends strongly on the 

substrate, producing diverse strains in the layers which affect the interband transition energies 

and the phase transition temperatures. For the m and r-plane substrates, the VO2 appears to 

transform abruptly from the monoclinic phase to the rutile R structure as temperature is 

increased. In contrast, VO2 deposited on c-plane sapphire exhibits a sluggish transformation. 

These structural differences correlate with distinct variations of the optical transitions observed 

in the ellipsometry results. For the m-plane sample, the energy gap collapses over a narrow 

temperature range. For the c-plane case, a broad temperature range is obtained between the onset 

and completion of the transformation. Raman studies of the vibrational structure show that 

internal stresses due to expansion and contraction across the phase transitions impacts the 

observed phonon energies. 
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1. Introduction 

Vanadium dioxide is receiving significant attention due to the well-known metal-

insulator phase transition (MIT) at temperature TMIT = 68 °C.1 The transformation is 

accompanied by a structural phase transition (SPT) from low-temperature monoclinic (M1) 

symmetry, in which the material is characterized as a narrow gap insulator, to high-temperature 

tetragonal rutile (R), in which the material is metallic.2,3 The V—V chains, which lie along the 

am axis in the M1 phase (and corresponding CR axis in the R phase), form a zig-zag chain at low 

T. At high T the V—V pairs straighten and shift to form a linear chain along CR comprised of 

equidistant V4+ ions.  

Several factors known to affect TMIT of VO2 include nanocrystal domain size4,5 and 

stress.6 Recent investigations of the effect of stress on VO2 have resulted in new understanding 

of the material phase diagram.7-12 Stress along the M1 (011) crystal axis, corresponding to 

(110)R,13 has been shown to induce a phase transition from the M1 phase to M2, in which 

alternating V chains pair without twisting, while the others twist without pairing.14,15 Gu, et al.11, 

showed that the M2 phase is induced by a variety of stresses, and Tselev, et al.,16 used the 

Landau-Ginzburg model for examining how stress affects the M1-M2-R phase diagram. Recent 

work on single crystal microbeams of VO2 deposited on oxidized silicon and then transferred on 

flexible polycarbonate substrate has revealed the transformation from M1 to M2 may be gradual, 

resulting in an additional phase of VO2 with triclinic symmetry.12 The effect of substrate-induced 

strain has also been shown to influence TMIT in VO2 thin films.6,17 Since the majority of potential 

applications for VO2 rely on thin films, we investigate the role of substrate-induced strains for 

situations both favoring and inhibiting the formation of M2 as TMIT is approached. Strain in these 



 3

samples arises from lattice-constant mismatches with the substrate and thermal stresses due to 

the different expansion coefficients of VO2 and sapphire. 

Despite its usefulness for examining the electronic band structure of states principally 

related to conduction, there are few spectroscopic ellipsometry (SE) studies of VO2 and the band 

structure of this material is not fully established.2,18-21 The low symmetry of VO2 makes SE 

measurements challenging to model and interpret. Generally, this is less of an issue in thin films 

since they are composed of polycrystalline domains having a distribution of orientations which 

result in measured properties corresponding to isotropic conditions. In this paper, we report SE 

studies of VO2 deposited on sapphire having different crystal orientations, denoted c, m, and r 

plane (herein samples c, m, and r). Under identical deposition conditions, described previously 

along with extensive characterization,22 the sapphire influences the VO2 orientation. For 

deposition on c-plane sapphire, the VO2 is predominantly oriented with the V—V chains of the R 

phase in the plane of the sapphire. In contrast, the m and r samples have CR axis directed out of 

(but not normal to) the sapphire substrate plane. This set of samples corresponds to thin films for 

which we anticipate compressive strain along the CR axis in m and r, and tensile strain along CR 

in sample c. 

The values obtained for TMIT based on our ellipsometry measurements, described below, 

are 72±2, 63±2, and 62±2 °C for the c, m, and r samples, respectively. These TMIT values agree 

with our prior resistivity (ρ) measurements22 and are all noticeably different from the accepted 

TMIT for bulk VO2. Our results thus corroborate the presence of tensile CR strain in sample c, and 

compressive strain in both m and r.6 Upon cooling sample c, differences in the thermal expansion 

coefficients of sapphire and VO2 will produce tensile strain in CR, thereby raising TMIT. Upon 

cooling the m and r samples, the substrate will again induce tensile stress in the VO2 plane of the 
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growth, for which the crystal orientation results in compressive strain in the CR direction thereby 

reducing TMIT. We estimate the strain magnitudes to be ~ 0.1 % at room temperature,6 in good 

agreement with our estimates based on published thermal expansion coefficient of VO2
23 and 

sapphire.  

Our SE results show the energy gap (Eg) of VO2 to decrease rapidly with heating 

beginning at temperatures below Tonset (< TMIT), the temperature at which ρ decreases faster than 

the exponential drop characteristic of the low-temperature range.24 The results show that the 

band gap collapses at T < TMIT, followed by the expected increase in carrier concentration as seen 

from the plasma frequency (ωP). The range between Tonset and TMIT is pronounced for sample c. 

Raman measurements exhibit diverse temperature dependence for V—O related vibrations, 

which we attribute to internal stresses in the residual M1 material as surrounding VO2 transforms 

to the high-T phase.  

2. Experimental Details 

Physical deposition of the VO2 layers were performed using sputtering under identical 

conditions, details have been previously published.22 SE measurements were carried out between 

photon energies of 0.6 and 6.5 eV at 70° angle of incidence using the approach detailed by 

Majumdar, et al.25 Results were modeled using commercial software. Raman measurements were 

done in the direct backscattering configuration with 514.5 nm laser excitation kept at low power 

(< 10 mW). In each set of measurements, the sample temperature was varied using a controlled 

Peltier heater and measured using a calibrated thermistor with values reported within ±0.5 °C.  

A three-layer model is used to simulate the dielectric function of our materials for fitting 

the measured SE data. The sapphire layer utilizes measurements obtained directly from identical 

bare substrates oriented in-plane the same as during the VO2 SE measurements. The second layer 
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is the ~ 120 nm thick VO2 which we describe using a frequency (ω) dependent, complex 

dielectric function 

  (1) 

where  is the high-frequency dielectric constant. The model dielectric function in Eq. (1) is 

taken to be isotropic due to the polycrystalline morphology of your VO2. The imaginary part of 

the Tauc-Lorentz (TL) dielectric function in Eq. (1) is 

௅௜௠ሺ߱ሻ்ߝ  ൌ ቐ ଵ԰ఠ . ஺ೕ൉ாబೕ൉஼ೕ൉൫԰ఠିா೒൯మቂቀሺ԰ఠሻమିாబೕమ ቁቃమା஼ೕమ൉ሺ԰ఠሻమ                                         0                             ܧ ൑ ௚ܧ ܧ ൐  ௚ (2a)ܧ

and the real part is obtained from the Cauchy integral 

௅௥௘ሺ߱ሻ்ߝ  ൌ ଶగ ൉ ܲ ׬ క൉ఌ೅ಽ೔೘ሺకሻకమିሺ԰ఠሻమ ஶா೒ߦ݀  (2b) 

The amplitude is Aj, transition energy E0,j, and broadening parameter Cj.26 The imaginary part of ்ߝ௅,௝ሺ߱ሻ is non-zero in the range where the material absorbs light, ԰߱ ൐ Eg, which generally 

accounts for band-tail states to define the lowest optical transition. One possible interpretation of 

the band tail is indirect transitions, as described in Ref. [27] and discussed below. ߝ஽ሺ߱ሻ is the 

Drude dielectric function 

஽ሺ߱ሻߝ  ൌ ఠುమିఠమା௜Гವఠ (3) 

with parameters plasma frequency ωp and broadening factor ΓD. This term describes the presence 

of free carriers arising from unintentional doping (T < TMIT)28 and due to the metallic phase (T > 

TMIT). As expected, the Drude contribution is small below Tonset and grows as the VO2 becomes 

metallic above TMIT. The third layer describes the rough (~ 7 nm thick) VO2 surface, and is 

modeled using an effective medium approximation consisting of voids intermixed with VO2. The 

ε ω( ) = ε∞ + εTL, j ω( )
j
∑ +εD ω( )

ε∞
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VO2 parameters are held the same as for the primary layer with no lateral size and shape 

dependences taken into account. We also investigated alternatives to the TL function. In 

particular, we attempted using a series of Lorentzian oscillators. However, these attempts 

resulted in unsatisfactory fits to our data and so we focus on discussions of the TL approach as in 

Ref. [18]. 

3. Eg and E0j Transitions below and above the Phase Transition  

Figure 1(a) and (b) show, respectively, ൏ ଵߝ ൐  and  ൏ ଶߝ ൐  the real and imaginary 

pseudo-dielectric function of VO2, for sample c at temperatures below Tonset, in the intermediate 

range, and above TMIT. The corresponding results for samples m and r are shown in Fig. 1(c,d) 

and (e,f), respectively. Below (above) the narrow temperature range shown, the spectra are 

consistent with those illustrated here for the M1 (R) phase of VO2. The imaginary part of 

dielectric function, ൏ ଶߝ ൐, in each sample increases dramatically at energies below ~ 1.5 eV 

when each sample reaches TMIT signaling transition to the metallic R phase. Shown in Fig. 1 are 

the transition energies E0,j of the TL oscillators for the low-T M1 phase (solid lines) and in the R 

phase above the phase transition (dashed lines). In the following, we denote these transitions by 

unprimed (M1) and primed (R) integers.  

Figure 2 summarizes the experimental results for Eg as a function of T for each sample. In 

Fig. 3 we show the temperature dependence of the E0j values for each sample. At room-

temperature our measurements result in Eg values of 0.55, 0.44, and 0.44 eV for samples c, m, 

and r, respectively. These values are lower than the commonly accepted Eg of 0.6 eV, but fall 

within the 0.3 to 0.6 eV range of results reported in the literature for bulk samples and material 

deposited on c-sapphire.2,3,29,30 Liu, et al., have calculated the electronic band structure of VO2 in 

the M1 phase.27 They point out that the energy gap may be indirect, arising from transitions 
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between valence states near the B point in the Brillouin zone to conduction levels near the D-

symmetry point. The calculated band structure reported by Eyert31 also indicates that the energy 

gap is indirect.  

Although the calculated Eg values27,31 differ substantially from each other and with our 

measured results, the possibility that the TL gap from our SE studies may correspond to the weak 

absorption by indirect transitions is supported by the effect of stress. We correlate variations 

observed in the room-temperature values obtained for Eg in our samples with the effects of 

substrate-induced strain characterized along the V—V chains in the metallic rutile phase of VO2. 

As discussed above, the CR axis in sample c is under tensile strain, while the CR-axis lattice 

constant is compressively strained for samples m and r. These strains are expected to give rise to 

blue (tensile) and red (compressive) shifts of the observed optical energy gaps,29 consistent with 

our observations for Eg. Since indirect energy gaps generally red shift with hydrostatic 

compression, our results support the interpretation that VO2 is an indirect gap material in the M1 

phase.  

Published spectra related to the dielectric function of VO2 (e.g., ۄߝۃ, index of refraction, 

and optical conductivity) show overall qualitative agreement, although there remain 

inconsistencies in the optical transition energies. At room temperature, we obtain transition 

energies E0,j at ~ 0.7, 1.1, and 3.5 eV for sample c. These are to be compared with transitions 

reported 1.4 eV and 3.2 eV 18 and 1.4 eV and 3.5 eV 21 based on spectroscopic ellipsometry. We 

do not confirm the weak transition reported at 2.5 eV.2 As many as five to six features are seen in 

the optical conductivity of VO2/TiO2.20 It is possible that these discrepancies in the literature and 

with our data are related to the VO2 growth conditions. However, direct comparison of samples 

grown under a variety of conditions is needed to examine these discrepancies, and the influence 
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of substrate is critical as we describe here for identical VO2 preparation on the same substrate 

material. In samples m and r, transitions 1 and 2 are shifted by +0.2 eV in comparison to those of 

sample c. These shifts are attributable to strains. Compression results in a blue shift (m and r), 

while tension produces a red shift (c), as is generally the case for direct transitions in 

semiconductors. Temperature dependences of the E0,j transitions for each sample are summarized 

in Fig. 3. Transitions are labeled 1 (1’), 2 (2’), and 3 (3’), respectively, below (above) TMIT.32  

Energy levels in VO2 are commonly interpreted based on the V4+ ion 3d orbitals.33 In the 

M1 phase, the bonding ݀צ  levels comprise the valence band maxima. These levels are 

predominantly filled for n-type or intrinsic VO2. Above these states lie the π* and antibonding ݀צ 

(denoted ݀כצ ) conduction levels of the 3d electrons. The model is illustrated in Fig. 4 at 

temperatures below Tonset (a), T ~ Tonset (b), and above TMIT (c). We assign features 1 and 2 from 

the ellipsometry measurements to transitions between the filled ݀צ  valence levels and empty 

conduction d states. Feature 3 may be attributed to transitions between the deeper Oଶ୮ levels and 

the empty π* bands. In Fig. 4(a) we depict the corresponding band structure for VO2 well below 

the phase transition. Since the electronic states in the VO2 crystal will form bands, it is 

appropriate to compare our measurements with the results of band structure calculations reported 

for the monoclinic crystal structure.27,29,31,34 Eyert reported density of states (DOS) originating 

from the O2p and 3d electrons of VO2 based on density functional theory (DFT).31,34 The high 

DOS ݀צ ื כߨ צ݀ , ื כצ݀ , and Oଶ୮ ื כߨ  transitions have energies ~ 0.8, 1.5, and 3.6 eV, 

respectively, in good agreement with our values for oscillators 1, 2, and 3. Similarly, Lazarovits, 

et al.,29 carried out local density approximation (LDA) calculations. Based on their 

spectroscopically resolved DOS results, we estimate the ݀צ ื  transition, with high DOS, to כߨ

have energy ~ 1 eV, while for ݀צ ื כצ݀  we estimate ~ 1.5 eV. These are likewise in good 
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agreement with our transitions 1 and 2. Liu, et al., report band structures without specifically 

identifying the parent d-electron orbitals. From their results, based on DFT, we identify direct 

transitions at energies ~ 0.9 and 1.1 eV originating from the Γ point in the Brillouin zone of M1-

phase VO2, although it is possible that direct transitions at the B-symmetry point contribute near 

0.9 eV.27 Again, these energies are in reasonable agreement with our transitions 1 and 2. The 

band structure has multiple bands corresponding to transition 3; therefore we do not give a 

specific symmetry assignment here.  

At T > TMIT we also observe three bands in this range. These transitions are consistently 

in the 1.3 eV (1’), 2.8-3.1 eV (2’), and 3.3-3.6 eV (3’) ranges. It is plausible that variations in 

these E0,j values originate from different strains present in the VO2 above TMIT. Figure 4(c) shows 

the energy level diagram for the 3d and ܱଶ௣ electrons in the metallic rutile phase.33 Oscillator 1’ 

may arise from transitions between ݀צ  levels just below the Fermi level (EF) and π* states. 

Comparing this with the calculated band structure,34 we find a good association with the high 

DOS feature at ~ 1.4 eV. The 2’ and 3’ bands may be attributed to transitions from the filled ܱଶ௣ orbital to the partially filled ݀צ and π*, respectively.18 From Ref. [31], we find high DOS 

transitions from the ܱଶ௣ to the EF at 3.0 eV, as well as ܱଶ௣ to multiple high DOS states, with the 

highest at energy ~ 3.8 eV. Oscillators 1’, 2’, and 3’ correspond to direct transitions between the 

valence band near EF to conduction states near the respective M-, Γ-, and R-points of the 

Brillouin zone.34 

Upon reaching the metallic phase, the plasma frequency abruptly increases. Energy ԰߱௉, 

shown in Fig. 2, begins to rise at temperature Tonset, and continues to rise before leveling off 

above TMIT. Vertical dashed lines in each panel of Fig. 2 and 3 indicate Tonset and TMIT. In all 

samples we obtain ԰߱௉ of ~ 4.0 eV in the metallic phase. The broadening factor changes slightly 
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from the room-temperature value of 0.85 eV to 0.73 eV above the phase transition temperature, 

in agreement with what has been reported for VO2 deposited on c-sapphire.2 Cooling reverses the 

trend (not shown) with the expected hysteresis seen in other measurements. Values obtained for 

TMIT are 72 ± 2, 63 ± 2, and 62 ± 2 °C, for samples c, m, and r, respectively.  

4. Temperature Dependence Across the Phase Transition 

The temperature dependence of Eg is summarized in Fig. 2 for all three samples. A weak 

overall red shift is observed until near Tonset, where we see a systematic decrease in Eg. At TMIT 

the value of Eg increases abruptly to ~ 1.1 eV in each sample, although this no longer 

corresponds to the energy gap in the metallic state. The temperature at which this jump takes 

place correlates with TMIT based on the ωP dependence and ρ measurements.22 These changes in 

the optical properties near Tonset and TMIT are also observed in the other bands obtained from our 

SE measurements, as seen in Fig. 3.  

For each sample, Tonset agrees with the temperature at which ρ begins to drop more 

rapidly than the characteristic exponential behavior seen below the phase transition.22 For sample 

m we observe a temperature range below TMIT over which Eg ~ 0 eV. This dependence shows that 

the collapse of the energy gap is gradual and that Eg is close to zero before the MIT. The energy 

gap also drops at Tonset for sample r, but because the transition is more abrupt the material 

becomes metallic without Eg reaching zero. For samples m and r, we depict this situation in Fig. 

4(b), for T just below the onset temperature. With Eg near kBT, electrons are activated into the 

conduction band, giving rise to the observed increase in ߱௉ below TMIT. 

The temperature dependence of Eg for sample c is more complex, dropping abruptly at 

Tonset to approximately 0.2 eV, followed by a gradual decrease. However, Eg does not appear to 

reach zero even very close to TMIT. Our results are consistent with the formation of an 
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intermediate phase between Tonset and TMIT, particularly for sample c. However, the SE results do 

not permit us to definitively identify the intermediate phase. One possible interpretation of the 

phase transformation properties obtained for sample c is the presence of a mixed phase 

consisting of M1 and R in the intermediate temperature range between Tonset and TMIT. This 

possibility has been suggested by several authors to describe sluggishness in the transition, 

particularly for thin films.35-38 A second possibility is the transformation from M1 into M2 VO2, 

particularly for sample c due to tensile strain along the CR axis.9 Lastly, a recent interpretation of 

the intermediate phase is the triclinic VO2, which exhibits a gradual transition.12  

To examine the effect of these transformations on microstructure, we conducted Raman 

measurements as a function of temperature. Figure 5 shows Raman spectra at various 

temperatures for each sample, with particular attention to temperatures near the phase transition. 

Features measured in the Raman spectrum of M1-phase VO2 agree with previously published 

work.39,40 At room temperature, phonon energies for VO2 depend on substrate orientation, as can 

be seen in Fig. 6. These differences are most pronounced for the V—O band near 615 cm-1, with 

phonon energy ascending in order m→r→c. The blue shift is attributable to the tensile stress 

parallel to the sapphire substrate plane, which produces compressive strain in the growth 

direction. This same ordering for the vibration near 262 cm-1 suggests a phenomenological 

association between this feature and the 615 cm-1 V—O vibration. In contrast, strain has a 

weaker effect on the other Raman bands which exhibit a different ordering at room temperature. 

This is most notable in the band at 309 cm-1, with energy in ascending order c→r→m. We 

likewise attribute the observed ordering of the 309 cm-1 band to the different strains in the 

samples. The tensile strain along the CR direction in sample c will cause the V—V vibrations to 
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red shift, as seen in Fig. 6 from comparison of the 309 cm-1 band for the three samples at room 

temperature.  

With increasing temperature, the intensity of the Raman spectrum decreases until near 

Tonset, above which the intensity becomes too weak to detect, as seen in Fig. 5. The temperature 

dependences of these phonons also differ substantially, as shown in Fig. 6. Each band, including 

those at ~ 195, 224, and 309 cm-1, gradually red shifts until becoming too weak to observe. In 

contrast, the lines near 262 and 615 cm-1 exhibit diverse behaviors as Tonset is approached. For 

sample c, which has the highest transition temperature, we observe a gradual blue shift followed 

by a more rapid rise in energy above ~ 55 °C. A gradual blue shift has been recently reported for 

this Raman band when tensile stress is applied along the CR direction as VO2 transforms from M1 

to M2 at room temperature.12 However, they also observe the vibrations at ~ 195 and 224 cm-1 to 

blue shift, contrary to what is seen in Fig. 6(a). This discrepancy indicates that strain induced by 

mismatches in thermal expansion coefficients is not the sole factor in the temperature 

dependence of the vibrational structure. For sample m the 262 and 615 cm-1 V—O vibrations 

gradually red shift and then rapidly drop in energy beginning at ~ 55 °C. In sample r, with abrupt 

phase transition, these bands show weak temperature dependences with only a slight red shift 

just below Tonset.  

One plausible explanation for the observed dependences is the effect of internal stresses 

in the M1-phase VO2 during the phase transition. These are produced by the neighboring regions 

which have transformed in the intermediate temperature range. The M2-phase of VO2, for 

example, expands ~ 0.8 % along the CR axis.13 Partial transformation from M1 to M2 would 

produce compressive stress on the untransformed regions of M1-phase VO2. This internal stress 

will increase with transformed volume fraction to steadily blue shift the V—O vibrations with 
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increasing M2 volume fraction. Using the Young’s modulus for VO2
41 and pressure dependence 

of the 615 cm-1 phonon,42 we estimate a blue shift of 4 to 6 cm-1, consistent with our 

observations. For the case where VO2 transforms directly from M1 phase into R, the contraction 

along the CR axis is expected to red shift the V—O vibrations. This agrees with what is observed 

for sample m. Because the known pressure coefficients of the other vibrations (195 and 224 cm-1) 

are very weak, the impact of internal strains is not substantial. Furthermore, the stress induced by 

thermal expansion mismatch with the substrate is nearly one order of magnitude smaller than the 

internal stresses, and are not expected to play a large role in the observed trends in Fig. 6. 

5. Summary  

We describe diverse phase transformation properties, depending on the VO2 orientation 

on c, m, and r-plane sapphire. The transformation temperatures, Tonset and TMIT, are related to 

substrate-induced strains along the CR crystal axis. We identify three primary, direct optical 

transitions in both the M1 and R phases. These are related to energy levels proposed by 

Goodenough33 and consistent with recent calculations of the band structure.27,29,31,34 For samples 

m and r, compressive strain along the CR axis reduces TMIT and results in transformation from M1 

to R-phase VO2. An abrupt transition is observed in sample r, while sample m exhibits a more 

gradual transformation. This may be attributed to the presence of grains having various sizes.4,5 

For the latter, we observe a temperature range between Tonset and TMIT over which the energy gap 

collapses. Our results are consistent with an indirect energy gap for the M1 phase of VO2, as has 

been suggested based on band structure calculations.27 In sample c the range between Tonset and 

TMIT is large, consistent with the formation of an intermediate phase of VO2. In this case, the 

energy gap does not completely collapse, remaining in the 0.2 to 0.1 eV range across the phase 
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transition. The effects of internal stresses within partially transformed VO2 are used to interpret 

the Raman measurements.  
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Fig. 1. (Color online) Real ߝۃଵۄ and imaginary ߝۃଶۄ part of pseudo-dielectric function of VO2 at 

selected temperatures for samples c (a,b), m (c,d), and r (e,f). Solid and dashed lines in the ߝۃଶۄ 
panels demark optical transitions in insulating and metallic phases of VO2, respectively.  
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Fig. 2. (Color online) Energy gap (black) and Drude energy (red) as a function of temperature for 

sample c (a), m (b), and r (c). Vertical dashed lines in each panel represent Tonset and TMIT. 
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Fig. 3. (Color online) Temperature-dependent optical transitions in semiconductor phase (1, 2 

and 3), intermediate and metallic phase (1’, 2’ and 3’) of VO2 samples c (a), m (b), and r (c) 

obtained from SE measurement. Vertical dashed lines in each panel indicate Tonset and TMIT. 
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Fig. 4. Band diagram of VO2 for (a) T < Tonset in insulating phase, (b) intermediated phase at T ~ 

Tonset and (c) metallic phase at T > TMIT.  
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Fig. 5. (Color online) Raman spectra of sample (a) c, (b) m and (c) r low temperature and near 

Tonset. 
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Fig. 6. (Color online) Phonon energies as a function of temperature for peaks at (a) 195 and 225 

cm-1, (b) 263 and 309 cm-1 and (c) 615 cm-1.  


