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attractive for potential applications, such as 
nanoelectronic switches, [ 3–5 ]  transistors, [ 6 ]  
optical devices, [ 7,8 ]  and micromechanical 
devices. [ 9 ]  

 VO 2  thin fi lms have been synthesized 
by a variety of deposition techniques, such 
as pulsed laser deposition (PLD), [ 10–14 ]  
molecular beam epitaxy (MBE), [ 15 ]  reac-
tive sputtering, [ 16,17 ]  sol-gel processing, [ 18 ]  
chemical vapor deposition (CVD), [ 19 ]  
thermal oxidation, [ 20 ]  and ion beam depo-
sition. [ 21,22 ]  Most of the studies report on 
VO 2  fi lms with thicknesses in the range of 
40–200 nm. Sub-10 nm continuous fi lms 
of ≈2 nm thickness have been deposited 

both by PLD [ 23 ]  and MBE [ 15 ]  on monocrystalline TiO 2  and MITs 
with resistivity changes of ≈500 × and ≈25 × , respectively. How-
ever, the use of TiO 2  monocrystals as a substrate is unfavorable 
for practical nanoelectronic applications and PLD and MBE 
are not deposition techniques that are well suited for device 
manufacturing. By contrast, VO 2  fi lms deposited by techniques 
suitable for manufacturing, including atomic layer deposition 
(ALD), have typically been noncontinuous and have shown a 
strongly degraded MIT when the fi lm thicknesses were below 
40–50 nm. [ 24–26 ]  

 In recent years, ALD [ 27,28 ]  has become the reference tech-
nique for the deposition of dielectric [ 29 ]  and metallic [ 30 ]  thin 
fi lms for nanoelectronic applications. [ 31–33 ]  ALD is characterized 
by self-limiting surface reactions, which enables a precise con-
trol over fi lm thickness and stoichiometry. In addition, the high 
conformality allows deposition onto three-dimensional (3D) 
structures, as increasingly required for advanced nanoelectronic 
applications. However, the ALD growth of thin high quality 
VO 2  is not established yet. VO 2  ALD has been reported using 
vanadyl acetonate and O 2  [ 34 ]  or VOCl 3 . [ 35 ]  X-ray diffraction (XRD) 
indicated the presence of VO 2  and signs of MITs have been 
observed. Yet, these processes have not been able to achieve 
thin, continuous, and phase-pure fi lms. By contrast, the ALD 
from tetrakis(ethylmethylamino) vanadium (TEMAV) and O 3  
has led to continuous smooth fi lms that show an MIT down to 
a thickness of ≈40 nm. [ 36–39 ]  ALD VO 2  from TEMAV with H 2 O 
as oxygen source has been reported to lead to mixed valence 
VO  x   fi lms which can be converted to VO 2  by postannealing. [ 40 ]  
Nevertheless, no continuous ALD VO 2  fi lms featuring an MIT 
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  1.     Introduction 

 Vanadium dioxide (VO 2 ) is a material that exhibits a fi rst order 
metal-insulator transition (MIT) [ 1 ]  at around 67 °C, coupled with 
a structural transition from a low temperature monoclinic to a 
high temperature rutile structure. In bulk single crystals, the 
transition leads to a resistivity change of up to fi ve orders of 
magnitude and a strong modifi cation of optical transmission. [ 2 ]  
The control of electrical resistivity, infrared transmission, and 
strain by making use of the phase transition renders the material 
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with thicknesses below 40 nm have been reported thus far. 
To unlock the full potential of VO 2  for scaled nanoelectronic 
applications, it is however necessary to demonstrate VO 2  fi lms 
with both a large resistance change during the MIT as well as 
thicknesses below 10 nm. In addition, these fi lms need to be 
deposited on technologically relevant Si substrates by a manu-
facturing friendly technique, such as ALD. 

 Nonplanar crystalline VO 2  nanostructures are also of funda-
mental and applied interest. In previous work, polycrystalline 
VO 2  nanorods have been synthesized using a hydrothermal 
process. [ 41–43 ]  These rods had average diameters of 20–40 nm 
and lengths of 1–5 µm. Another hydrothermal protocol yielded 
anisotropic free-standing single-crystal VO 2  nanowires with 
diameters of 58–200 nm and lengths greater than 10 µm. [ 44 ]  
Single crystalline, well-faceted VO 2  nanowires synthesized 
using a vapor transport method are reported in. [ 45 ]  Their diam-
eters were 60 ± 30 nm and their lengths could reach 10 µm 
and above. [ 46,47 ]  VO 2  nanoparticles with controlled size were 
reported to be produced by coimplantation of vanadium and 
oxygen into an amorphous SiO 2  matrix followed by a thermal 
anneal of 1000 °C. The equivalent radius of these particles 
varied between 40–90 nm. [ 48 ]  Another route for VO 2  nanopar-
ticle synthesis consisted of depositing substoichiometric fi lms 
by PLD followed by an anneal. [ 49,50 ]  Most nanostructures thus 
reported feature dimensions of 40–100 nm and above. 

 In this work, we demonstrate continuous sub-10 nm thick 
ALD VO 2  fi lms which exhibit both structural and electronic 
MITs. These fi lms show a change in sheet resistivity of more 
than two orders of magnitude across the phase transition. 
To obtain such fi lms, a tight control of the deposition and 
annealing conditions of VO 2  is the key. The density and stoi-
chiometry changes during fi lm formation were anticipated to 
play a crucial role in morphological control. We have indeed 
found that as deposited densities and stoichiometries closer 
to those of VO 2  allowed the formation of closed smooth fi lms. 
Moreover, we show that fi lm morphology can be tuned by the 
process parameters allowing to either obtain smooth fi lms or 
nanoparticles (down to ≈20-nm-size), which all show an MIT.  

  2.     Results 

 The ALD was carried out using tetrakis[ethylmethylamino] 
vanadium [V(NEtMe) 4 , TEMAV, provided by Air Liquide]. A 
central issue for the deposition of VO 2  fi lms, both by ALD and 
other deposition methods, is the control of the oxidation state 
of V. V can exist in all oxidation states between +2 and +5. As 
a result, a myriad of stable vanadium oxide phases other than 
VO 2 , including VO, V 2 O 3 , V 3 O 5 , V 4 O 7 , V 6 O 13 , and V 2 O 5 , have 
been observed. In TEMAV, V is already present in the desired 
V 4+  oxidation state, which may facilitate the direct formation of 
VO 2  during ALD. [ 37 ]  Furthermore, the choice of the oxidizer is 
important to obtain uniform, conformal, and high quality ALD 
fi lms of the desired phase with the right V valence. [ 51,52 ]  Pre-
vious work using O 3  as oxidizer led to the formation of V 5+  in 
the as-deposited fi lms, which required subsequent annealing 
under reducing conditions to obtain VO 2 . [ 38 ]  

 In this work, we study the ALD using TEMAV in combina-
tion with H 2 O as oxidizer. All fi lms were deposited at 150 °C 

on 300 mm Si (100) substrates in a Tokyo Electron EX reactor. 
Prior to ALD, either 1 nm of SiO 2  (by rapid thermal oxida-
tion) or 18 nm of crystalline Al 2 O 3  were grown. Al 2 O 3  was 
deposited by ALD from Al(CH 3 ) 3  and H 2 O at 300 °C followed 
by annealing at 1000 °C in N 2  to crystallize the fi lms into the 
 γ -Al 2 O 3  phase with (111) fi ber texture. All data below cor-
respond to VO 2  on Al 2 O 3  unless noted otherwise. The ALD 
growth of this process is linear and the growth rate is 0.05 nm 
cycle −1 , as determined by ellipsometry. 

 The as-deposited vanadium oxide fi lms were amorphous, as 
determined by grazing incidence XRD (GIXRD,  ω  = 1°, CuKα). 
Hard X-ray photoelectron spectroscopy (HAXPES, measured at 
the GALAXIES beamline at SOLEIL [ 53 ]  spectra for 30 nm as-
deposited vanadium oxide ( Figure    1  a) are consistent with V 
present in the fi lm as V 4+ . Both the binding energy difference 
between the O 1s and V 2p 3/2  peaks, [ 54,55 ]  and in particular the 
observation of fi lled V 3d states in the valence band close to 
the Fermi level (Figure  1 b) are strong indicators of V 4+ . Note 
that the latter observation rules out V 5+  as the main oxidation 
state since V 5+  has a 3d 0  confi guration. The observation of V 4+  
in as-deposited fi lms is in contrast to the O 3 -based ALD pro-
cess using the same precursor where V was present as V 5+ . [ 38 ]  
The direct formation of V 4+  in the H 2 O-based ALD process 
can be explained by the much lower oxidizing strength of H 2 O 
with respect to O 3 . Furthermore, H 2 O reacts with the TEMA 
(tetrakis[ethylmethylamino]) ligands of TEMAV by proton 
transfer and subsequent release of the hydrogenated ligand. [ 56 ]  
It is very plausible that the overall ALD surface reaction chem-
istry leaves the oxidation state of the V cation intact. Hence, 
the V 4+  in the TEMAV precursor can be successfully trans-
ferred to V 4+  in the deposited fi lm. This demonstrates that ALD 
is capable of depositing suboxides using H 2 O as the oxidizer 
when the metal cation in the precursor already has the desired 
oxidation state.  

 The as-deposited amorphous VO 2  fi lms showed no elec-
tronic MIT as observed by sheet resistivity measurements (not 
shown). Hence, a postdeposition anneal (PDA) was necessary 
to crystallize the fi lms. To avoid oxidation or reduction of the 
fi lms, an N 2 /O 2  ambient was used and the partial O 2  pressure 
during anneal was carefully adjusted to maintain the stoichi-
ometry of the VO 2  fi lms. 

 The GIXRD pattern of an 8-nm-thick VO 2  fi lm (Figure  1 e) 
shows that the fi lm crystallized in the monoclinic VO 2 (M) 
phase after an optimized PDA (see below) at 480 °C and a 
O 2  partial pressure of 1.6 Pa. The peak at 2 θ  = 27.8° corre-
sponds to the (011) diffraction planes of VO 2  ( M ). The VO 2 ( M ) 
phase was found by GIXRD for the entire investigated thick-
ness range of 4–30 nm without any signatures of secondary 
phases. Further evidence for the presence of vanadium in 
the +4 oxidation state after PDA comes from the HAXPES 
spectra (Figure  1 a). The V 2p HAXPES spectrum shows only 
negligible shift upon annealing. Note that the peculiar shape 
of the V 2p 3/2  peak can be attributed to multiplet effects due 
to interactions of the 2p core hole with the partly-fi lled 3d 
states [ 57 ]  rather than the presence of multiple oxidation states. 
The absence of the multiplet structure in the amorphous as-
deposited fi lm may be due to disorder effects which lead to 
locally different V coordination. Furthermore, the observation 
of fi lled V 3d states close to the Fermi level in the valence 
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band spectrum (Figure  1 b) after annealing indicates the 
presence of V 4+  also in the annealed fi lms and rules out the 
dominance of V 5+ . 

 The presence of V 4+  is also corroborated by the V K-edge 
X-ray absorption spectroscopy (XAS), measured by total-photo-
electron yield at the GALAXIES beamline at SOLEIL) spectra 
in Figure  1 d. Both the position and the shape of the preedge 
peak as well as the energies of characteristic features at and 
above the absorption edge in the direct and derivative (not 
shown) spectra are consistent with V 4+ . [ 58,59 ]  Note that the posi-
tion and the shape of the preedge peak does remain constant 
even for ultrathin noncontinuous nanocluster structures down 

to a nominal thickness of 0.5 nm. The valence band HAXPES 
spectrum (Figure  1 b) shows the V 4+  stoichiometry in the 0.5-nm 
fi lms as well. This indicates that the deposition and annealing 
processes discussed here are capable of obtaining V 4+  in thin 
fi lms irrespective of the fi lm thickness down to values even in 
the sub-nm range. 

 Postdeposition crystallization annealing, especially in the 
case when a valence change is necessary to obtain stoichio-
metric VO 2 , is typically accompanied by rough morphology 
and agglomeration on dielectric substrates. As an example, 
noncontinuous and rough VO 2  fi lms were obtained using 
TEMAV and O 3  even for optimized annealing conditions. [ 38 ]  
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 Figure 1.    a) V 2p and O 1s HAXPES spectra for as-deposited and annealed H 2 O-based ALD VO 2  fi lms. The spectra are consistent with V in the 
+4 oxidation state. b) The valence band HAXPES spectra show the presence of fi lled 3d states close to the Fermi level as expected for 3d 1  VO 2 . 
c) As-deposited fi lm density as determined by fi lm mass measurements and volume derived from ellipsometry for different oxidizers and temperatures. 
The H 2 O process at 150 °C led to the highest fi lm density. For comparison, the bulk VO 2  density is 4.6 g cm −3 . d) V K-edge XAS spectra of 0.5- and 
30-nm-thick annealed VO 2  fi lms. e) GIXRD with 2 θ  = 27.8° (011) diffraction peak showing the VO 2 (M1) crystalline structure for 8-nm-thick fi lms after 
crystallization by PDA.
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The agglomeration and the fi lm roughening can be linked to 
dewetting of the dielectric surfaces by the metallic VO 2  and is 
strongly enhanced by the volume change during the crystal-
lization anneal. Hence, continuous and smooth thin fi lms are 
favored when VO 2  is deposited not only in the right stoichi-
ometry but also with a density approaching that of the VO 2  as 
close as possible. 

 Figure  1 c illustrates the dependence of the density of as-
deposited VO 2  on the oxidizer (O 3  vs H 2 O) and the deposition 
temperature. The density was deduced from the mass increase 
of the wafer due to VO 2  deposition in combination with the 
fi lm thickness determined by ellipsometry. The use of H 2 O at 
150 °C led to the highest density closest to VO 2 . Low tempera-
ture and strongly oxidizing O 3  conditions led to much lower 
densities due to V 2 O 5  formation and/or C contamination (not 
shown). As demonstrated below, the combination of V 4+  and 
high density in the as-deposited fi lms that was realized using 
H 2 O at 150 °C is an enabling condition for smooth and con-
tinuous ultrathin VO 2  fi lms with thicknesses below 10 nm. 

 The morphology of the fi lms as a function of their thick-
ness was investigated by scanning electron microscopy (SEM) 
and atomic-force microscopy (AFM) ( Figure    2  a–c). Here, the 
PDA was carried out at 500 °C in 1.6 Pa O 2  partial pressure. 
The fi lms were found to be uniform, with no agglomeration 
observed down to a thickness of 8 nm. For a thickness of 4 nm, 
the SEM image suggested that the fi lm was noncontinuous. 
The rms roughness, as determined by AFM was in the range of 
2.5 nm for all samples and thus rather independent of the fi lm 
thickness. It should be noted however that the measured rms 
roughness of 2.7 nm for the 4-nm-thick fi lm was comparable to 
the fi lm thickness, corroborating the noncontinuous grain-like 
morphology of the fi lm, as observed by SEM.  

 The VO 2  fi lm closure as a function of thickness was meas-
ured by time-of-fl ight secondary ion mass spectrometry (TOF-
SIMS). Figure  2 e shows ToF-SIMS surface Al +  secondary ion 
yield (left axis) measured as a function of vanadium area den-
sity determined by Rutherford backscattering spectroscopy 
(RBS). The strong decrease of the Al +  surface yield indicates 
an increasing coverage of the Al 2 O 3  surface by VO 2 . At V area 
densities corresponding to a VO 2  thickness of 8 nm and above, 
the Al +  yield saturated at a background level of a few percent, 
indicating that the VO 2  layers are essentially closed and fully 
cover the surface. 

 A cross-sectional transmission electron microscope (TEM) 
micrograph of the 8-nm-thick VO 2  fi lms after PDA is shown 
in Figure  2 d. The micrograph, in combination with high-
angle annular dark-fi eld scanning transmission electron 
microcopy analysis (not shown), indicated that the fi lm was 
uniform and that the interface of VO 2  with Al 2 O 3  was sharp 
and regular. No voids or interdiffusion of Al 2 O 3  and VO 2  were 
observed. 

 The impact of the fi lm morphology and the thickness on 
the electrical resistivity of VO 2 , in particular across the MIT, is 
shown in Figure  2 f. Generally, the magnitude of the resistivity 
change across the MIT decreased with decreasing fi lm thick-
ness, whereas the resistivity increases. The thickness depend-
ence was however rather weak down to a fi lm thickness of 14 nm 
and strong variations were only observed for the thinnest, 
4-nm-thin, fi lm. This can be related to an increased impact 
of fi lm roughness as the fi lm thickness decreases, and in par-
ticular to the increasing loss of fi lm continuity when the thick-
ness approaches 4 nm. Nonetheless, even in this case, signs of 
a MIT are visible in the data although the transition magnitude 
was strongly reduced. This highlights the importance of the 
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 Figure 2.    a–c) Top-view SEM and 1 × 1 µm 2  AFM images of VO 2  fi lms after PDA with thicknesses as indicated; d) Cross-sectional TEM micrograph 
of a 8 nm VO 2  fi lm after PDA; e) ToF-SIMS Al +  yield and AFM rms roughness as a function of RBS V area density. The nominal VO 2  fi lm thickness is 
also indicated. The onset of fi lm closure can be observed at ≈8 nm; g–h) Resistivity as a function of temperature below (semiconducting, 80–280 K); 
g) and above (metallic, 350–474 K); h) the MIT temperature.



FU
LL P

A
P
ER

683wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fi lm morphology and continuity for the observation of large-
magnitude MITs in ultrathin VO 2  fi lms. 

 The temperature dependence of the resistivity and the 
impact of the morphology below and above the MIT were also 
investigated. Below the transition temperature (i.e., in the semi-
conducting phase), no Arrhenius behavior of the resistivity 
was observed (see Figure  2 h). By contrast, within the 80–280 K 
temperature range, the temperature dependence for the 12-nm-
thick fi lm shows behavior similar to 3D Mott variable range 
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are shown as black lines in Figure  2 h). For lower fi lm thick-
nesses, the temperature dependence deviates from that observed 
for thicker fi lms, especially at the lowest temperatures. The devia-
tions coincide with the increased infl uence of roughness and fi lm 
noncontinuity. In the metallic phase (Figure  2 g), for thicknesses 
of 8 and 12 nm, the temperature dependence was most con-
sistent with Schottky emission ( σ  ≈ T  2 exp(– E  a / kT )) across grain 
boundaries. For the lowest thickness (4 nm), the data were best 
accounted for by a pure Arrhenius dependence. This behavior 
was found [ 61 ]  to be characteristic for ultrathin islanded metal 
fi lms, which is consistent with our observed fi lm morphology. 

 As discussed above, the morphology of the resulting VO 2  
nanostructures can be controlled by as-deposited density and 
annealing conditions. In the above section, the deposition and 
in particular, the annealing conditions were optimized to obtain 
smooth and continuous fi lms even for thicknesses <10 nm. 
However, the morphology control can also be exploited to obtain 
VO 2  nanoclusters by raising the annealing temperature. For VO 2  
fi lms with nominal thicknesses of 4 and 6 nm, a PDA at 540 °C 
in 1.6 Pa O 2  resulted in the formation of nanoparticles. SEM and 
AFM images of these nanoclusters are shown in  Figure    3  a,b,e,f. 
The particle size increased with the amount of deposited mate-
rial. Using XRD, the average particle size was derived from 
the width of the (011) peak width using a Scherrer analysis. 

Average VO 2  nanocluster diameters of 15 and 18 nm were 
obtained for nominally 4- and 6-nm-thick fi lms, respectively, in 
agreement with SEM and AFM observations. As expected for 
such isolated nanostructures, it was not possible to measure 
a fi nite sheet resistance. However, these VO 2  nanoclusters 
showed both a structural and electronic transition with temper-
ature that was consistent with the MIT (see Figure  3 , c,d,g,h). 
The ellipsometry amplitude ratio ( Ψ ) measured as a function of 
temperature showed the presence of an optical/electronic tran-
sition in the same temperature range as expected for the VO 2  
MIT. Furthermore, temperature-dependent XRD confi rmed a 
structural transition in the same temperature range. This dem-
onstrates that it is possible to obtain both 2D (smooth fi lm) and 
0D (nanoparticle) VO 2  nanostructure morphologies with ALD 
simply by adapting the PDA temperature.  

 We now discuss in detail the properties of thin VO 2  fi lms 
at the transition and the optimization of the magnitude of the 
resistivity change across the MIT. In situ XRD measurements [ 37 ]  
as a function of temperature showed the presence of a revers-
ible structural phase transition across the MIT for a 30-nm-
thick fi lm annealed at 500 °C in 1.6 Pa O 2  (see  Figure    4  a,b). 
A peak shift of ≈0.10–0.15° was observed around 70 °C 
reversing to the original position when cooled. The change of 
the 2 θ  peak position from a ≈28.0° (011) VO 2 (M1) peak around 
68 °C (during heating) to a lower angle 2 θ  = 27.75° (110) 
VO 2 (R) peak (and vice-versa) was due to the phase change from 
the monoclinic VO 2 (M1) phase to the tetragonal VO 2 (R) phase 
at the MIT. The structural transition, including the hysteresis 
characteristic for the VO 2  fi rst order MIT, was still visible for the 
8-nm fi lm (Figure  4 e). Figure  4 d shows the optical characteris-
tics as observed by ellipsometry at a wavelength of 1000 nm. 
The ellipsometry amplitude ratio ( Ψ ) showed the presence of 
a concomitant optical/electronic transition in the VO 2  fi lms 
that accompanied the electrical MIT deduced from resistivity 
measurements.  
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 Figure 3.    SEM images of nanoparticles obtained by annealing of nominally; a) 4-nm- and; e) 6-nm-thick VO 2  fi lms on SiO 2  at 540 °C. b) and f) show 
1 × 1 µm 2  AFM images of the same samples respectively. The variation of the 2 θ  position of the main peak in the XRD pattern with temperature indi-
cates a structural transition from monoclinic VO 2 (M1) to tetragonal VO 2 (R) for the nanoclusters derived from nominally c) 4 and g) 6 nm VO 2 . The 
ellipsometry amplitude ratio  Ψ  shows the presence of a concomitant optical/electronic transition for the nominally 4 d) and 6 nm h) nanoclusters.
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 The magnitude of the electronic MIT of 8-nm-thick VO 2  
fi lms could be optimized by tuning the PDA at a fi xed oxygen 
partial pressure of 1.6 Pa. For optimized PDA temperatures of 
460–480 °C, the resistivity change across the transition (defi ned 
as the ratio of the resistivity at 25 and 100 °C, respectively; 
 ρ  25 / ρ  100 ) for the 8-nm fi lm reached more than two orders of 
magnitude, as shown in Figure  4 e,f. Films annealed at 425 °C 
show practically no transition, while increasing the anneal tem-
perature to 500 °C, decreases the ratio to ≈10. The morphology 
of the fi lms was investigated by AFM (Figure  4 e). Films 
annealed at 425 °C, although smooth with a low rms rough-
ness of 0.5 nm, showed a poor transition magnitude likely due 
to lack of fi lm crystallinity. The crystalline fi lms, annealed at 
460 and 480 °C, showed an rms roughness of 0.9–1.1 nm and a 
resistivity change of more than two orders of magnitude across 
the MIT. By contrast, a PDA at 500 °C result in rougher fi lms 
with an rms roughness of 2.1 nm, coinciding with a deteriora-
tion in the magnitude of the transition.  

  3.     Conclusions 

 In conclusion, we have shown how an increased morphological 
control can be used to obtain smooth and continuous VO 2  fi lms 
with thicknesses below 10 nm. Key parameters are the choice 
of precursor, oxidizer, and PDA conditions ensuring that dense 
fi lms with the right V valence state can be directly achieved by 
the deposition process and maintained during crystallization 
annealing. This was realized by an ALD process using TEMAV 
in combination with H 2 O. Such fi lms showed a large MIT with 
a resistivity change of over two magnitudes for fi lms as thin as 

8 nm. For the thinnest fi lms, the magnitude of the resistance 
change across the MIT decreased because of the formation of 
isolated nanoparticles rather than continuous fi lms. However, 
the data indicated that no intrinsic thickness limits existed for 
the deposition of crystalline VO 2  nanostructures with an MIT 
by this process. The resulting VO 2  nanoparticles with diameters 
of 10–20 nm, all showed both electronic and structural phase 
transitions in the same temperature range as the thin fi lms.  

  4.     Experimental Section 
 ALD was carried out using TEMAV precursor in combination with H 2 O 
as oxidizer. All fi lms were deposited at 150 °C on 300 mm Si (100) 
substrates in a Tokyo Electron EX reactor. Prior to ALD, either 1 nm of 
SiO 2  (by rapid thermal oxidation) or 18 nm of crystalline Al 2 O 3  were 
grown. Al 2 O 3  was deposited by ALD from Al(CH 3 ) 3  and H 2 O at 300 °C 
followed by annealing at 1000 °C in N 2  to crystallize the fi lms into the 
 γ -Al 2 O 3  phase with (111) fi ber texture. 

 Layer thickness was measured by 49-point spectroscopic ellipsometry 
(SE) and X-ray refl ectivity. SE was carried out in a KLATencor Aleris 
system. Dual harmonic oscillator models were employed to determine 
the thickness. The crystallinity of the fi lms was determined by grazing 
incidence X-ray diffraction (GIXRD,  ω  = 1°) using Cu Kα radiation 
in a Bede Metrix-L X-ray diffractometer. In situ XRD was carried out 
with a heating/cooling rate and collection time of 0.1 °C s −1  and 10 s 
in inert He ambience. The roughness of the fi lms was imaged using 
atomic-force microscopy (AFM) in tapping mode (Model Nanoscope 
dimension 3100) with an etched single crystal silicon probe tip 
having a radius curvature  < 10 nm. SEM morphology analysis was 
carried out using a Hitachi SU8000 system. Vanadium concentration 
measurements were performed by Rutherford back scattering (RBS) 
analysis using a 1.5 MeV He +  beam with a scattering angle of 170°. The 
VO 2  fi lm closure was measured by TOF-SIMS using an ION–TOF–IV 
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 Figure 4.    a) Temperature dependent 2 θ - ω  XRD pattern of a 28-nm-thick VO 2  fi lm across the MIT (temperature range 30–100 °C); b) XRD peak position 
as a function of temperature for the same fi lm; c) Temperature-dependent XRD peak position obtained by Gaussian peak fi tting of an 8 nm ALD VO 2  
fi lm. d) Ellipsometry amplitude ratio ( Ψ ) at  λ  = 1000 nm as a function of temperature. e) Resistivity in the semiconducting and metallic states for fi lms 
with various anneal temperatures extracted from f) (left ordinate). AFM rms fi lm roughness and magnitude of transition versus anneal temperature 
(right ordinate). The region exhibiting the highest magnitude of transition is shaded. f) Resistivity curves across the MIT for 8 nm VO 2  fi lms annealed 
at different temperatures with fi xed O 2  partial pressure of 1.6 Pa.
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instrument with a Bi 3+  source operating at a beam energy of 25 keV 
(area of 250 µm × 250 µm for analysis) and a Xe +  beam with an energy 
of 350 eV. TEM measurements were recorded with a FEI Tecnai F30 
electron microscope operating at 300 kV, after focused ion beam sample 
preparation. CVD glass and Al layers were applied for better contrast. 
Sheet resistance was measured using a 4-point probe technique in a 
heated sample stage. Hard X-ray photoelectron spectroscopy (HAXPES) 
was measured at the GALAXIES beamline at SOLEIL. [ 53 ]  V K-edge X-ray 
absorption spectroscopy (XAS) was measured by total-photoelectron 
yield at the GALAXIES beamline at SOLEIL as well.  
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