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a b s t r a c t 

Owing to its pronounced metal-insulator transition at ∼340 K, vanadium dioxide (VO 2 ) has emerged as 

a promising candidate material to emulate neuronal logic and memory functions for neuromorphic com- 

puting applications. For viable implementation into practical devices, it is critical to understand the fun- 

damental mechanical behavior of VO 2 during this phase transformation. Herein, we implemented sputter 

deposition under various conditions to strategically texture VO 2 thin films, thereby enabling us to ex- 

amine the influence of crystal orientation on mechanical, structural, and electrical properties across its 

characteristic metal-insulator transition. Notably, polycrystalline VO 2 and epitaxial VO 2 /sapphire (0 0 01) 

films developed tension, whereas epitaxial VO 2 /TiO 2 (001) developed compression in heating through 

the phase transformation. Through structural analysis, we attribute this tension/compression disparity to 

highly anisotropic deformation that occurs during the phase transformation. Corresponding analyses from 

linear elastic fracture mechanics enable the prediction of a critical film thickness, below which polycrys- 

talline VO 2 films will not fracture, which has implications for the design of resilient neuromorphic ar- 

chitectures. Similarly, by analyzing the stress evolution in epitaxial VO 2 /TiO 2 (001) films, we find that 

fracture occurs during sputter deposition itself. Finally, we conduct simultaneous measurements of me- 

chanical stress and electrical conductance of polycrystalline and epitaxial VO 2 thin films during thermal 

cycling. Surprisingly, we unveiled that the orientation of the film can even alter the temperature-sequence 

of the macroscopic electrical response and overall stress response during the phase transformation, which 

we attribute to spatial heterogeneities in the transformation. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Electron-correlated transition metal oxides exhibiting pro- 

ounced metal-insulator transitions (MITs) are excellent candidates 

o emulate the spiking behavior of biological neurons. VO 2 un- 

ergoes a first-order diffusionless and hysteretic transition from 

 high-symmetry rutile R phase to a low-symmetry stable mono- 

linic M 1 (or metastable monoclinic M 2 or M 3 ) phase at ∼340 K 

1–5] . Stemming from this behavior, Yi et al. demonstrated 23 

ypes of biological neuronal behaviors through two-channel de- 

ices of VO 2 as active memristors [6] . Much attention has focused 

n tuning the transition temperature, e.g., by adding dopants, tun- 

ng epitaxial matching to substrates, and changing film thickness 
∗ Corresponding author. 
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7–10] . Still, given the change in crystal symmetry and anisotropic 

trains accompanying the structural transition, VO 2 often suffers 

evere mechanical deformation during thermal cycling [11–17] . 

or instance, Nagashima et al. have reported fracture of epitax- 

al VO 2 thin films on TiO 2 (001) substrates [16] . Additionally, Mu- 

aoka et al. found that VO 2 thin films deposited on TiO 2 (001) 

nd TiO 2 (110) substrates displayed a wide transition tempera- 

ure range. They were able to tune the transition temperature 

hrough substrate-induced mismatch strain [18] . Implementation 

f VO 2 into devices of practical utility requires a comprehensive 

nderstanding of its mechanical behavior, as to ensure stability and 

urability across extended current-, voltage-, or thermally-driven 

lectronic transitions. 

For instance, it is important to determine stress levels that de- 

elop in physically constrained environments during the metal- 

nsulator transitions, as to guide the design of practical devices 

hat avert damage during operation. Viswanath et al. reported re- 

https://doi.org/10.1016/j.actamat.2022.118478
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118478&domain=pdf
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ersible stress evolution of polycrystalline VO 2 thin films over 100 

hermal cycles through the metal-insulator transition [19] . They 

lso investigated the stress evolution behavior during incomplete 

artensitic transformations and the corresponding stress relax- 

tion during the phase transformation [19] . Balakrishnan et al. later 

bserved twinning near cracks that formed during the phase trans- 

ormation of VO 2 on Si 3 N 4 membranes, suggesting crack-induced 

lasticity during the transition [20] . In both studies, the authors 

ound that tensile stresses developed in polycrystalline VO 2 upon 

eating through the phase transformation. However, the origin of 

hese tensile stresses [ 21 , 22 ] is unclear, given that volumetric ex- 

ansion occurs during the phase transformation, which would thus 

eem likely to induce compressive stresses when constrained by 

urrounding materials. Moreover, stresses that develop during MITs 

n epitaxial films of VO 2 remain unknown. 

In terms of fracture behavior, several studies have observed 

racking in epitaxial VO 2 [ 12 , 13 , 15–17 , 23–25 ]. In VO 2 ( 40 ̄2 ) M 

on

iO 2 (001), Nagashima et al. experimentally observed a critical 

hickness of VO 2 of 15 nm above which the film fractured [16] . Ro-

riguez et al. observed that the crack density increases with film 

hickness in the same system [15] . Paik et al. attributed their ob- 

erved decrease in on/off ratio (in resistivity across the MIT) to 

tress relaxation associated with cracking in VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) 

17] . One possibility was proposed by Nagashima and Krisponeit, 

ho speculated that VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) fractures during the 

IT upon cooling by comparing the thermal expansion coefficients 

f VO 2 films and TiO 2 (001) substrates before and after the MIT 

ransition using pre-existing data [ 16 , 24 ] . Here, we have sought to

elineate critical attributes of VO 2 thin films, formulated in terms 

f lattice compatibility with the substrate and film thickness, that 

re necessary to ensure damage-free operation across the charac- 

eristic metal—insulator transition of VO 2 

Beyond these mechanical studies, several studies have provided 

nsight into the effects of epitaxy on the phase transformation and 

orresponding electrical properties during the MIT in VO 2 . For in- 

tance, in a series of studies, Liu et al. found phase separation into 

nidirectionally-oriented metallic stripes in VO 2 deposited on TiO 2 

100) and TiO 2 (110) substrates [26–28] , but the same group found 

o stripe-like patterns in VO 2 deposited on TiO 2 (001) [14] . Qazil- 

ash et al. observed nanoscale metallic puddles at the onset of the 

IT in polycrystalline VO 2 [29] . Overall, it is important to fully 

nderstand the interplay among mechanical stresses/strains, crys- 

al orientation, electric properties, temperature, and phase trans- 

ormations in these systems. 

To address the gaps in knowledge outlined above, herein 

e fabricated polycrystalline VO 2 /SiO 2 /Si (100), epitaxial VO 2 

020) M 

/TiO 2 (001), and epitaxial VO 2 ( ̄4 02 ) M 

/sapphire (0 0 01). We

tilized a multi-beam optical stress sensor (MOS) technique to 

easure the evolution of stresses during the MIT in these films. 

ighly anisotropic stresses occurred in these systems, which we ra- 

ionalize by analyzing the crystal structure and corresponding de- 

ormation behavior in these systems. To better understand the ef- 

ect of the crystal structure on the temperature sequence of the 

acroscopic electrical response and overall stress response of the 

hin film, we conducted simultaneous measurements of mechani- 

al stresses and electrical conductance during the phase transfor- 

ation of polycrystalline VO 2 and epitaxial VO 2 (020) M 

thin films. 

e found that the orientation of the film can alter the temperature 

equence of the macroscopic electrical response and overall stress 

esponse through complementary characterization. We also exper- 

mentally characterized and analyzed fracture behavior in these 

ystems. Namely, as informed by our measurements of mechan- 

cal properties and accumulated stresses during a thermal cycle, 

e implemented an analysis from fracture mechanics to predict 

 critical film thickness of polycrystalline VO 2 thin films, below 

hich fracture will not occur. We compared these predictions to 
2 
xperimental observations by thermal cycling VO 2 films of varying 

hickness while simultaneously monitoring damage. Similarly, we 

nalyzed the root cause of fracture of epitaxial VO 2 ( 40 ̄2 ) M 

/TiO 2 

001) thin films and found that damage in these systems likely 

tems from the fabrication process itself, i.e., during deposition at 

igh temperatures. Overall, these comprehensive mechanical stud- 

es provide insight into the design of mechanically robust VO 2 de- 

ices, e.g., for applications in neuromorphic computing devices. 

. Experimental 

.1. Synthesis of VO 2 thin films 

We utilized two side mirror-polished silicon (100) wafers with 

50 nm of thermal oxide (SiO 2 ) on top (University Wafer), sapphire 

0 0 01), TiO 2 (0 01), and TEM grids with 18 nm-thick SiO 2 support

lms as our substrates. The substrates (barring the TEM grid) were 

leaned with acetone and 2-propanol and placed into a sputtering 

ystem (AJA Inc.) with a base pressure of ∼5 × 10 −8 Torr. All de- 

ositions utilized a metal vanadium target, a working pressure of 

.0 mTorr, a mixture of argon and oxygen gas (Ar: 20 sccm, O 2 :

.1 sccm), a DC power of 200 W, a substrate rotation of 40 rpm, 

nd a substrate temperature of 600 ºC. The deposition temperature 

nd time is chosen to meet the needs of both electrical perfor- 

ance (e.g., reasonably good on/off ratios) and consistency among 

hree different substrates, i.e., as to not conflate too many vari- 

bles when comparing among different substrate systems. 30 min 

f deposition produced 150 nm, 60 nm, and 90 nm films of VO 2 

n SiO 2 /Si (100), sapphire (0001), and TiO 2 (001), respectively. By 

ontrolling the deposition time, we also produced films on SiO 2 /Si 

100) wafers of varying thickness – 387 nm(1 h), 698 nm (2 h), 

nd 1630 nm (3 h) – to study the effects of film thickness on per- 

ormance, e.g., in terms of fracture behavior. Immediately follow- 

ng deposition, we annealed each sample in the sputtering cham- 

er without breaking vacuum at 600 °C for 3 h. We note here 

hat our deposition conditions did not result in a linear increase 

n film thickness with deposition time. As such, to ensure accuracy 

n our findings and calculations herein, we measured the thickness 

f each film individually after deposition. We measured the film 

hickness of polycrystalline specimens by milling a trench through 

he thickness of as-prepared samples using a focused ion beam 

FIB) inside a scanning electron microscope (SEM, Tescan LYRA- 

 Model). We measured the film thickness of epitaxial VO 2 /TiO 2 

001) and VO 2 /sapphire (0001) through transmission electron mi- 

roscopy (TEM). 

.2. Structural and morphological characterization 

A parallel beam geometry using a Bruker-AXS D8 X-ray diffrac- 

ometer with a Cu K α (wavelength λ = 0.154 nm) radiation source 

nd a parabolic Göbel Mirror produced X-ray diffraction patterns. 

 scanning electron microscope (SEM, JEOL JSM-7500F) operating 

t 10 kV captured the surface morphology. An atomic force micro- 

cope (AFM, Bruker-Dimension Icon) determined the morphology 

nd roughness of the surface of the film. A DXS 500 optical mi- 

roscope captured images of the surfaces of samples during ther- 

al cycling to monitor the evolution of damage. The crystal struc- 

ures of VO 2 with a specific orientation are generated with Vesta 

30–32] . 

.3. Mechanical characterization 

A multibeam optical stress sensor (MOS) from k-Space Asso- 

iates monitored the curvature of the substrates ( �K) during ther- 

al cycling (e.g., from 40 to 200 ºC). The experimental setup is 

hown in the Fig. 1 d. We spread thermal paste on a heating stage



Y. Zhang, C.D. Fincher, R.M. Gurrola et al. Acta Materialia 242 (2023) 118478 

Fig. 1. Surface morphology and crystal structure characterization of as-deposited VO 2 thin films on SiO 2 /Si (100) (first row), TiO 2 (001) (second row), and sapphire (0 0 01) 

(third row) – (a), (e), and (i): SEM images, (b), (f), and (j): AFM images, (c), (g), and (k): x-ray diffraction patterns, (h) and (l): XRD pole figure, and (d) experimental set up 

for simultaneous mechanical stress and electrical characterization during thermal cycling. 
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TMS 94, Linkam Scientific Instruments Ltd.) prior to mounting the 

ample, as to enhance heat conduction. Using Stoney’s equation, 

e deduced the average in-plane stresses in the thin film during 

hermal cycling [33–35] : 

σ = 

M s h 

2 
s 

6 h f 

�K (4) 

here M s is the biaxial modulus of the substrate ( M SiO 2 /silicon ( 100 ) = 

1 
s 11 + s 12 

= 180 GPa [36–39] , M sapphire ( 0 0 01 ) = 

1 
s 11 + s 12 

= 578 GPa 

39–41] , M T iO 2 ( 001 ) = 

1 
s 11 + s 12 

= 360 GPa [ 39 , 42 , 43 ]), h s is the thick-

ess of the substrate ( h SiO 2 /Silicon ( 100 ) = 325 μm, h sapphire ( 0 0 01 ) = 

0 0 μm, h T iO 2 ( 001 ) = 50 0 μm), and h f is the thickness of the VO 2 

lm. In this study, the stress �σ represents the change in the aver- 

ge in-plane engineering stress. Any expansion or contraction out 

f plane will not contribute to the stress measurement. We use the 

ign convention of tensile stress as being positive and compressive 

tress as being negative. 

Stoney’s equation assumes that the deformation of the thin 

lm is axisymmetric [37] . In the case of textured polycrystalline 

O 2 /SiO 2 /Si (100), the grains are randomly oriented in-plane, even 

hough the out-of-plane orientation is highly textured Diffraction 

atterns of the epitaxial VO 2 /TiO 2 (001) and VO 2 /sapphire (0001) 

lms contain 4-fold and 6-fold in-plane symmetry, respectively, as 

hown in Fig. 1 h and 1 l. The diffraction spots in the VO 2 /TiO 2 

001) film reflect an epitaxial relationship between the VO 2 film 

nd the underlying TiO 2 (001) substrate, which has 4-fold symme- 

ry. While the symmetry of the VO 2 crystal structure is reduced 

hen it transforms to the monoclinic phase, the film retains the 

-fold symmetry of the underlying TiO 2 substrate. In the latter 

ase, the polycrystalline growth of epitaxial VO 2 on sapphire oc- 

urs in 3 symmetrically equivalent rotational domains, resulting in 
3 
 superposition in a diffraction pattern with 6-fold symmetry. In 

act, the films we fabricated are highly epitaxial but are not iden- 

ically single crystals as shown in Fig. 1 e and Fig. 1 i. The small

n-plane misorientation as indicated in the pole figures ( Fig. 1 h 

nd 1 l) induces some randomness (i.e., isotropy) in the in-plane 

irections. As such, the epitaxial VO 2 /TiO 2 (001) and VO 2 /sapphire 

0 0 01) films are in-plane axisymmetric, at least to the first order. 

urthermore, Huang et al. calculated that hexagonal (00 l ) plane, 

etragonal (00 l ), and cubic (00 l ) and ( hhh ) planes are equivalently

n-plane isotropic, which thus implies that the deformation of the 

ubstrates in our study are subjected to the macroscopically homo- 

eneous equiaxial stress [39] . On a related note, the MOS system 

an track the curvature along two orthogonal directions (X and Y). 

ig. S7 indicates a relatively small difference in the measured cur- 

atures along these two directions in all of our films. The small 

ifference in the curvatures between the two perpendicular direc- 

ions is possibly due to the variation in the thickness of the de- 

osited film or slightly non-uniform heat flux across the samples 

44] . 

.4. Electrical characterization 

We used Elform Heat Seal Connectors (Elform Inc.) to connect 

he films to a potentiostat. Using a PARSTAT MC Multichannel Po- 

entiostat (Princeton Applied Research), we conducted electrical 

onductance measurements under a constant voltage (0.02 V). 

.5. Nanoindentation 

We measured mechanical properties with a Nanomechanics 

anoflip indentation system operated in a temperature chamber. 
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pecimens from Si wafers (only) as well as specimens from poly- 

rystalline VO 2 films sputtered onto Si wafers were mounted us- 

ng cyanoacrylate adhesive prior to indentation. All measurements 

f hardness, H , and elastic modulus, E , were performed with a 

erkovich triangular pyramid indenter using the continuous stiff- 

ess measurement technique (CSM) with a target dynamic root- 

ean-square amplitude of 2 nm and loading rate by load ( ̇ P / P )

alue of 0.05 s −1 . The tip area function was calibrated based on 

used silica at indentation depths between 100 and 450 nm. The 

achine frame stiffness was calculated based on indentation of a 

eference Si substrate at the same temperatures of the relevant 

easurements. Holding the indenter tip against the sample and 

easuring the displacement versus time enabled assessment of 

hermal equilibrium for the tip and sample. All indentation mea- 

urements were taken only after the thermal drift was measured 

s less than 0.05 nm/s. Hardness and apparent elastic modulus 

alues were calculated using the Oliver—Pharr approach [45] . The 

lastic modulus of the VO 2 film on the Si substrate was calculated 

ased upon the Hay—Crawford thin film model [46] . To this end, 

he Si substrate’s elastic modulus versus depth was measured di- 

ectly over 50 individual tests, with the average elastic modulus 

nterpolated at 5 nm increments in depth. This elastic modulus of 

he substrate as a function of the depth was then utilized in cal- 

ulating the elastic modulus of the VO 2 film as a function of the 

epth using the Hay-Crawford model, adopting a film thickness of 

.63 μm, as measured from FIB cross-sectional images, and a Pois- 

on’s ratio of the film and substrate of ν = 0.2 [46] . This technique

as applied independently at 25 °C and 85 °C. 

. Results 

Fig. 1 shows the surface morphology and crystal structure 

f sputter-deposited polycrystalline and epitaxial VO 2 thin films. 

ig. 1 a and 1 b show the surface morphology of a 1.63 μm-thick 

lm and indicate a grain size of approximately 120 nm. Fig. S1 

hows similar morphologies in polycrystalline VO 2 thin films of 

wo other film thickness: 387 nm and 698 nm. Fig. S2 shows fur- 

her details of a 150-nm thick polycrystalline VO 2 thin film through 

EM studies. Fig. 1 e and 1 f show that epitaxial VO 2 films deposited

n TiO 2 (001) demonstrate a near regular square island-type mor- 

hology with large cracks. By contrast, Fig. 1 i and j show that epi-

axial VO 2 films deposited on sapphire (0 0 01) demonstrate no such 

otable features. Fig. S3 displays differences in surface morphology 

etween VO 2 /TiO 2 (001) and VO 2 /sapphire (0 0 01) on several sam- 

les using optical microscopy. Fig. S4 shows the cross section of a 

O 2 thin film deposited on TiO 2 (001) substrate from transmission 

lectron microscopy. The VO 2 /TiO 2 interface appears that it may be 

omewhat diffuse, as shown in Fig. S4. One possible reason is the 

 number between Ti and V elements are similar so it is difficult 

o distinguish between them with our given microscopy technique, 

.e., this appearance may be an imagining artifact. Still, we cannot 

ompletely rule out the possibility of a diffusive solid solution layer 

f Ti x V 1-x O 2 existing between the film and the substrate. However, 

 stepwise metal insulator transition phenomenon would likely oc- 

ur if such an intermetallic compound existed in our VO 2 /TiO 2 thin 

lms, as has been seen in previous work [18] . As such, we sur-

ise that an intermetallic compound (Ti x V 1-x O 2 ) did not form with 

ur synthesis conditions or that such a layer had a negligible ef- 

ect on performance, as based on the results in Fig. 4 e. In terms

f roughness, the AFM scans over a few square microns indicate 

 q values of 8.5 nm for polycrystalline VO 2 /SiO 2 /Si (100), 9.33 nm 

or VO 2 /TiO 2 (001), and 8.52 nm for VO 2 /sapphire (0 0 01) ( Fig. 1 ).

hese roughness values are approximately one order of magnitude 

maller than the total film thicknesses, which thereby helps to en- 

ure that Stoney’s Equation (mentioned in Materials and Methods) 

s valid without any required modification and also helps in en- 
4 
uring meaningful nanoindentation measurements at our reported 

ndentation depths [37] . Fig. 1 d shows an experimental setup that 

e implemented in this study. 

Fig. 1 also presents x-ray diffraction data from these films. 

ig. 1 c shows diffraction patterns of both a 1.63 μm-thick and a 

50 nm-thick VO 2 thin film, both of which indicate the polycrys- 

alline nature of the samples deposited on SiO 2 /Si (100). For the 

hinner film, the VO 2 (011) M 

reflection became more dominant 

elative to the (020) reflection, thereby indicating a more signifi- 

ant preferred texture in the thinner film. Fig. 1 g shows a diffrac- 

ion pattern from VO 2 deposited on TiO 2 (001), which indicates 

he epitaxial nature of the film, with the VO 2 ( ̄4 02 ) M 

plane as

he sole reflection. Fig. 1 k shows a diffraction pattern from VO 2 

eposited on sapphire (0 0 01), which indicates the epitaxial na- 

ure of the film, with the VO 2 (020) M 

plane as the sole reflec- 

ion. The vertical black lines in all three figures show the pow- 

er diffraction pattern of VO 2 -M 1 with PDF number: 01-076-0456. 

ig. 1 h and 1 l show XRD pole figures of VO 2 ( 40 ̄2 ) M 

/TiO 2 (001)

nd VO 2 (020) M 

/sapphire (0 0 01). VO 2 ( 40 ̄2 ) M 

/TiO 2 (0 01) displays

-fold symmetry diffraction patterns indicating a highly epitax- 

al film grown on a substrate with underlying 4-fold symmetry. 

n contrast, VO 2 (020) M 

/sapphire (0 0 01) exhibits 6-fold symme- 

ry diffraction patterns, thus evidencing the existence of a poly- 

rystalline textured VO 2 film with 3 symmetrically equivalent ro- 

ational domains in distinct orientations that mirror the underlying 

-fold symmetry of the sapphire substrate. 

Fig. 2 displays the elastic modulus and hardness of a 1.6 μm- 

hick polycrystalline VO 2 film as a function of the indenter 

epth from nanoindentation studies. At an indentation depth of 

50 nm, the elastic modulus is 224.4 ± 20.0 GPa at 25 °C and 

10.4 ± 15.5 GPa at 85 °C. An unpaired t -test gives a p-value of 

.0048, meaning that despite the error bars appearing similar in 

agnitude to the difference between the mean values for the two 

emperatures, the modulus is indeed statistically significantly dif- 

erent for the two sample sets, reflecting the change in phonon dis- 

ersion as a function of temperature. 

Indentation hardness measurements at 150 nm depth yielded 

alues of 12.8 ± 2.0 GPa at 25 °C and 11.6 ± 1.5 GPa at 85 °C.

n unpaired t -test for this data produces a p-value of 0.0084, 

gain indicating that this data is statistically distinct. Given that 

he moduli for the VO 2 −M thin film ( ∼220 GPa) and silicon sub- 

trate ( ∼195 GPa) are similar, and that Si’s hardness was measured 

s near 13.5 GPa, we can reasonably assert that the apparent hard- 

ess represents that of the film itself within 5% accuracy [47] . The 

easurements provide direct experimental validation for softening 

f phonons in the tetragonal phase, as has been predicted by ab 

nitio calculations and inferred from neutron scattering measure- 

ents; the observed softening is a consequence of soft anharmonic 

honons, which are directly implicated in the increase of entropy 

hat underpins stabilization of the metallic phase [48] . 

Fig. 3 shows that the fracture behavior of the VO 2 thin films 

s strongly influenced by the film thickness and the crystal ori- 

ntation of the films. The top view image of a 1.63 μm-thick 

O 2 /SiO 2 /Si (100) thin film indicates that the film fracture is pre- 

ominately intergranular as indicated in Fig. 3 a. Fig. 3 b reveals 

oth the fracture of a 1.63 μm-thick VO 2 /SiO 2 /Si (100) film and 

he delamination between the VO 2 film and the underlying sub- 

trate in the damaged regions. Videos S1-S4 show additional de- 

ails of the morphological evolution of a 1.63 μm-thick VO 2 /SiO 2 /Si 

100) thin film during heating and cooling. Fig. 3 c and 3 d dis-

lay the top-view and cross-sectional morphology of a 698 nm- 

hick VO 2 /SiO 2 /Si (100) film after one thermal cycle. Fig. S1g, h re- 

eal the surface morphology of thinner films (387 nm) after the 

rst thermal cycle, and Fig. 5 d shows the surface morphology of a 

50 nm-thick film after 50 thermal cycles. Thinner polycrystalline 

lms remain mechanically intact during fabrication and thermal 
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Fig. 2. Nanoindentation tests of 1.63 μm-thick polycrystalline VO 2 at 25 °C and 85 °C: (a) the elastic modulus and (b) the hardness as a function of indentation depth. The 

curves show the average of 16 and 50 tests at 25 °C and 85 °C, respectively, and the error bars represent the standard deviation. 

Fig. 3. (a) and (b) show fracture behavior of a 1.63 μm-thick polycrystalline VO 2 thin film deposited on SiO 2 /Si (100) from the top-view and cross-sectional view after one 

thermal cycle. (c)&(d) show the absence of fracture of a 698 nm-thick polycrystalline VO 2 thin film deposited on SiO 2 /Si (100) from the top-view and cross-sectional view 

after 5 thermal cycles. (e)&(f) show a top-view morphology of VO 2 /TiO 2 (001) using an optical microscope illustrating cracking even before thermal cycling. (f) shows the 

absence of fracture of VO 2 /sapphire (0 0 01) using an optical microscope from the top-view morphology after 5 thermal cycles. 

5 
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ycling. Fig. 3 e shows the surface morphology of VO 2 /TiO 2 (001) 

mmediately after sputter deposition using an optical microscope. 

racks had already developed in these films even before any ther- 

al cycling. Fig. 3 f shows the surface morphology of VO 2 /sapphire 

0 0 01) after 5 thermal cycles using an optical microscope. We ob- 

erved no cracking behavior in this thin film even after 5 thermal 

ycles. Fig. S3 displays three additional optical microscope images 

f VO 2 /sapphire (0 0 01) and VO 2 /TiO 2 (0 01) before and after 5 ther-

al cycles between room temperature and 90 °C. All the substrates 

ere free from scratches/cracks before we transferred them into 

he sputtering chamber. These observations highlight the impor- 

ance of the film thickness and the orientation of the thin films in 

aintaining mechanically integrity of the VO 2 thin films. 

Fig. 4 shows measurements of stress in VO 2 thin films de- 

osited on three different substrates while thermally cycling 

hrough their metal-insulator transition. To reiterate, the stress 

resented here represents the changes in stress relative to a ref- 

rence stress, which we take as the stress at the beginning of the 

rst thermal cycle. A similar method has been adopted in previ- 

us studies [33–35] . In Fig. 4 a, we performed cooling tests of these

hree types of films from 200 to 100 °C to investigate thermal mis- 

atch behavior at larger temperatures. Polycrystalline VO 2 /SiO 2 /Si 

100) and epitaxial VO 2 (020) M 

/sapphire (0001) develop relative 

ension, whereas VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) develop relative compres- 

ion during cooling from 200 to 100 °C. The TiO 2 (001) plane has 

 larger relative thermal expansion coefficient than VO 2 , as com- 

ared with the other two substrates (sapphire and silicon) which 

roduces larger (negative) stress during cooling over this range 

 22 , 49 , 50 ]. 

Fig. 4 b shows that the high temperature rutile phase VO 2 -R 

P4 2 /mnm) has a singular V—V bond distance ( d 1 = 2.851 Å) in con-

rast with the low temperature monoclinic phase VO 2 -M (P2 1 /c), 

hich has alternating dimerized V—V chains (d 2 = 3.124 Å and 

 1 = 2.654 Å) [3] . During heating through the phase transition, the 

olume expansion has been reported as 0.044% [ 21 , 22 ]. To better

xplain the stress evolution history in Fig. 4 c, e and g, we present

he areal change of the corresponding plane (the in-plane direc- 

ion of the film) in Fig. 4 d, f, and h next to the stress evolution

ehavior. 

Fig. 4 c shows that upon heating from 20 to 65 °C, small com- 

ressive stresses are generated in a 150 nm-thick polycrystalline 

O 2 /SiO 2 /Si (100) film due to the thermal mismatch of VO 2 and 

he Si substrate [ 21 , 51 ]. Upon further heating, significant tensile 

tresses (around 225 MPa) build up in heating from 65 to 80 °C 

hrough the metal-insulator transition. Upon completion of the 

hase transformation (above ∼80 °C), the thermal mismatch be- 

ween VO 2 and the Si substrate again produces small compressive 

tresses. The stress evolution during cooling shows a similar trend, 

lbeit with the metal-insulator transition temperature during cool- 

ng being located at a lower temperature range by ∼10 °C relative 

o that of heating. The stress accumulation during the phase trans- 

ormation is approximately 225 MPa. 

Epitaxial VO 2 (020) M 

/sapphire (0 0 01) displayed a similar trend 

o polycrystalline VO 2 /SiO 2 /Si (100) in its stress evolution with 

ome small numerical differences, as indicated in Fig. 4 g, which 

ay be related to the anisotropy of the elastic moduli of VO 2 . 

he stress developed in heating epitaxial VO 2 (020) M 

/sapphire 

0 0 01) to 65 °C is somewhat smaller compared with polycrys- 

alline VO 2 /SiO 2 /Si (100). Upon further heating, significant tensile 

tresses (around 280 MPa) build up in heating from 65 to 80 °C 

hrough the metal-insulator transition. The stress evolution during 

ooling shows a similar trend to heating, albeit with the metal- 

nsulator transition temperature during cooling being located at a 

ower temperature range by ∼6 °C relative to that of heating. Over- 

ll, the tensile stresses in epitaxial VO 2 (020) M 

/sapphire (0 0 01) are 

early identical compared with polycrystalline VO 2 (020) M 

/SiO 2 /Si 
6 
100), but epitaxial VO 2 (020) M 

/sapphire (0001) displayed smaller 

emperature hysteresis between heating and cooling. 

By contrast, VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) demonstrates vastly dif- 

erent mechanical behavior in heating through its metal-insulator 

ransition. Remarkably, Fig. 4 e shows that VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) 

evelops relatively large compressive stresses (around −1100 MPa) 

uring heating from 40 to 100 °C through the metal-insulator 

ransition. Also, the temperature range of phase transforma- 

ion is significantly larger than both VO 2 /SiO 2 /Si (100) and VO 2 

020) M 

/sapphire (0 0 01). The stress evolution during cooling shows 

 similar trend to heating, albeit with the metal-insulator transi- 

ion temperature during cooling being located at a lower tempera- 

ure range by ∼4 °C relative to that of heating. Evidently, the stress 

volution behavior, including both magnitude and sign, in epitaxial 

O 2 ( 40 ̄2 ) M 

/TiO 2 (001) is completely different from that of poly- 

rystalline VO 2 /SiO 2 /Si (100) and epitaxial VO 2 (020) M 

/sapphire 

0 0 01). 

Fig. 5 a shows thermal cycling of a 150 nm-thick VO 2 thin film 

t various heating and cooling rates, ranging from 5 °C /min to 

0 °C /min. No significant differences exist among the curves at 

ifferent thermal cycle rates. The results indicate the observed hys- 

eresis is quite intrinsic to the film composition and is not nu- 

leation limited at these rates (as oftentimes observed in case of 

anobeams), nor is it limited by the temperature heterogeneity in 

he film [9] . Fig. 5 b shows experiments in which we heated up a

O 2 thin film to different temperatures (72 °C, 74 °C, 78 °C, and 

5 °C) at a rate of 1 °C /min. We then held the temperature con-

tant at the maximum for 10 min, followed by cooling the sam- 

les to 50 °C at 1 °C /min. During the cooling period, all curves 

re relatively flat at first (indicative of hysteresis), after which the 

tress starts to decrease with various slopes. The (hysteretic) tem- 

erature range of the flat region during cooling increases as the 

aximum temperature increases, as does the slope of the stress- 

train curve upon cooling below the flat (hysteretic) region. Fig. 5 c 

hows 50 thermal cycles of a VO 2 thin film between 50 and 85 °C 

t a rate of 10 °C /min. The stress evolution during each cycle did 

ot show any obvious changes after 50 thermal cycles. In Fig. 5 d, 

e utilized FIB to examine a cross section of the cycled sample 

rom Fig. 5 c. The side view reveals no obvious mechanical damage 

ither in terms of fracture or delamination, e.g., as compared with 

he damage produced during thermal cycling of the 1.63 μm-thick 

lm shown Fig. 3 a and b. 

The electrical conductance and thermal hysteresis of VO 2 has 

een extensively studied using conductance measurements and 

ifferential scanning calorimetry during thermal cycling [ 1 , 7–10 ]. 

owever, conductance and calorimetry results present a convolu- 

ion of structural and electronic effects in this strongly electron 

orrelated material. For instance, the latent heat differential mea- 

ured by differential scanning calorimetry has (i) a lattice enthalpy 

omponent arising from the phonon-mediated M 1 → R (or reverse) 

hase transition initiated by V—V dimerization as well as (ii) a 

hange in conduction entropy of charge carriers resulting from 

harge ordering/delocalization [ 52 , 53 ]. Our results ( Figs. 4 and 5 b)

f the stress hysteresis measured during thermal cycling through 

ultibeam optical sensor measurements provide an unequivocal 

iew of just the lattice component of the phase transition. 

We also implemented simultaneous measurements of mechan- 

cal stresses and electrical conductance during thermal cycling to 

tudy the influence of film orientation on the temperature se- 

uence of the macroscopic IV response and overall stress response. 

e utilized two different samples, polycrystalline VO 2 /SiO 2 /Si 

100) and epitaxial VO 2 (020) M 

/sapphire (0001) thin films, as they 

emain mechanically intact during thermal cycling but possess dif- 

erent in-plane and out-of-plane crystal orientation (by compari- 

on VO 2 ( 40 ̄2 ) M 

/TiO 2 (001) shows fracture even after film deposi- 

ion, as indicated in Fig. 1 ). Upon careful inspection of Fig. 6 a, the
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Fig. 4. (a) The stress evolution of VO 2 films during cooling from 200 °C to 100 °C at a cooling rate of 10 ºC/min. (b) Volume changes between the VO 2 -M and VO 2 -R phases 

during the phase transformation. (c), (e), and (g): Evolution of stress in VO 2 thin films on various substrates during a thermal cycle. (d), (f), and (h): Areal changes in the 

VO 2 (011) M , ( ̄4 02 ) M , and (020) M planes and the corresponding VO 2 (110) R , (001) R , and (020) R planes on SiO 2 /Si (10 0), TiO 2 (0 01), and sapphire (0 0 01) during the phase 

transformation. These planes correspond to the primary (in the case of our highly textured polycrystalline VO 2 thin films) or exact (in the cases of our epitaxial VO 2 thin 

films) in-plane orientations of our VO 2 films, as indicated through XRD. The orange circles highlight atoms in a region of interest for discussion. The crystal structure of the 

VO 2 −M is from reference [31] and the VO 2 -R phase is from reference [32] . 
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t

tress in polycrystalline VO 2 starts to change from relative com- 

ression to tension at ∼65 °C, whereas the electrical conductance 

oes not yet begin to significantly change at this point. By con- 

rast, Fig. 5 c shows that during the phase transformation of epitax- 

al VO (020) /sapphire (0 0 01) (from ∼67 to 75 °C), the electrical
2 M 

7 
onductance changes more quickly with temperature than does the 

echanical stress, i.e., the macroscopic IV response appears to fin- 

sh more quickly than does the overall stress response. In Fig. 6 b 

nd d, we plot the derivative of the curves in Fig. 6 a and b to fur-

her highlight these points. During heating, Fig. 6 b shows that the 
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Fig. 5. (a) Stress evolution of a 150 nm-thick VO 2 film on SiO 2 /Si (100) during thermal cycling from 40 °C to 90 °C at various heating/cooling rates. (b) Stress evolution upon 

heating and cooling to different temperatures (incomplete heating) at a heating/cooling rate of 1 °C /min. (c) Stress evolution during 50 thermal cycles. (d) Cross-sectional 

SEM image of the as-cycled sample from (c). 
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erivative of the mechanical stress of polycrystalline VO 2 /SiO 2 /Si 

100) reaches a peak at a lower temperature than the correspond- 

ng derivative of the electrical conductance. By contrast, Fig. 6 d 

hows that the derivative of the electrical conductance of epitaxial 

O 2 (020) M 

/sapphire (0 0 01) reaches a peak at a lower temperature 

han the corresponding derivative of the stress. We tested three 

amples of each type of film, and the same trends were observed 

n all tests. 

. Discussion 

.1. Crystal structure analysis and its influence on stress development 

Fig. 4 b shows that, during heating through the phase transi- 

ion, a volumetric expansion of VO 2 occurs with a reported value 

f 0.044% [ 21 , 22 ]. However, the XRD results ( Fig. 1 c) show that our

50 nm films sputtered on SiO 2 /Si (100) are highly textured, with 

ost of the in-plane crystal planes being (011) M 

. Indeed, several 

ther studies have demonstrated that deposition of VO 2 most com- 

only results in a textured film with the VO 2 (011) M 

planes being 

redominately parallel to the substrate [ 20 , 54–59 ], likely because 

he (011) M 

plane possesses the lowest surface energy in the VO 2 

rystal system [60–62] . We calculated the in-plane areal change 

hrough the phase transformation by tracking the atoms in the 

epresentative region marked by the orange circles in Fig. 4 d, f, and 

. Fig. S5 provides calculation details. As shown in Fig. 4 d, the a-

xis in VO 2 -M (denoted as the c-axis in VO 2 -R) contracts by 0.85%

pon transforming to VO 2 -R, while the corresponding in-plane di- 

ection perpendicular to a-axis in VO 2 -M (also in the plane of in- 

erest, as shown as the horizontal direction in Fig. 4 d) expands by 

nly 0.424%. In Fig. S6, we show another view of the VO 2 (011) M 

lane and calculation details for further clarity. Applying the same 

ogic, we calculate the in-plane areal change of VO /TiO (001) 
2 2 

8 
nd VO 2 /sapphire (0 0 01) as shown in Fig. 6 f and h. These simple

tructural analyses provide clear insight into these film systems. In 

articular, we predict that the stresses should be tensile and of a 

imilar value in both VO 2 /SiO 2 /Si (100) and VO 2 /sapphire (0001), 

hereas the stresses should be compressive and much larger in 

O 2 /TiO 2 (001) upon heating through the phase transformation. 

o reiterate, the stress we measured through the MOS technique 

epresents the average in-plane stress. The expansion/contraction 

ut of plane will not contribute to the stresses that develop in 

his film/substrate geometry. As such, this crystal structure analy- 

is ( Fig. 4 d, f and h) explains our seeming stress evolution disparity 

easured in Fig. 4 c, e and g, in which we observe the anisotropic

ehavior of the stress evolution during a thermal cycle. 

This analysis highlights the importance of strategic texturation 

f films in its corresponding influence on stress evolution history 

hat will develop during thermal cycling, which has key implica- 

ions in practical devices. In terms of crystal structures of VO 2 , the 

elative orientation in-plane and out-of-plane will govern whether 

ensile or compressive stresses build up in these constrained ge- 

metries, e.g., as are typical of multi-layered structures in devices. 

elamination between VO 2 and surrounding layers may be driven 

y either compression or tension in the VO 2 . Fracture of VO 2 itself 

ill be driven by tensile stresses. As such, damage may be miti- 

ated or prevented by strategically texturing film/layers of VO 2 in 

evices. We will elaborate on designing mechanically robust thin 

lms that can survive repeated structural transformations in a later 

ection. 

.2. The temperature evolution of metal-insulator transitions and 

tructural phase transitions in VO 2 thin films 

Fig. 6 shows that the overall macroscopic electrical response 

f the film appears shifted in temperature relative to the over- 
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Fig. 6. (a) and (c): Simultaneous measurements of mechanical stress and electrical conductance of polycrystalline VO 2 /SiO 2 /Si (100) and epitaxial VO 2 (020) M /sapphire (0 0 01) 

during a thermal cycle. (b) and (d): Corresponding derivatives of stress and conductance with respect to the temperature of the data from (a) and (c). 
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ll macroscopic stress response of the film. Both the macroscopic 

lectrical resistivity and the overall film stress are proxies for the 

xtent of phase transformation in the region of phase coexis- 

ence, but they have different nonlinear dependencies due to spa- 

ial heterogeneities during the metal-insulator transition. In lit- 

rature studies of highly epitaxial films, VO 2 has shown alter- 

ative phase domains along the direction perpendicular to VO 2 

001) R direction, accompanied by a corresponding anisotropy in 

lectronic transport [ 27 , 28 ]. Indeed, AFM phase mapping in Fig. 

8e-S8h shows that our epitaxial films form some of these rel- 

tively long (high aspect ratio) conducting channels locally upon 

eating near the transition temperature. This process is conducive 

o more-readily creating a percolating network of electrical con- 

uctance (within the plane of the film). As such, even if a relatively 

mall percentage of the VO 2 -M has undergone a structural transi- 

ion, the percolation of the electrical path would trigger a steeper 

lope of the conductance with temperature while heating through 

he transition. In polycrystalline textured VO 2 thin films, the in- 

lane directions are more randomly distributed than in epitaxial 

O 2 (020) M 

/sapphire (0 0 01), the latter of which exhibits 3 sym- 

etrically equivalent rotational domains (which result in the su- 

erposition in the diffraction pattern with 6-fold symmetry). The 

esidual stress acting on the c-axis of VO 2 -R in the whole sam- 

le varies from grain to grain. Furthermore, the strain heterogene- 

ty leads to local variation in the transition temperature. Thus, the 

rains subjected to compression on the c-axis (VO 2 -R) undergo 

he phase transformation prior to the others. This type of behav- 

or can lead to the observation from several groups of “metallic 

uddles” (VO 2 -R) forming spatially during the phase transforma- 

ion in polycrystalline VO 2 thin films [ 29 , 63 ]. We see a similar be-

avior in our polycrystalline films, as indicated by the circles in 

ig. S8b. As this process is semi-randomly-distributed in a poly- 

rystalline material, it is not as easy to create an in-plane con- 

ucting path until a relatively larger percentage of the volume has 

ransformed. 
α

9 
.3. Fracture analysis of polycrystalline VO 2 thin films: critical film 

hickness to avert failure 

Fig. 3 a and b show that our 1.63 μm-thick polycrystalline VO 2 

hin films fracture after film fabrication and a thermal cycle. Our 

hinner polycrystalline VO 2 films (698 nm, 387 nm, and 150 nm) 

o not indicate any evidence of fracture as shown in Fig. 3 c,d and

igs. S1 and S2. The nanoindentation and MOS studies provide two 

mportant mechanical properties ( E f and σ f ) that are required to 

redict the critical conditions for fracture of a thin film of poly- 

rystalline VO 2 on a constraining substrate (or correspondingly of 

uch a film surrounded by other materials in a device). For a given 

tress, σ f , that develops in the film, there exists a critical film 

hickness, h cr , below which growth of a pre-existing channel crack 

ecomes energetically unfavorable. To determine the critical thick- 

ess, we adopt a fracture mechanics analysis from Beuth [ 64 , 65 ]: 

 cr = 

E f � f 

Z 
(
1 − υ2 

f 

)
σ 2 

f 

(1) 

here E f is the elastic modulus of the film; � f is the fracture en- 

rgy of the film; υ f is Poisson ratio of the film; σ f is the stress in

he film including both the residual stress from the fabrication pro- 

ess, σr , – which we measure through sin 

2 ψ method as shown in 

ig. S9 – and the phase-transformation induced stress, σtrans ; and 

 is a dimensionless factor that depends on the material proper- 

ies of the film and the substrate, as well as the geometry of the 

rack. For a single channel crack through the thickness of a film, Z 

s given by 

 = 

1 

2 

πg ( α, β) (2) 

here g( α, β) is a function of Dundurs parameters, α and β , 

hich are defined as: 

= 

Ē f − Ē s 

Ē f + Ē s 
, β = 

μ f ( 1 − 2 υs ) − μs 

(
1 − 2 υ f 

)

2 μ f ( 1 − υs ) + 2 μs 

(
1 − υ f 

) (3) 
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here the Ē i = 

E i 
1 −υ2 

i 

represent the plane-strain moduli, and the 

i = 

E i 
2( 1+ υi ) 

represent the shear moduli. Eqs. (3) and (4) . 

For an estimate of the critical film thickness for fracture 

ased on Eq. (1) , we implement the material properties and the 

aximum tensile stresses in the polycrystalline VO 2 film de- 

eloped during phase transformation that we measured in this 

tudy and representative values for the Poisson’s ratio (which 

s relatively unimportant in the analysis) and the fracture en- 

rgy for a brittle ceramic: E f = 224 GPa, σ f = σr + σtrans = 

83 MPa + 225 MPa = 1208 MPa, νf ∼0.2, and �f ∼10 J/m 

2 [65] .

he value of the function g( α, β) was determined by interpolating 

he values reported by Beuth, which gives a value of g( α, β) = 1.34,

nd through Eq. (2) gives a value of Z = 2.1. Substituting these val-

es into Eq. (1) gives a critical film thickness of h cr ∼ 761 nm, 

hich agrees reasonably well with our experiments in that our 

50 nm, 387 nm, and 698 nm films did not fracture, while our 

.63 μm films fractured. 

Our analysis provides quantitative insight into averting fracture. 

irst, Eq. (1) shows that decreasing the film thickness is an ef- 

ective technique to avert fracture, as it reduces the crack driving 

orce [ 65 , 66 ]. Additionally, it is important to note that the critical

hickness value will be strongly influenced by the residual stress 

r from fabrication, which in our case was measured to be nearly 

our times that of the stress induced by the phase transforma- 

ion itself. As such, fabrication techniques that induce less residual 

tress (particularly less tensile residual stress) are highly desirable 

n preventing fracture. Reducing residual stresses may be accom- 

lished by implementing substrates that are conducive to smaller 

eposition-induced stress (e.g., lattice matched epitaxial films) and 

mplementing substrates that have similar coefficients of thermal 

xpansion to that of the VO 2 film, as to minimize thermal stresses 

hat arise in cooling down from the high-temperature deposition. 

ikewise, deposition techniques that occur at lower temperatures 

nd/or subsequent annealing to remove/reduce residual stresses 

re likely beneficial. 

Finally, we should note that in this study we did not explic- 

tly study the effects of fatigue. We did determine that our rela- 

ively thin (150 nm) VO 2 films are resilient to several (50) cycles 

ithout any evidence of damage, as shown in Fig. 5 . However, in 

eal computing architectures, after many orders of magnitude more 

n/off cycles and the corresponding stresses that occur through the 

etal-insulator transition, VO 2 films may undergo damage from 

ffects of fatigue. In other words, films may still eventually frac- 

ure even if thinner than the critical film thickness predicted from 

q. (1) , which warrants future studies. 

.4. Fracture analysis of epitaxial VO 2 thin film 

By extrapolating Fig. 4 a from 200 to 600 °C and by assuming 

o further creep-type reactions occurred (VO 2 has a high melt- 

ng point, such that the homologous temperature at 600 °C is 

/T m 

= 0.39), in cooling from 600 to 100 °C in the sputtering cham- 

er, the polycrystalline VO 2 films on Si would develop around 

 525 MPa, the epitaxial VO 2 on sapphire (0 0 01) would develop 

round + 375 MPa, and the epitaxial VO 2 on TiO 2 (001) would 

evelop around −2.25 GPa. Combining these values with those 

roduced in cooling through the phase transformation ( Fig. 4 c, 

 and g), the total stress in the system in cooling to 40 °C 

for now neglecting the growth stress, which includes lattice 

ismatch between the film and the substrate and any intrinsic 

tress induced by film deposition itself) for VO 2 /SiO 2 /Si (100), VO 2 

020) M 

/sapphire (0 0 01), and VO 2 ( 40 ̄2 ) M 

/TiO 2 (0 01) would be ap-

roximately + 325 MPa, + 100 MPa, and −1100 MPa, respectively. 

Fig. S3 shows that VO 2 /TiO 2 (001) fractures, whereas 

O /sapphire (0 0 01) remains mechanically robust after fabri- 
2 

10 
ation and a thermal cycle. Further thermal cycling did not appear 

o increase the crack density of VO 2 /TiO 2 (001), as indicated in 

ig. S3. Regarding the origin of the cracks in VO 2 /TiO 2 (001), it is

nformative to consider the entire history of the films. The films 

re first sputter deposited and annealed at 600 °C, followed by 

ooling to room temperature through the phase transition. As 

uch, there are three main sources of stress generation associated 

ith synthesis: 

(1) Deposition and post annealing-induced stresses (at 600 °C). 

(2) Thermal stresses that arise from thermal mismatch between 

he film and substrate (from 600 to 100 °C), and 

(3) Stresses associated with the metal-insulator transition (from 

00 to 40 °C). 

In the previous paragraph, we quantified the stresses associ- 

ted with (2) and (3). For VO 2 /TiO 2 (001), we extrapolated our 

OS data to predict ∼−2250 MPa (compression) arising from ther- 

al stresses in cooling from 600 to 100 °C, followed by an ad- 

itional ∼+ 1100 MPa from the phase transition during cooling 

eriod. In total, these two sources produce around −1150 MPa 

ompression in the film during this process. The large residual 

ompression from the lattice mismatch between the film and sub- 

trate during cooling process may generate a wrinkled structure, 

s we indeed observed as displayed in Fig. S4 [37] . However, com- 

ressive stresses are not typically conducive to fracture. By com- 

arison, the lattice mismatch between the VO 2 (001) R and TiO 2 

001) in principle would induce tension during deposition itself 

 32 , 67 ]. Moreover, during post-annealing, all the pre-existing flaws 

enerated during sputter deposition can continue to (initiate and) 

ropagate into larger cracks, as can be seen in Fig. 1 e. As such, 

e surmise that the main origin of the tensile stresses that could 

ead to fracture of our VO 2 /TiO 2 (001) stems from (1) the deposi- 

ion and post-deposition-annealing-induced stresses, which is dif- 

erent from previous studies that suggest that the phase transfor- 

ation itself induced fracture of their specimens[ 16 , 24 ]. Still, we 

hould note that the films we fabricated here are at least five times 

hicker than those of Nagashima et al. and Krisponeit et al.’s work 

 16 , 24 ]. Additionally, differences exist between our studies and oth- 

rs based on the synthesis conditions, e.g., in terms of deposition 

imes, post-deposition annealing times, temperatures, powers, gas 

ow rates, etc. In our studies, we did not have the capability to 

onitor crack formation during each step of the fabrication pro- 

ess (which includes cooling down through the MIT). Still, based 

n our measurements, we expect that much (if not all) of the 

racking was associated with deposition and annealing itself. We 

hould emphasize that it is possible that under different synthesis 

onditions (e.g., in other studies), fracture may not occur from de- 

osition and post-deposition-annealing but instead from another 

rocess (such as the MIT itself generating large enough tensile 

tresses to induce fracture). Regardless, our observations under- 

core the importance of the stresses generated during the depo- 

ition process itself. 

Our analysis above provides the root cause of the fracture be- 

avior of epitaxial VO 2 /TiO 2 (001). To prevent fracture, as we men- 

ioned in the last section, Eq. (1) indicates that decreasing film 

hickness could effectively reduce the crack driving force. Indeed, 

agashima found that thin films of VO 2 /TiO 2 (001) less than 15 nm 

n thickness maintain mechanically integrity. Additionally, adding 

n appropriately designed buffer layer between the film and sub- 

trate may effectively decrease the lattice mismatch between the 

lm and substrate, thereby reducing stresses and thus propensity 

or fracture. Furthermore, even if the transition temperature would 

e strongly shifted by the presence of the lattice mismatch be- 

ween the film and the substrates, misfit dislocations can readily 

ccur in even quite thin films. These misfit dislocations can induce 

dverse effect on the electronic performance of the semiconduc- 

or materials by serving as recombination centers that diminish 
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arrier density in devices [ 1 , 18 , 37 ]. As such, in order to achieve

 high transition temperature to meet the needs of neuromorphic 

omputing chips and also maintain a low residual strain inside 

he film (a high residual stress may induce a large misfit dislo- 

ation density), we recommended adopting a strategy of alloying 

he VO 2 films with other elements [68] . Lastly, implementing sub- 

trates that possess similar thermal expansion coefficients to the 

lms would minimize the thermal stresses that arise in cooling 

own from the high-temperature deposition, which in turn could 

ecrease the extent of the wrinkling due to the significant com- 

ression developed during cooling. 

. Conclusions 

In this work, we have performed systematic mechanical char- 

cterization of sputter-deposited polycrystalline and epitaxial VO 2 

hin films. Significant anisotropic stresses arose during thermal cy- 

ling of VO 2 thin films due to its metal-insulator phase transi- 

ion. Despite VO 2 exhibiting overall volume expansion upon heat- 

ng through this transition, our polycrystalline VO 2 thin films de- 

eloped tensile stresses when heating through the phase trans- 

ormation. We attribute this seeming contradiction to the highly 

extured nature of our sputter-deposited polycrystalline thin films, 

hich leads to in-plane areal contraction through the phase trans- 

ormation. Also, our epitaxial VO 2 films on sapphire (0 0 01) devel- 

ped tension whereas our epitaxial VO 2 films on TiO 2 (001) devel- 

ped compression during heating through the phase transforma- 

ion. We again attribute these disparities to the anisotropic defor- 

ation during the phase transformation. These observations high- 

ight the importance of the strategic texturation of VO 2 films in 

ts corresponding influence on stresses that develop during opera- 

ion. In terms of mechanical damage, combining our measurements 

f the elastic modulus and the stresses developed during the de- 

osition and subsequent thermal cycling of polycrystalline VO 2 

hin films, we predicted a critical film thickness for our polycrys- 

alline VO 2 films of 761 nm, below which we do not expect frac- 

ure. This prediction was corroborated by experiments and high- 

ights a key design parameter to mitigate damage in practical de- 

ices of VO 2 . Additionally, by analyzing the stress evolution his- 

ory during the entire synthesis process, we concluded that epi- 

axial VO 2 /TiO 2 (001) films fracture during sputter deposition it- 

elf. We also implemented a technique to perform simultaneous 

easurements of mechanical stresses and electrical conductance 

uring a thermal cycle to study the influence of film orientation 

n the temperature sequence of macroscopic electrical response 

nd overall stress response. We found that the macroscopic electri- 

al response slightly precedes the overall stress response in poly- 

rystalline VO 2 /SiO 2 /Si (100), whereas the overall stress response 

lightly precedes the macroscopic electrical response in epitaxial 

O 2 (020) M 

/sapphire (0 0 01). We attribute this observation to spa- 

ial heterogeneities during the phase transformation, which results 

n distinct (local) phase separation behavior and thus distinct elec- 

rical percolation paths. 
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