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ABSTRACT 

As we approach the limits of what traditional computer architecture is capable of, a 

new system is needed to continue growth in computational power. One solution lies in 

neuromorphic systems and, specifically, those that utilize specialized materials capable 

of inherently mimicking brain functions. Due to its metal-insulator transition (MIT) at 

~68C and the accompanying magnitude change in electronic resistance, VO2 is one such 

material. Previous studies have shown that the transition temperature can be tuned 

through chemical doping, but little is known about how these dopants affect the 

microscopic progression of the phase transformation through a volume. This is critical as 

changes to the MIT directly affect the functionality of VO2 in these devices and could 

enable control over various aspects of the transition such as degree of volatility. 

Therefore, a more mechanistic understanding of how dopants affect transformation 

behavior is needed. Here we utilize an optical technique to investigate the effects of 

substitutional tungsten, and interstitial boron dopants on the MIT behavior in VO2 

compared to its undoped state. Tungsten demonstrates the ability to depress the 

transition temperature, reduce hysteresis and increase the width of transformation. Boron 

also induces a small increase in transformation width but maintains a hysteresis similar 

to undoped while exhibiting unique relaxation behavior. In addition, both dopants negate 

size effects observed in undoped particles. Likely due to their ability to enhance or 

suppress point defect concentrations and thereby improve the consistency of hysteresis. 

Both effects are vital for practical application of VO2 in neuromorphic devices which 

require precise control of transformation characteristics.   
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CHAPTER 1  

INTRODUCTION AND LITERATURE REVIEW 

1.1 Motivation 

The last half century has been defined by the rise of the computer. Each year newer 

and smaller devices are created, every iteration with more computational ability and 

greater data storage. These advances were enabled by the invention of the transistor in 

1947 which incited a need for the development of silicone-based technology and 

traditional computer architectures. Since it’s invention, the transistor has been rapidly 

decreasing in size from year to year. Allowing for denser circuitry that incorporates 

billions of transistors in a single chip1. However, this rate of exponential advancement is 

expected to reach a plateau—coming head to head with the laws of physics—as 

improvements to transistors slow2. This trend was predicted in 1965 by Gordon Moore, 

who anticipated that the success of conventional transistor-based architectures would 

eventually come to a standstill3. With this prediction playing out in the near future, 

researchers are looking towards alternative architectures for computation and data 

storage to continue progressing the field.  

One such alternative is found in biology-inspired neuromorphic architectures. 

Though initially developed in the 1980s, neuromorphic architecture only recently 

became the subject of much interest and has experienced a surge in research and 

development. These systems are modeled after our own brains, with functions designed 
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to mimic aspects of neurons and synapses and the potential to be more energy efficient 

while also enabling advanced computation4. Currently, functioning neuromorphic 

devices exist but require hundreds of elements to emulate simple neurological behavior 

and lack much of the dynamic and stochastic aspects of neuron networks5, 6. There has 

therefore been a drive to develop new circuit elements out of materials with properties 

that can inherently lend themselves to mimicking neurological behavior. Memristive 

materials are the most promising due to the pinched hysteresis seen in a region of their 

current-voltage profile5, 7. Architecture utilizing elements of memristive materials would 

also be more efficient in use of space and energy than any current neuromorphic 

devices5, 6. However, fundamental understanding of many of these memristive materials 

is still lacking and requires further investigation to fully utilize their potential. 

1.1 MIT/VO2 background 

Metal-insulator transition (MIT) materials, such as niobium dioxide (NbO2) and 

vanadium dioxide (VO2), exhibit great potential as memristive elements within 

neuromorphic circuits. MIT materials are characterized by a solid-to-solid phase 

transition from insulating to conductive. The transition is often induced by temperature 

but can be triggered through other input such as strain or current. VO2 in particular 

demonstrates a coupled electronic-structural transformation when heated to its critical 

temperature (TMIT) of ~68C8. While NbO2 and VO2 are both promising memristive 

materials and NbO2 has been studied extensively, VO2 is shown to have more desirable 

properties for device-based applications. NbO2 has a TMIT at ~700C and therefore 

requires temperatures above common operating temperatures4. The high TMIT also 
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means it would be less energy efficient and slower switching. VO2 will therefore be the 

focus of this study. At its TMIT VO2 transitions from an insulating, monoclinic (M1) 

phase of space group P21/c to its metallic, high symmetry rutile phase (R) with space 

group (P42/mnm)8. This transition results in significant changes to properties, such as a 

four order of magnitude increase in electrical conductivity9, 10, nearly one order of 

magnitude decrease in infrared transmittance11, 12, and a 60% increase in thermal 

conductivity13, 14. Due to VO2’s strongly correlated electron-phonon interacts, the origins 

of the MIT is difficult to determine and subject to much debate8. Prevailing theories tout 

a combination of Peierls and Mott-Hubbard transitions9, 15. The Peierls theory is based 

on structural changes where, upon transitions from R to M1, the V-V bonds dimerize 

and the resulting tilt along the c-axis splits the d// states and upshift the pi* bands 

inducing a bandgap opening15-18. Mott transitions place more emphasis on electron 

correlation in addition to the structural component. This theory agrees that a structural 

change causes bands to shift, but also postulates that this is accompanied by a 

depopulation of the pi* bands and less electron screening in the d// band. The 

subsequently lower density of free electrons in the d// band then causes it to split and 

triggers the transition9, 15.  
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Figure 1: Crystal structures of VO2 in its (A) M1, (B) M2, and (C) R phases19 and 

associated bandgaps of the M1 and R phases20 

 

 

VO2 is regularly studied as freestanding particles, often grown through a 

hydrothermal process, or as elastically clamped films or particles grown directly onto a 

substrate21. The synthesis method and form of VO2 can drastically change its 

transformation behavior since it directly effects the residual stress state of the sample. 

Elastically clamped VO2 is known to exhibit a large amount of phase coexistence due to 

transformation-inducing local strain22.  In contrast, freestanding, single-crystalline 
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particles undergo rapid transformation with little phase coexistence. The limited phase 

coexistence is likely caused by a freestanding particle’s ability to deform easily and have 

limited extended defects that would impede domain growth23. Freestanding particles 

likely use different defects to nucleate phases upon heating and cooling23, 24. Stress state 

of the sample is also important, as it has been shown that an additional monoclinic phase 

(M2) of space group C2/m forms in both freestanding and elastically clamped particles 

in the presence of strain 25, 26 whether the strain is mechanical or cause by defects as seen 

in W-doped particles27.  

1.1.10 Engineering through dopants 

More direct control over the transformation behavior is garnered through the 

careful incorporation of dopants. Slight deviations of the host lattice and electronic 

structure can have large consequences and the dopants are also able to act as alternative 

nucleation sites. Dopants can introduce anisotropic strain in the lattice and cause 

variations of the band structure and, therefore, the Mott behavior28. Size and valency of 

the dopants both play a role in their effects on VO2, but it is difficult to uncouple their 

effects and therefore unclear which, if either, is dominant. Numerous studies have been 

conducted on various dopants to determine effects of dopants on transition behavior. 

Germanium (+4)29 and titanium (+4)30, 31, for example, are two substitutional dopants 

known to increase the critical temperature of VO2, while molybdenum (+5)32 and 

tungsten (+6)33 cause significant decreases. Interstitial dopants such as hydrogen or 

boron have also been incorporated into the VO2 system, producing unique effects34, 35. In 

general, interstitial dopants are much smaller than their substitutional counterparts which 
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must be of comparable size to the host lattice34, 36, 37. While hydrogen has a very small 

atomic radius and sit in interstitial tetrahedral sites34 in the VO2 lattice, it can have a 

large impact on the host material: a fully hydrogenated sample exhibits a 13% increase 

in volume and no longer has an MIT. The disappearance of the MIT at high 

concentration is thought to stem from the hydrogen interfering with the Peierls transition 

by impeding the V-V bonds dimerization and the Mott transition by increasing d-orbital 

occupancy. In this way, increased hydrogen doping preferentially stabilizes the metallic 

rutile phase by making Peierls and Mott behavior unfavorable— erasing the MIT 

entirely28. Boron is also known to preferentially stabilize the metallic phase but 

accomplishes this by modifying the phase equilibrium temperature (decreasing critical 

temperature by ca. 10 °C/atom %)34 rather than increasing metallicity in the insulating 

phase and eradicating the MIT, even in highly doped samples. Due to its small size, 

boron is also highly mobile within the VO2 lattice which results in unique, time 

dependent behavior. As the VO2 host lattice quickly switches between R and M1 phases, 

the boron is trapped in a metastable site from wherein it relaxes back into its M1 site 

given enough time38.  

1.1.11 Microscopic Characterization 

In the pursuit of better understanding domain nucleation and growth in thin films 

and freestanding particles, it is necessary to employ various microscopic characterization 

methods that take advantage of different aspects of the phase change such as differences 

in optical or electrical properties. For example, a technique utilizing x-ray holography is 

capable of resolving domains in VO2 thin films that are at least 50 nm in diameter and 
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has shown that metallic domains nucleate at and span between nanoscale defects at grain 

boundaries22. This method, employing fine temperature resolution, was able to identify 

the evolution of individual phases of M1, M2 and R through the transformation. For 

atomic level measurements, a TEM can be used to monitor transitions as exhibited by 

Asayesh-Ardakani et al. who monitored the transformation of highly W-doped (0.8 at. % 

W) single-crystal nanowires in situ27. Through this method they were able to corroborate 

the presence of all three phases (M1, M2, and R) of VO2 over the transition in samples 

without epitaxial strain caused by lattice effects 27, 39. Of course, there are numerous 

techniques capable of observing microscopic domain evolution; AFM, Raman, and s-

SNOM to name a few. However, these methods are known to be expensive spatially and 

temporally. An alternative technique takes advantage of the change in reflectance seen in 

the VO2 transition from M1 to R and tracks these changes optically. While this is more 

efficient temporally, it also provides a lower resolution. This method was verified by 

Clarke et al. who used it to collect transformation data such as critical temperature, 

hysteresis and width of the transformation on an ensemble of ~300 undoped, 

freestanding VO2 particles23. Clarke et al. was also able to determine that particle size is 

an important factor in transformation behavior of undoped particles. With increasing 

particle size, hysteresis was seen to decrease. This is likely due to the number of 

available nucleation sites, since, statistically, the number of these sites would increase in 

larger particles. It was also seen that the critical temperature on heating and cooling were 

uncorrelated. This suggests that the transformation utilizes different nucleation point in 

each direction23. 
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Adapted with permission from “Toward High-Precision Control of Transformation Characteristics in VO2 through Dopant 

Modulation of Hysteresis” by Aliya Yano, Heidi Clarke, Diane G. Sellers, Erick J. Braham, Theodore E. G. Alivio, Sarbajit 

Banerjee, and Patrick J. Shamberger The Journal of Physical Chemistry C 2020 124 (39), 21223-21231. Copyright 2020 American 

Chemical Society 

CHAPTER 2 

METHODS* 

2.1 Synthesis of Doped and Undoped VO2 

 Undoped VO2 particles were hydrothermally synthesized from bulk V2O5 powder 

supplied by Beantown Chemicals, anhydrous oxalic acid (H2C2O4) as a reducing agent, 

acetone/isopropanol, and 2-Allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (97%) from 

Sigma Aldrich. These particles were prepared with 1.63 g V2O5, 10mL of isopropanol 

and 65 mL deionized water and placed in 125 mL polytetrafluoroethylene cups and 

heated in a high-pressure autoclave reactor at 210°C for 72 hours. The undoped particles 

were then recovered through vacuum filtration and washed with deionized water and 

acetone three times before undergoing a final annealing step at 550°C for 5 hours in an 

Ar (g) environment in order to relive any strain that may be created during synthesis.  

 W-doped particles were synthesis through a very similar method, starting with 

the same precursors and additionally tungstic acid (H2WO4) to incorporate the dopant. 

These samples were made with 300 mg V2O5, 450 mg of H2C2O4 and the appropriate 

amount of dopant precursor to obtain desired concentration which was them mixed with 

15 mL deionized water. The W-doped mixture was then placed in 23 mL 

polytetrafluoroethylene cups and heated in the high-pressure autoclave reactor at 250°C 

for 72 hours. The samples were recovered and placed through the same final annealing 

step as the undoped particles.  
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 Boron dopants were incorporated in a post-synthesis process by dispersing 20 mg 

of undoped VO2 particles in 1.00 mL of mesitylene by ultrasonication and adding 200 

μL of 2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The mixture was stirred for 2.5 

hours at 120°C under Ar (g) in a Schlenk flask. The particles were recovered by 

centrifuge, rinsed with toluene and annealed in a 2 mL porcelain combustion boat 

(VWR, Sugar Land, TX) at 900-950°C for 1 min. This final anneal was under ambient 

Ar (g) in a quartz tube furnace.  

2.2 Optical Microscopy 

 In preparation for optical studies, the samples were first dispersed in high purity 

ethanol and sonicated. Drops of suspended VO2 particles were placed on a glass 

coverslip and the ethanol allowed to evaporate, leaving behind only the particles that are 

loosely adhered to the substrate through secondary bonding that results in negligible 

strain. To further distribute the particles, another coverslip was passed over the surface 

of the sample to mechanically move, and breakup clumps of particles.  

 Optical microscopy was performed with an Olympus BX-53 polarized light 

microscope and images captures by the Olympus UC30 color CCD camera. Images were 

collected under bright-field-reflected un-polarized white light. Under these conditions a 

blue shift in the reflected light is observable as the VO2 particles transition from the low 

temperature phase M1 to R due to the 600-800 nm decrease in reflectivity in the R 

phase. Exposure was manually selected and sustained throughout the image series. A 

Linkham LTS120 Peltier temperature stage with a range of (-25 to 120 °C) with an 

accuracy of +/- 0.1 °C was used to control the temperature.  
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2.3 DSC 

Differential Scanning Calorimetry (TA Instruments, Q2000) was conducted on ~10 

mg of doped and undoped powders at 5 ˚C/min to verify a transformation occurs and to 

determine the temperature range of the transition of the powder sample.  DSC 

measurement are calibrated using an indium enthalpy standard and has a temperature 

accuracy of +/- 0.1 ˚C.
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Adapted with permission from “Toward High-Precision Control of Transformation Characteristics in VO2 through Dopant 

Modulation of Hysteresis” by Aliya Yano, Heidi Clarke, Diane G. Sellers, Erick J. Braham, Theodore E. G. Alivio, Sarbajit 

Banerjee, and Patrick J. Shamberger The Journal of Physical Chemistry C 2020 124 (39), 21223-21231. Copyright 2020 American 

Chemical Society 

CHAPTER 3  

RESULTS AND DISCUSSION* 

3.1 Phase Equilibria in doped VO2 Systems 

3.1.1 Structural Characterization 

 The use of X-ray diffraction (XRD) and DSC to evaluate the M1/R phase 

structures and equilibria (Fig. 2) found that samples incorporating W or B dopants had 

noticeably depressed equilibrium transformation temperatures.  For undoped VO2 at 

room temperature, it was expected and confirmed by XRD characterization that the 

sample would be predominantly in its M1 phase (Fig. 2a). It has been seen in previous 

studies that the slight broadening of specific reflections in the XRD patterns of W doped 

VO2 suggest changes in lattice spacing19 due to the W dopant causing anisotropic lattice 

expansion in the M1 phase. This agrees with additional studies conducted that utilize 

XAFS to determine anisotropic strain36. A decrease in phase transition temperatures 

accompany these structural distortions and therefore, only samples with low dopant 

concentrations are found predominantly in the monoclinic phase at room temperatures 

(Fig 2a.). By comparison, the smaller B dopants in interstitial lattice sites cause minimal 

changes in the lattice parameters34 and both M1 and R reflections are realized at room 

temperature due to phase coexistence (Fig 2). Impurity phases, including V6O13 and 

V8O15, are identified in small amounts in the undoped and B-doped samples 

respectively. These impurities are mostly likely caused by aging in atmosphere in the 

undoped samples and an increase VO2 reduction during high temperature annealing in 
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the latter. While these compounds do undergo metal-insulator transitions, their transition 

temperatures (423 oC 40 for V6O13 and at -203°C 16 for V8O15) are far beyond the range 

sampled here. And therefore, their impacts on these results are minimal. 

 

 

 

 

Figure 2: (a) XRD patterns of undoped (black), B0.017 VO2 (blue), and W0.007V0.993O2 

(green) samples. Reflections corresponding to the M1 phase of VO2 are plotted on the 

lower horizontal axis, whereas reflections corresponding to the R phase of VO2 are 

plotted on the upper axis. (b) Normalized DSC traces with a ramp rate of 5 oC/min are 

given for undoped (black), W0.0035V0.9965O2 (green), and for a B0.021VO2 sample which 

was relaxed for a period of 323 days (red) at room temperature as compared with an 

unrelaxed cycle (blue) of the same sample. This relaxation effect is discussed further 

below. Reprinted with permission from The Journal of Physical Chemistry C 2020 124 

(30),21223-21231 
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3.1.2 Bulk Transformation Behavior 

Depressed transition temperatures and broadened transformation peaks are both 

observed through DSC characterization with the incorporations of W and B dopants. 

Peak maxima of DSC traces were taken as critical transition temperatures, and both 

heating (𝑇h
pk

 ~68 oC) and cooling (𝑇c
pk

 ~62 oC) values obtained in undoped samples 

align with widely accepted transition values 9.  Integrated peak enthalpy (57.7 J/g) is 

comparable to that reported by Cook et al. (52.45 J/g) 17, confirming phase purity and 

expected transformation behavior in undoped wire VO2 samples (Fig. 2b). Transition 

temperatures as measured by DSC were correlated with concentrations determined by 

XPS and ICP-OES for the specific materials used in this study34, 41. Both B and W 

dopants display a nearly linear relationship between dopant concentration and transition 

temperature with -10-15 C/atom % and -48-56 C/atom % respectively34. Other sample 

morphologies do display different relationships: W-doped thin films show -10-27.8 C/ 

atom % while nanobeams contain -18.4 C/ atom % 42, 43. In addition, theoretical studies 

of both dopant systems predict slightly different relationships of -18.6-27 C/ atom % of 

W and 79-83 C/atom % of B 37, 44. While the overall magnitudes of these relationships 

differentiate, they are all still decreasing nearly linearly.  

Four separate Wx VO2 samples were utilized in this study, with 0.0003 < x < 0.0035, 

based on the calibration of 𝑇c
pk

 with W dopant concentration measured by ICP-OES (52 

oC/at. % W)41.  Broad peaks with a maximum width of 30 oC were observed within 

individual WxV1-xO2, which indicates either a wide variation of incorporated dopant 

concentration between particles or a wide span of phase transition within the individual 
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particles. Only a single nominal concentration of B-doped samples was utilized, 

B0.017VO2, calculated using the calibration (15 oC 𝑇c
pk

/at. %, and 𝑇c
pk

 = 35.46 oC) as 

measured by XPS 34. Similar to the case of W doping, B dopant concentration led to 

comparatively broad peaks upon heating and cooling (35 oC), again indicating a range of 

dopant incorporation or larger degrees of phase coexistence in individual particles. 

Imaging studies on single nanoparticles described below are capable of differentiating 

between these two possible origins of the broadened DSC peaks. It must be noted that in 

B doped samples, cycling and time dependent effects were observed. A B doped particle 

that has not previously been switched (relaxed) behaves differently through its phase 

transitions than one that has recently undergone a phase change (unrelaxed). Therefore, 

this state of being relaxed or unrelaxed is essential for understanding the behavior. 

Additionally, W and B dopants introduced varying degrees of peak transformation 

temperature dependence on DSC scan rate, which contributes to hysteresis measured at 

fast ramp-rates (> 1 oC/min). In undoped VO2, both the peak temperature on cooling 

(𝑇c
pk

) and the peak temperature on heating (𝑇h
pk

) symmetrically increased as a function 

of increasing scan rate. Kinetic dependence of this kind has previously been explained 

by the Arrhenian nature of rate limiting nucleation barriers between the M1 and R 

phases23. With an increasing ramp rate, there is less time permitted for the high energy 

nucleation points to be activated and therefor, they trigger at larger degrees of 

supercooling/ superheating19. However, in the case of W-doped samples, no significant 

dependence on ramp rate for 𝑇c
pk

 or 𝑇h
pk

 is seen. This independence is likely caused by 

different, more potent nucleation points being utilized19. 
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Ramp rate dependence of B-doped VO2 transition temperatures behaves differently 

from both undoped and W-doped effects. After a relaxation period of 2 weeks to ensure 

all particles were fully relaxed following their synthesis, an increase of 12 oC in heating 

transition temperature (𝑇h
pk

) was observed in a B0.02VO2 sample (near the x = 0.017 

concentration observed in this study), and no change in the cooling transition 

temperature was seen (Fig. 2b). Furthermore, the width of the heating transformation 

peak experienced a significant reduction peak (24 oC to12 oC) with increased relaxation 

time. This reduction indicated a narrowing of the distribution equilibria transformation 

temperatures within or between individual particles. Therefore, thermal profiles allowing 

longer periods of time spent below the heating transition temperature (M1 to R) showed 

both an increase in 𝑇h
pk

 and a narrowing of transformation peak. It should be noted that 

the DSC trace on unrelaxed particles shows similar broad transition peaks and depressed 

transformation temperatures as seen in Braham et al19. 

Independent of ramp rate, hysteresis (measured from peak to peak 

∆𝑇hyst = 𝑇h
pk

− 𝑇c
pk

) is strongly impacted by the addition of W and B dopants when 

compared to that of undoped VO2. ∆𝑇hyst is approximately 5 – 8 oC for undoped VO2 

(measured at 5 oC/min in all cases) but varies between 9.3 ± 0.3 to 3.0 ± 0.2oC for WxV1-

xO2 samples as a function of increasing W dopant concentration. Such a scaling has been 

previously observed and suggested to arise from an increased amount of tensile lattice 

strain leading to increased degrees of phase coexistence as a function of dopant 

concentration 45, the individual particle basis of which is further explored in this work. In 

the limited range of B dopant concentrations studied here, the ‘unrelaxed’ ∆𝑇hyst is 
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independent of boron concentration and a uniformly greater magnitude hysteresis is 

observed compared with undoped samples, ~ 14 oC. 

3.2 Phase Coexistence and Characteristic Domain Size 

3.2.1 Undoped VO2 particles 

 When undoped VO2 undergoes its MIT at around ~ 68 oC, optical microscopy of 

the distribution of M1 and R phases shows that the phase transition in a large group of 

individual VO2 wires (N = 347) occurs abruptly through the particle volume. The MIT 

occurs at a range of temperatures between the individual particles (Fig. 3, Fig, 4), which 

indicates nucleation-limited transformation behavior. In this case, phase coexistence is 

only observed in ~4% or particles. It is likely that within these particles, the phase front 

is being pinned by a microscopic defect, occurring in a maximum of two temperature 

increments. Within these two degrees, all of the particles transform completely. By 

utilizing the intensity of reflected red light as an indicator of existing phase in a 

designated area, it is possible to extract hysteresis loops corresponding to the extent of 

transformation (Fig. 3). Within these loops, 𝑇𝑐
0.25, 𝑇𝑐

0.5, 𝑇𝑐
0.75 are defined as the 

temperature associated with 0.25, 0.5, and 0.75 volume fraction of transformation in the 

individual particles on cooling, respectively, and 𝑇ℎ
0.25, 𝑇ℎ

0.5, 𝑇ℎ
0.75 represent the same for 

the case of heating. 𝑇𝑐
0.25, therefore, signifies the ‘start’ of the transformation on cooling, 

while 𝑇𝑐
0.𝑡5 indicates the transformation’s ‘end’. From this optical microscopy process, 

hysteresis loops, calculated transformation width on cooling, Tc, and heating, Th, 

(where Tc = |𝑇𝑐
0.75 − 𝑇𝑐

0.25|) can all be extracted and show that within individual 

undoped particles, the transformation behavior is symmetric and sharp upon heating and 
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cooling (Fig. 4). This nucleation limited, symmetric behavior mirrors the phase 

transition behavior seen in similar free-standing, undoped VO2 particles that has been 

widely reported in other studies 21, 46-48. 

 

 

 

 

Figure 3: Optical bright-field reflected unpolarized white light images of individual 

particles, accompanied by extracted cumulative differences in red intensity between base 

image and images as a function of temperature, for (a) an undoped particle, (c) a WxV1-

xO2 particle, and (e) a BxVO2 particle. Normalized cumulative difference for area sums 

of red pixel intensity for outlined particles between a reference image taken at a base 

temperature and images at increasing temperature (1 oC increments) are used to track 

the phase fraction transformed for representative (b) undoped particles (d) WxV1-xO2 

particles showing a variety of transition width symmetries, and (f) BxVO2 particles. The 

black arrows in (a) and (e) indicate the temperature step over which the phase 
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transforms. Reprinted with permission from The Journal of Physical Chemistry C 2020 

124 (30),21223-21231 

 

 

3.2.2 WxV1-xO2 Particles 

While phase transformation behavior in undoped VO2 can be categorized as 

symmetric and abrupt, the transformation in W-doped particles asymmetric and gradual. 

Most particles of W-doped VO2 show an extended transformation over multiple 

temperature intervals without optically distinct domains. Abrupt, clear transitions with 

characteristic domains on the order of a few microns, most similar to the behavior of 

undoped VO2, is only observed in ~0.1% of the particles imaged. Despite the differences 

in behavior, the phase transition in W-doped particles has comparable changes in red 

intensity (between 15 and 90 oC) to that of undoped VO2 (Fig. 2), which is nevertheless 

distinct in reflected unpolarized white light. Due to the gradual nature of the 

transformation, distinct start and end temperatures are difficult to define. 𝑇𝑐
0.25 , 𝑇𝑐

0.5 and 

𝑇𝑐
0.75 are calculated from hysteresis loops for individual particles by isolating the 

specific area associated with a single particle. The progression of the phase 

transformation can then be evaluated by monitoring the integrated intensity of reflected 

light (Fig. 3). Despite the inability to optically discern clear domains of the low 

temperature M1 phase and high temperature R phase, the gradational transition is 

consistent with characteristic domain length scales in sub-micron regimes, too small to 

be discerned by optical microscopy. This is corroborated by a study utilizing high-

resolution TEM observations of W-doped hydrothermal VO2 particles which illustrate 
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phase coexistence on length scales < 10 nm 27. Additional TEM observations suggest the 

of M2 phases at the interface between M1 and R phases, another feature not observable 

at optical length scales 27. 

The establishment of a distribution of local equilibria between nanoscale M1, R 

and M2 domains is considered to be caused by inhomogeneous strain fields around W 

dopants19. In addition to TEM evidence of M1, R and M2 domains, there are several 

other considerations to support his picture. When observed through XRD, samples with 

bulk W-dopant concentrations great than 0.5 at. % 19 are seen to have shifted reflections 

to lower 2θ values and broadened peaks. Both these finding indicate that the W atoms do 

introduce some anisotropic expansion of the host lattice. It has been previously shown 

that due to the larger atomic radius of the W atoms compared to V structurally distorts 

the monoclinic phase lattice towards a more tetragonal-like symmetry and is 

accompanied by an increase in the interatomic separation of V-V bonds 36 that serves to 

alter the electronic band gap and phase equilibria. This lattice strain is not resolved in 

samples with 0.03 – 0.32 at. % W but could likely lay below the refinement limitations 

of XRD characterization.  Samples with the highest W concentration considered in this 

study (0.32 at. %) would correspond to a W spacing of ~80 nm, in the same order as the 

domain length scale, while the lowest concentration (0.07 at. %) would produce a 

spacing of ~350 nm between W dopants. Despite TEM imaging suggesting a 

homogeneous distribution of W atoms throughout the sample volume 19, 27, it is not 

known whether W atoms form defect clusters and it is likely that the subsequent stress-

fields are neither uniform nor constant. The pattern of domain would therefore be 
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distributed through the sample in an irregular patchwork as defined by the Multiphysics 

coupling of dopant localization with surface stresses and particle dimensions or 

morphology. 

It was found that the majority of particles measured possessed symmetric 

transformation widths. 35% were characterized by their sharp transitions (Tc, Th < 5 

oC) on heating and cooling, and 43% displayed gradual transitions during heating and 

cooling. However, a significant portion of the particles (22%) had distinguishable 

asymmetries between the transition widths on heating and cooling cycles. Of this subset, 

~65% had a characteristically wide heating transition (Th > 5 oC) with an 

accompanying sharp transition on cooling (Tc < 5 oC; Fig. 3). It is likely that this 

transformation asymmetry stems from disproportionate nucleation or growth barriers 

between heating and cooling as would be expected if different defect populations were 

serving as the potent nucleation sites. Separate nucleating defects has been seen in a 

study on clamped VO2 wires24. It was demonstrated that point defects served as 

nucleation points on the cooling transition, while higher energy M1 twin boundaries 

provide a nucleation site for the M1 to R transition 24. By extension, Braham et al have 

observed kinetic ramp-rate dependence of 𝑇c
pk

 and a lack of dependence of heating 

transition temperatures on ramp-rate in bulk transformation of WxV1-xO2 samples (0.21 < 

x < 0.32 at. %). These data are consistent with nucleation at point defects during cooling, 

and at M1 twins or M1/M2 phase boundaries on heating 19. The range in transformation 

behaviors suggest that in individual particles, different nucleation or growth pathways 

are at work whether that be due to intrinsic defects, dopants or strain. 
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Figure 4: Histograms of the span of heating (red) and cooling (blue) transition widths 

(Tc, Th) are given for (a) undoped particles, (b) WxV1-xO2 particles, and (c) BxVO2 

particles. Representative hysteresis loops of selected particles for (d) undoped particles, 

(e) WxV1-xO2 particles, and (f) BxVO2 particles. Reprinted with permission from The 

Journal of Physical Chemistry C 2020 124 (30),21223-21231  

 

 

 

3.2.3 BxVO2 Particles 

 Observations of phase transitions in an ensemble of individual BxVO2 particles 

(N = 399) show that transitions are relatively sharp with clear phase coexistence 

boundaries discernible at optical length scales. Characteristic domain length scales are 

on the order of 1.0 ± 0.7 µm2. Extracted hysteresis loops also show distinct steps over 1 

oC increments on cooling, in stark contrast to the gradual transformations introduced by 

W dopants (Fig. 3-4). Such micrometer scaling of domain length scales is observed 



 

22 
 

despite an equivalent dopant concentration as used in W-doped samples, with expected 

B concentration (1.7 at. %) yielding a spacing of ~10 nm. Such a result is consistent with 

the small ionic radius of B in an interstitial site which adds minimal distortion to the 

lattice and the V-V spacing 34. Therefore, although B is present in high concentrations, 

inhomogeneous lattice strain gradients are not formed as in the case of W dopant 

addition, and nanometer scale domains are not stabilized. 

The relatively sharp transitions with large extent of phase transition at each step 

observed in these particles point to a nucleation limited phase transition. For the majority 

of particles, Tc and Th both < 1 oC. Therefore, DSC observations of wide heating and 

cooling peaks (~20 oC) are associated with chemical equilibria distributed between 

particles as a result of uneven dopant incorporation, rather than the span of a transition 

within a single particle (Tc, Th < 10 oC). However, a limited degree of pinning occurs 

and an asymmetry between heating and cooling transitions is observed in boron-doped 

particles. For the heating transition, 80% of particles transition with Th < 1 oC. During 

the cooling transition, only ~30% of particles transition with Tc < 1 oC, with a median 

Tc of 2 oC. As in the case of WxV1-xO2, this asymmetry could stem from differences in 

nucleation or growth barriers between heating and cooling. 

3.3 Effects of Dopants on Transformation Hysteresis 

3.3.1 Undoped VO2 particles 

 Hysteresis was measured in individual particles as ∆𝑇hyst = 𝑇h
0.5 − 𝑇c

0.5. 

Undoped particles demonstrate a wide range of hysteresis from about 5 degrees to more 
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than 40 (Fig. 5). Most notably, hysteresis in undoped VO2 is dependent on particle size. 

𝑇h
0.5, 𝑇c

0.5, and Thyst scale strongly and symmetrically with particle size, with particles < 

1 µm2 experiencing Thyst up to 40 oC, and with particles larger than 2 µm2 having an 

average Thyst of 8 oC (Fig. 6). This observed particle size scaling in hydrothermal VO2 

wires has previously been explained using statistical models developed for observation 

of nucleation-limited transformation in martensitic Fe-Ni alloy small particle 

experiments 23, 49-51. The model assumes defects that serve as potent nucleation sites are 

sparsely dispersed throughout the volume. Therefore, larger particles contain more 

potent sites than small particles and are more likely to undergo phase transformation 

near equilibrium. Because symmetric particle size scaling is observed between heating 

and cooling transitions, the presence of separate nucleating point defect populations 

cannot be supported. Fitting of collected transformation data for an ensemble of 

hydrothermal undoped VO2 particles to this model resulted in a calculated potent 

nucleation site density ~ 1013 cm3,9, 50 which agrees with the qualitative picture of sparse, 

non-interacting potent nucleation sites. 
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Figure 5:  𝑇𝑐
0.5 and 𝑇ℎ

0.5 temperatures of transitions in individual particles 

demonstrating hysteresis trends binned by particle area for a) W-doped (N = 305) and 

undoped VO2 particles (N = 347), and b) B-doped (N=375) and undoped VO2 particles 

(N = 347). Iso-hysteresis lines are represented by dashed black lines. Diamonds signify 

unrelaxed BVO2 particles and the size of the markers represents how many particles lie 

at that datapoint. Reprinted with permission from The Journal of Physical Chemistry C 

2020 124 (30),21223-21231 

 

 

 

3.3.2 WxV1-xO2 Particles 

 Introducing W into the VO2 particles dramatically decreases the transformation 

hysteresis within a particular particle, while simultaneously increasing the temperature 

range over which the aggregate transformation occurs (Fig. 5). In 305 individual 

particles, all were at or below 20 degrees of hysteresis with a few (~1%) showing zero 

hysteresis (Fig. 5). This is a reduction of the range by more than half that found in 

undoped VO2 (45 degrees). Concentration of W-dopant is seen to have no correlation 

with hysteresis, with highly and lightly doped performing within a few degrees of 

hysteresis. Additionally, particles that were lightly doped (~0.02 at. %) were able to 
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retain transformation similar to those seen in undoped VO2 while maintaining a lower 

hysteresis (Fig. 5). The broad peaks observed with a maximum width of 30 oC measured 

between peak onset and peak finish in DSC measurements thus derive primarily from 

inhomogenities in W incorporation across the ensemble of particles as well as an 

extended phase coexistence regime. However, the observed hysteresis in ensemble 

measurements relates primarily to variations in W-incorporation across populations of 

particles. 

In comparison to undoped VO2, hysteresis shows only weak correlation with 

particle area in WxV1-xO2 particles (R = 0.23, p = 0.001, α = 0.05; Fig. 4). This lack of 

scaling of hysteresis in doped VO2 with particle size is unsurprising in the context of 

extrinsic doping at high concentrations ~1020 cm3 versus intrinsic potent nucleation site 

densities ~ 1013 cm3 in undoped VO2. Similarly, in monoclinic to tetragonal phase 

transitions in HfO2 and ZrO2, particle size scaling is suppressed upon the introduction of 

extrinsic defects, which serve as more potent and more readily available nucleation 

sites9, 51, 52. Therefore, by introducing point defects or W-dopants the size dependence 

found in undoped VO2 can be negated and supplanted by a dopant-perturbation-mediated 

mechanism. 

3.3.3 BxVO2 Particles 

 Overall, BxVO2 particles show an increased hysteresis when compared to WxV1-

xO2 particles, reaching a maximum of 35 degrees, nearly equivalent to the bulk of 

undoped VO2. Only the undoped particles experience a larger hysteresis. As in WxV1-xO2 

the hysteresis is significantly restricted to a range of 20 degrees in the unrelaxed state. 
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There are two distinct data sets (relaxed and unrelaxed) to consider in the case of B-

doped particles. Fully relaxed particles are seen to have a hysteresis comparable to the 

highest found in the undoped case, ranging from 15 to 35 degrees. Its unrelaxed state 

shows a slight decrease in hysteresis compared to its fully relaxed state (Fig. 5). This 

decrease in hysteresis is especially evident in particles with larger dopant concentrations 

that subsequently transition at lower temperatures. Furthermore, in the fully relaxed 

particles, hysteresis is more dependent on dopant concentration as evidenced by the 

comparison in slopes. The smaller slope and nearly flat distribution of the fully relaxed 

data indicates that the hysteresis increases with increasing dopant concentration. The 

data for the unrelaxed particle exhibits a larger slope, closer to what is observed in the 

W-doped system and shows a uniform hysteresis for the full range of dopant 

concentrations. This behavior could be caused by simply inequal relaxation times and 

temperatures due to the cyclic nature of the data collection -- particles with lower 

transformation temperatures had less time to relax than those at high temperatures.  

Similar to WxV1-xO2 particles, there is no correlation between hysteresis and area 

in Bx VO2 particles. However, unlike in the W-doped case, overall hysteresis increases 

when B-dopants are introduced. This is despite the new, high concentration of point 

defects. As the B-dopants are relatively small, mobile, and reside in interstitial sites, 

there is no significant lattice strain caused by their inclusion34. Neither is there a large 

degree of phase coexistence observed like in the W case, which suggests there is less 

pinning of domain boundaries occurring. The increase in hysteresis indicates that either 

(i) intrinsic nucleation sites (e.g., oxygen vacancies, vacancy clusters, or dislocations) 
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are scavenged by introduction of B dopants, or (ii) the nucleation energy barriers are 

increased by B dopant introduction. Therefore, while B and W dopants suppress size 

effects in hysteresis of VO2 as expected from the introduction of extrinsic defects, the 

overall increase in hysteresis observed in BxVO2 samples is non-trivial. However, this 

explanation does not fully answer why the hysteresis range seen in Bx VO2 particles is as 

restricted as that of WxV1-xO2 (~20 degrees). The tightening of hysteresis in WxV1-xO2 

particles is explained by W-dopants inducing potent nucleation sites which is 

accompanied by an overall lowered hysteresis. Since B-doped particles do not have a 

reduced hysteresis an alternate mechanism must exist. It is possible that instead of acting 

as nucleation sites, the B-dopant scavenges particular intrinsic defects, effectively 

reducing the range of nucleation while maintaining hysteresis comparable to undoped 

VO2. The mobile nature of B atoms renders them amenable to transport to defect sites 

wherein they can alter local distributions of point defects.   
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Figure 6: Scaling of hysteresis width as a function of particle area (a) undoped, (b) 

BxVO2, and (c) WxVO2 particles. Particle areas are binned with black diamonds to 

denote their median hysteresis. Reprinted with permission from The Journal of Physical 

Chemistry C 2020 124 (30),21223-21231 
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CHAPTER 4  

FUTURE WORK 

4.1 Ge-Doped 

 In addition to tungsten and boron doped VO2 particles, germanium doped 

samples were also beginning to be analyzed. An ensemble set of N = 332 Ge-doped 

particles was collected through the optical microscopy technique. These samples were 

grown utilizing a similar hydrothermal method to that of W-doped particles. The 

introduction of Ge dopants into the VO2 system results in behavior quite similar to that 

of undoped VO2 and the transitions can largely be categorized as symmetric and abrupt 

with minimal phase coexistence seen throughout the ensemble of particles. This 

symmetric transition is centered around the normal, undoped transition temperature of ~ 

68 oC (Fig. 7a) and accompanied by transition temperatures both on cooling and heating 

moving towards extremes with increasing dopant concentration along with increasing 

hysteresis. This behavior is nearly identical to that of the undoped VO2 (Fig. 7b) with 

only slightly different slopes.  
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Figure 7: (a) hysteresis plotted against critical temperature Ge-doped VO2. (b) 

hysteresis plotted against critical temperature for undoped VO2. 

 

 

 

Ge-doped particles continue to behave similarly to undoped when accounting for 

its hysteresis behavior is taken into account. This behavior is most obvious when 

considering Fig X. which plots the transition temperatures on heating and cooling of 

each individual particle in the undoped and Ge-doped ensembles, resulting in two, 

largely overlapping clouds. Ge-doped particles, like their undoped counterparts, have a 

wide range of hysteresis from about 5 degrees to more than 40 (Fig. 8a). However, 

unlike in undoped, it is difficult to determine if there are any size effects contributing to 

this wide range of hysteresis due to the limited data on larger particles. Nearly all of the 

Ge-doped particles were below 0.51 µm2. When comparing particle area to hysteresis, 

there is a slight trend that would suggest the influence of size-based effects (Fig. 8b) but 

further study is necessary to verify this.  

a) b) 
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Figure 8: (a) 𝑇𝑐
0.5 and 𝑇ℎ

0.5temperatures of transitions in individual particles 

demonstrating hysteresis trends binned by particle area for a) Ge-doped (N = 332) and 

undoped VO2 particles (N = 347). Iso-hysteresis lines are represented by dashed black 

lines. (b) 𝑇𝑐
0.5 - 𝑇ℎ

0.5 =ΔT, hysteresis and particle area of Ge-doped VO2. 

 

 

 

 While the analysis on Ge-doped particles has a solid foundation at this point, 

much work is still to be done to truly understand and draw conclusions. Many of the 

underlying questions about why the system behaves so analogously to the undoped have 

yet to be address. Additionally, questions remain about the synthesis process itself. 

While the data presented here is for hydrothermally grown particles, our chemist 

collaborators have also succeeded in growing Ge-doped particles through a solid-state 

process which produces particles that behave vastly different according to their initial 

DSC characterization. Thorough study of this solid-state germanium system should be 

conducted before this analysis can be considered completed.  

a) b) 
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4.2 Irradiation 

 The entirety of this thesis is focused on the effects of defects in VO2 

transformation behavior. While it has been explored here through different dopants, an 

alternative method to induce defects is through irradiation. Previous studies into these 

effects on undoped VO2 of different morphologies have been conducted. For example, 

Fan et al investigated the effects of 3 MeV alpha particle irradiation on clamped, 

undoped VO2 rods and found that with increasing doses, the transition temperatures 

converged and hysteresis decreases24, which is consistent with other comparable 

studies24, 53. However, very few have looked at the combination of irradiation and 

dopants.  

A basic plan to do that has been formulated and the first steps completed. In 

order to get a close comparison between before and after irradiation while isolating the 

impact induced defects had on these doped particles, samples for each dopant system 

(W, B, Ge and undoped) underwent a complete optical analysis and specific particles 

were identified for the direct comparison. These same particles were used to complete 

the after-irradiation analysis. These samples were irradiated at low doses in atmosphere 

and resulted in some issues that need to be addressed to produce clear results. Due to the 

diminutive size of particles, the fact that they are not bound to the  substrate, and 

changes to the overall morphology of the particles during irradiation, it was difficult to 

map back to the exact particles imaged in the before-irradiation data. While this issue 

could be circumvented by looking at large ensemble data sets and trends instead, or 

simply by being more rigorous with the mapping process, others require tweaks to the 
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irradiation process. For example, there was significant oxidation or contamination of the 

samples, which is evident by a yellowing of nearly every sample (Fig 9a). Despite the 

discoloration effect, most samples were still able to produce distinct color changes over 

the phase transition. The undoped samples, however, were not transitioning after 

irradiation and seemed to have fused together into much larger clumps (Fig. 9b), making 

distinguishing individual particles impossible. It is difficult to tell if this fusion was due 

to elevated temperatures on the substrates during irradiation or an alternative effect.  
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Figure 9: (a) Ge-doped VO2 (b) Undoped VO2 images at 100x, taken before and after 

irradiation exposure. 

 

 

   

Despite the difficulties, some data on tungsten, boron and germanium doped 

systems was produced. Surprisingly, little to no changes were observed when comparing 

the before and after data for the W-doped and Ge-doped samples (Fig. 10a-b). There was 

a slight shift observed in the B-doped samples where an increase in transition 

temperature on heating and cooling can be seen (Fig. 10c). Its possible that due to its 

Before After a) 

b) 
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interstitial nature, being smaller and more mobile, the boron doped sample was more 

susceptible to the irradiation, however, it’s hard to draw any conclusions from such a 

limited dataset. More study is required to give any definitive answers and the experiment 

process must be refined in order to produce reliable results.  

 

 

 

 

Figure 10: (a) W-doped, (b) Ge-doped, (c) B-doped  𝑇𝑐
0.5 and 𝑇ℎ

0.5 temperatures of 

transitions in individual particles demonstrating hysteresis trends binned by particle 

area. Blue circle sets indicate before-irradiation data while red diamond sets are after-

irradiation. 

a) 

c) 

b) 
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CHAPTER 5  

CONCLUSION 

 This work decisively shows that incorporating dopants can produce unique 

transformation behavior beyond simply modifying the transition temperature. W-doping 

enables a pinning effect that elongates the width of the transformation while still 

inducing potent nucleation sites that enable nearly zero hysteresis in the system. 

Alternatively, B-doping shows much smaller transformation widths, less phase 

coexistence, and maintains a relatively large hysteresis that is much more consistent than 

in the undoped case. Significantly, doping seems to also suppress size effects, enabling 

deterministic and reproducible control of hysteresis within dimensionally confined 

devices. Each of these findings contribute to the overall understanding of the VO2 MIT 

behavior and informs further investigation into dopant effects. Given these observations, 

the incorporation of multiple dopants as a pathway to engineer particular attributes of the 

MIT transition remains an intriguing possibility, which will be investigated in future 

work. 
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