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ABSTRACT
Transition metal oxides have attracted tremendous research interest due to their fertile
functional properties, including ferroelectricity, magnetism, high temperature superconductivity
and metal to insulator transition (MIT). Over recent decades, one of the research focuses has been
utilizing these functional features in device applications, which requires a deeper understanding of
the material science and also advances in thin film deposition in order to tailor these properties.
The binary vanadium dioxide has drawn much attention due to its orders of magnitude
change in resistivity during the MIT near room temperature, opening up the possibilities to use this
material as next generation transistors, memory devices and radio frequency switches in
communication applications. However, to bridge the gap between the frontier of fundamental
research in VO2 films and their realization in commercial products, wafer scale growth of the oxide
thin films with ‘electronic grade’ is necessary. This task requires precise control over the valence
state of normally multivalent transition metal cations, while the device performance will be largely
derogated if the valence state is not well controlled. To deposit the VO2 with precise valence state
control on wafer scale, a combinatorial approach was used to establish a valence state gradient of
vanadium cation, from which the optimal condition for stoichiometric VO2 was extracted. Under
the optimal growth condition, a high quality 30-nm thick VO2 film was grown on 3 inch sapphire
wafer, showing the highest MIT resistivity ratio for ultrathin films on wafer scale, which is relevant
for modern device applications.
Besides the growth of high quality MIT thin films on wafer scale, a novel strategy to
optically write and erase complex circuitry into VO2 thin films was also developed. We’ve
successfully demonstrated the optically induced MIT in VO2 which is persistent after the light
source is turned off. We use this method to optically imprint local conductive areas into an
otherwise insulating VO2 film. In contrast to conventional thin film patterning techniques that
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require chemical etching of patterns defined through lithography steps, the optical imprint is
performed by irradiating single crystalline VO2 thin films with focused ultraviolet light in a nitrogen
atmosphere. A conductive pattern is sketched into the resistive VO2 matrix, resulting in a close to
4 orders of magnitude increase in electrical conductivity at room temperature. Significantly, the
inscribed pattern, which is permanent, can be completely erased by a few minutes thermal
annealing process at moderately elevated temperature. This development can potentially find its
application in reconfigurable optical elements. It can also be harnessed as rewritable bottom
electrode material for back-gating structures by inscribing complex contacting schemes using UV
radiation.
Beyond the binary vanadium oxides, Mott insulators such as LaVO3 have recently been
suggested as promising solar cell materials with suitable band gap, high absorption coefficient, as
well as the potential to beat the Shockley-Queisser limit owing to their unique strong electronelectron correlation effect that is not present in conventional semiconductors. However, the quality
of strongly correlated oxides has been far inferior compared to conventional semiconductors. The
high defect concentration of oxide thin films impedes the realization of Mott solar cells with
competitive performance due to the lack of stoichiometry control. By taking advantage of the
unique self-regulated growth mechanism available in hybrid molecular beam epitaxy, strongly
correlated LaVO3 films were grown which revealed a record-low defect concentration. The optical
and electrical properties of these films were studied as a function of stoichiometry and a more than
two orders of magnitude improvement in defect-related properties compared to results reported in
literature was demonstrated, showing that Mott insulators can indeed be synthesized with high
perfection using hybrid molecular beam epitaxy.
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Chapter 1
Introduction

1.1 Opportunities and challenges in vanadium based oxide systems
Electronic devices are indispensable to our modern society and they shape the way how
people live, work and communicate. The majority of the devices are based on semiconductors,
especially silicon and thus this era is also called Silicon Age following the Stone Age, Bronze Age
and Iron Age in our history. The huge influence of semiconductor devices on our society is due to
their quick development as described by the Moore’s Law: the number of transistors on a chip will
double every two years.1 As can be seen in Figure 1-1, this prediction was strictly followed since
the 1970s and the size of computers has shrunk from an equipment that occupies several rooms to
the desktop in every household. Despite the increasing number of transistors following the Moore’s
law, heat dissipation has turned out to be a problem and the clock speed for a single processing unit
has been stagnated since early 2000, see Figure 1-1.2 Also, due to the raised complexity and its
associated high cost in fabricating transistors in the nanometer scale, the Moore’s prediction may
stop at sub-ten nanometer scale due to economic reasons.3 These challenges motivates scientists to
find new materials and devices that can either consume less power or possess more functionalities
that compliments the semiconductor technology.
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Figure 1-1. The number of transistors per chip and the clock speed over the past five decades.
Image reproduced from Ref.2

In the silicon based semiconductor devices, the resistivity of the device is largely
modulated by applying external bias, during which the carrier concentration is changed (electron
concentration in conduction band or hole concentration in valence band for n or p type transistors).
Despite the charge degree of freedom utilized in the silicon based semiconductor devices, two other
degrees of freedom of electrons can also be utilized, i.e. orbital and spin, as shown in Figure 1-2.
In the case of semiconductors, these two degrees of freedom are not activated because their bands
are completely filled. On the contrary, for transition metal oxides with partially filled d orbitals, the
orbital and spin degrees of freedom are activated and the materials can show orbital localization
and net magnetic momentum. Besides, the conduction band of these materials is dominated by the
narrow d band of the transition metal and the localized d orbitals result in large on-site coulombic
repulsion among the electrons. The coupled degrees of freedom together with the strong on-site
coulombic repulsion lead to various ground states in these materials and phase transitions between
them.
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Figure 1-2. Charge, spin and orbital degrees of freedom for electrons. Various degrees of freedom
are coupled and activated in transition metal oxides with octahedrally coordinated transition metal
cations. Image reproduced from Ref.4

For example, over half a century ago, it was observed that some oxides exhibit an electronic
phase transition between metallic and insulating states under external stimuli [Figure 1-3 (a)] and
thus the name metal to insulator transition (MIT) was coined for this phenomenon.5–7 Although our
understanding of the MIT is not complete at this point and its origin is still under debate in some
cases, e.g. whether the MIT in vanadium dioxide is Peierls type that is due to electron-phonon
interaction or Mott type owing to strong electron-electron interactions,8,9 the orders of magnitude
change in conductivity during this transition has aroused enormous interest in putting this intriguing
phenomenon into practical applications.4,10,11 For instance, as compared to the traditional
semiconductor characteristics shown in Figure 1-3(b), the MIT as a function of voltage is more
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steeper than the 60 meV/decade slope of traditional semiconductor devices, consuming less power
to transit between the on and off states.

Figure 1-3. (a) A generic figure describing the MIT behavior. A fast transition between metallic
and insulating states can be triggered by external stimuli. (b) A characteristic behavior for channel
conductance as a function of gate voltage for silicon based metal-oxide-semiconductor field effect
transistor (MOSFET).

Among the MIT materials, VO2 exhibits a MIT around room temperature and therefore has
strong potential for electronic and optical device applications. Except for the ideal working
temperature, the sharp MIT for VO2 together with more than four orders of magnitude change in
resistivity make VO2 an attractive candidate for exploratory research and is thus under extensive
study for next generation transistors,12 non-Boolean computing13 and memory metamaterials.14
During this phase transformation, the high temperature metallic Rutile phase (space group
P42/mnm) lowers its symmetry and change into an insulating Monoclinic M1 phase (space group
P21/c) by the dimerization of V atoms along the c direction, as shown in Figure 1-4. At the same
time, a bandgap opens up by splitting the a1g band and up lifting the egπ band.
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Figure 1-4. The crystal structure of metallic and insulating VO2 as well as their band structures.
Image reproduced from Ref.4
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As shown in Figure1-5 (a), to ensure a sharp MIT with large magnitude of resistivity
change, highly stoichiometric VO2 is required. However, growth of stoichiometric VO2 films have
been found challenging since the stoichiometry of VO2 thin films have long been recognized highly
sensitive to deposition temperature, background oxygen pressure and precursor fluxes. This
delicate nature of VO2 is resulted from its complex phase diagram as shown in Figure 1-5 (b).
According to the phase diagram, VO2 phase can only be stabilized with a vanadium to oxygen ratio
close to 1:2, off which either oxygen deficient (Magnéli) or oxygen rich (Wadsley) secondary
phases will form.15 On the oxygen deficient side, five homologous Magnéli phases (general formula
VnO2n-1, with n=3-7) exist between the commonly studied V2O3 and VO2 phases.16 Oxygen rich
Wadsley phases between VO2 and V2O5 (general formula VnO2n+1, with n=2,3 and 6) can be
considered as deduced from a mother fcc structure.15 To find the growth condition for
stoichiometric VO2 films, conventional deposition methods usually involve systemic but tedious
calibration procedures, which are usually time and resources consuming.

Figure 1-5. (a)Temperature dependent resistivity measurement of VO2 thin films with different
vanadium to oxygen ratio. Only the stoichiometric film (blue) has the largest resistivity ratio across
the MIT. (b) V-O binary phase diagram as a function of temperature and V to O ratio. Image (a)
and (b) reproduced from Ref.17 and Ref.15
Moving from the frontier of fundamental research in VO2 electronics towards their
realization in commercial products, a method to deposit high quality and ultrathin VO2 films on
wafer scale is needed. For example, memory devices based on MITs can be readout electronically
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and thus enables compact packing with cell sizes down to several nanometers.11 Moreover, VO2
based modulators can be fabricated with lateral dimension only two percent of conventional ones,
but the VO2 film thickness need to be decreased to ~10 nm to ensure a desired switching energy.18
During these down scaling processes, VO2 thin films must preserve high orders of magnitude
resistivity change during the MIT to achieve desired device performance.
However, it is challenging to grow ultrathin stoichiometric VO2 films, likely due to the
lack of stoichiometry control at nanoscale. It is proposed that if a valence state gradient of vanadium
cation is deposited on a large enough wafer through a combinatorial approach and the valence state
gradient is characterized afterwards, the optimal growth condition can be identified with only a
single growth. In order to deposit a valence state gradient, the mean free path (MFP) of the source
atoms/molecules should be much larger than the wafer size to minimize the gas-phase scattering
which tend to randomize the flux distribution. In this regard, the precursor atoms/molecules should
be ideally in the molecular flow region under very low background pressure. However, the VO2
phase was previously found only stable if the background oxygen pressure is above 10 mTorr,19
which corresponds to a MFP of only ~1cm, rendering the combinatorial approach impossible.
Hence, in order to apply the combinatorial strategy, first we need to find a way to stabilize the VO2
phase in high vacuum.
Moving beyond the binary vanadium oxides to more complex ones, another Alkaline or
rare earth metal cation can be added to the chemistry and thus form ternary vanadium oxides. For
example, by adding cations in the interstices of corner sharing vanadium-oxygen octahedra, a
crystal structure called perovskite (with a general formula ABO3) can be formed. As shown in
Figure 1-6 (a), the perovskite unit cell is cubic, with B cations at the body center, A cations at cube
corners and O anions at the face centers. Various structures can be derived from this phase by cation
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displacements and rotations, or deformations of the V-O octahedra,20 such as the orthorhombic
LaVO3 shown in Figure 1-6 (b).

Figure 1-6. (a) Schematic figure of an ABO3 perovskite unit cell. The corresponding A, B and O
sites are marked in green, blue and red. (b) The orthorhombic structure of LaVO3 with A site
displacements and octahedra rotations.

Figure 1-7. The periodic table of elements that can fill different sites in the perovskite ABX3
structure together, with the property triangle including the rich properties found in this or closely
related structures. The data of the site occupation was taken from Ref. 21
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Besides the many structural variants, the perovskite structure is known to host rich
chemistries. As described in the Figure 1-7, almost all the elements in the periodic table can fill in
the perovskite structure, either at the A and B site (blue and orange) or at the anion site (red).21 The
versatile chemistry gives rise to rich functionalities in the perovskite structure or its related
structures such as magnetism, electrical polarization and electrical conduction, as detailed in the
“property triangle” in Figure 1-7.22–25

Figure 1-8. The relaxation process of excited electrons in normal semiconductors and in strongly
correlated oxides. Image reproduced from Ref.26

When the B site is occupied by transition metal cations, the large on-site coulombic
repulsion among the d electrons opens up a band gap within the d band. For example, the Mott
insulator LaVO3 has a band gap of 1.1 eV which is ideal for solar cell absorber application
according to the Schottky-Queisser limit.27 The large absorption coefficient of LaVO3 comparable
to the dominating thin film solar cell CdTe makes LaVO3 an attractive candidate for next generation
perovskite oxide solar cell material.28–30 Besides, as shown in Figure 1-8, the strong electronelectron correlation in this material is calculated to be a preferred way to relax the excited electrons
rather than thermal relaxation.26 Therefore, it is possible the excited electron further excite other
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electrons from the valence band to the conduction band and thus achieve carrier multiplication. To
fabricate highly efficient solar cells based on LaVO3 thin films, stoichiometry control is of utmost
significance since non-stoichiometry-related defects will trap the photo-excited carriers and
ultimately leads to low conversion efficiency.
Except for the bulk state, the interface between perovskites also provides new
functionalities. For example, tremendous interest has been generated by the discovery of a twodimensional electron gas (2DEG) formed at the interface between SrTiO3 and band insulator
LaAlO3 or Mott insulator LaVO3.31,32 Much work has been conducted over the last ten years to
investigate the nature of this intriguing observation, and it still remains a hotly debated topic.
Various mechanisms have been proposed to better understand the phenomena emerging at this
prototypical complex oxide heterointerface. Electronic31 and structural33 reconstruction at the
interface to compensate electric fields originated from the polar discontinuity across the interface
have been considered. Extrinsic effects, such as unintentional formation of oxygen vacancies in
SrTiO3,34 as well as unintentional non-stoichiometry were discussed.35 Therefore, the growth of
perovskite thin films with excellent stoichiometry control is of critical importance to gain further
insights into the intrinsic phenomena emerging at this oxide hetero-interface.
As mentioned above, either from a scientific point of view to study the electronic
reconstruction at the perovskite interface, or utilize strongly correlated oxides for practical
applications, good stoichiometry control in perovskite oxide thin films is essential. Different from
the binary vanadate discussed in the previous section, the stoichiometry control in ternary vanadate
thin films involves an extra level of requirement, i.e. to precisely control the cation stoichiometry
by balancing the A site cation to B site vanadium cation ratio. However, cation stoichiometry
control during thin film growth has been proven challenging,36–42 attributed to a lack of sufficient
flux control during the deposition. The traditional pathway towards stoichiometric perovskite oxide
thin films is to systematically test the growth condition to ensure high quality material, which in
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most cases is a daunting task. The reproducibility of stoichiometric films is at the same time not
guaranteed, considering the error in flux calibration and the flux instability. One way to tackle this
challenge is to introduce absorption controlled thin film growth, where a few oxide compounds are
made from constituents with different volatilities. Here, the component with higher volatility can
be supplied in excess, which will then desorb from the surface rather than getting incorporated into
the film. This self-regulated process has been utilized for the growth of BiFeO3,43 PbTiO344 and
BiMnO3.45 For the majority of oxide films without volatile constituents such as LaVO3, extensive
calibration series are necessary, whereby relevant growth parameters are systematically varied to
identify the best possible growth condition and to ensure a near-stoichiometric film.
In order to overcome this challenge, a new technique called hybrid molecular beam epitaxy
(HMBE) has been developed by co-supplying atomic metals and metalorganic precursors (will be
discussed in detail in the next chapter).46 The excess metalorganic (MO) precursors will desorb
from the film surface instead of getting incorporated into the film, thus opening an absorption
controlled growth window.47 This technique has been employed to grow high quality SrTiO3 films
where record high low temperature carrier mobility was demonstrated as a result of the high level
of stoichiometry control.48 One open question remains whether this technique is general and can be
expanded to other systems such as the rare earth vanadate LaVO3?

1.2 Dissertation organization
The thesis will focus on two parts: 1. Stabilization of the vanadium dioxide in high vacuum
and the growth of high quality VO2 thin films on wafer scale using a combinatorial approach. The
optical and electrical properties of VO2 thin films will be studied and also the optically induced
metal to insulator transition in VO2 is demonstrated. Section 2 will be focused on the growth of
ternary LaVO3 thin films with HMBE and the characterization of their optical and electrical
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properties. Following this introductory chapter, chapter 2 will be devoted to the experimental
details with regard to the HMBE growth technique and various characterization techniques to study
the structural, optical and electrical properties of thin films. Chapter 3 will discuss the stabilization
of VO2 phase in high vacuum by co-depositing vanadium metal and MO precursor vanadium
oxytriisopropoxide (VTIP). The growth of high quality VO2 thin films on wafer scale will be talked
about in Chapter 4. In Chapter 5, an optically induced metal to insulator transition (MIT) will be
discussed which is attractive for applications such as rewritable circuitry and optoelectronic
devices. Moving beyond the binary vanadium oxide, Chapter 6 and 7 will discuss the growth of
LaVO3 thin films with the self-regulated growth mechanism and their optical and electrical
properties as a function of stoichiometry. In the final Chapter, some future work together with
preliminary data on the study of growth kinetics using reactive molecular dynamic modeling and
strain modification of growth phase diagram will be presented.
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Chapter 2
Experimental details

2.1 Hybrid molecular beam epitaxy
The advance of thin film fabrication and deposition techniques is always driven by the
improvement in device design and the desire for better and faster electronic and optical devices.
After the bipolar transistor was invented by Bardeen and Brattain more than half a century ago,49
the development of silicon based semiconductor devices has proven the importance of controlled
processing and fabrication down to the nanoscale. At the meanwhile, compound semiconductor
such as the III-V binary compounds have drawn much attention due to their potential applications
in optical and communicational applications.50 To achieve certain functions governed by the
quantum mechanics such as modulation doping in the III-V devices, precise control over the
layering and doping of different materials are required. As a result, after decades of endeavor, a
high vacuum deposition technique based on atomic and molecular beams was developed and coined
the name of “molecular beam epitaxy” (MBE) by Alfred Y. Cho in 1970.51 After that, continuous
improvement has been made to grow III-V thin films with higher quality. Taking GaAs as an
example, more than four orders of magnitude increase in low temperature carrier mobility has been
demonstrated due to less impurity and defec scattering at low temperature, which characterizes the
decreasing defect concentration in the thin films, see Figure 2-1.
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Figure 2-1. The improvement of electron mobility in GaAs over the years. Image reproduced from
Ref.52
Together with the development of semiconductor thin film deposition using MBE,
endeavors have also been carried out to grow complex transition metal oxide films due to their
various functional properties and the first one grown was ferroelectric LiNbO3 in 1985 due to their
high electro-optical coefficients.53 This development was also fostered by the discovery of high
temperature superconductors based on the La-Ba-Cu-O system,54 where MBE has the unique
capability to control metal sources individually. However, at the same time, two major challenges
revealed themselves in the growth of complex transition metal oxide thin films using MBE: 1. As
shown in Figure 2-2, many of the transitional metals come into the category called “refractory metal”
with high melting temperature and low vapor pressure. Direct thermal evaporation of these metals
would either require high temperature that is beyond the limit of the system or temperature high
enough for the metal sources to react with the crucibles. 2. Also, unlike the case of GaAs, where
the high volatility of As results in a absorption controlled growth mode and the extra As molecules
get incorporated into the film but rather desorb as gas phase molecules (Figure 2-3), the transition
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metals are not volatile enough to grow in the absorption controlled way. As a results, the
stoichiometry control in the deposition of complex transition metal oxides is challenging and
depends only on the flux calibration which has errors of 1~3%.55

Figure 2-2. Effusion cell temperatures needed for different metals to generate high enough vapor
pressure for metal oxide thin film deposition. Image reproduced from Ref.56

Figure 2-3. Phase diagram of GaAs growth as a function of arsenic beam equivalent pressure and
temperature. In this window, the excess As is not stable in the condensed form and desorbs from
the growth front as gas molecules. Image reproduced from Ref.44
To overcome this challenge, a new growth method to grow the complex transition metal
oxide thin films was introduced, which was named hybrid molecular beam epitaxy (HMBE). In
this approach, the transition metal oxide thin films were grown by co-supplying volatile metal
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organic precursor and metal fluxes. By introducing volatile metal organic precursor, the complex
oxide thin films were grown in a self-regulated growth mechanism where the films remained
stoichiometric in the growth window. This technique was first demonstrate in Prof. Susanne
Stemmer’s group at University of California, Santa Barbara around 2009 and was successfully
applied to the self-regulated growth of SrTiO3 where record high low-temperature electron mobility
was reported.47,48

Figure 2-4. A Schematic figure of the second generation HMBE at the Pennsylvania State
University. Image reproduced from Ref.57

Figure 2-4 shows the second generation HMBE system built in Prof. Roman EngelHerbert’s group at the Pennsylvania State University. This system is modified based on a
conventional DCA M600 MBE system, by adding metal-organic precursor gas inlet systems
located at the lower right of the figure. As shown in the schematic figure of the MBE, substrates
up to 3 inch can be placed in tantalum puck on the sample manipulator located at the confocal
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position of the effusion cells and the metal-organic precursor injectors. Before film growth, liquid
nitrogen is filled into the cryo-panel to serve as a cold trap. At the same time, the chamber is also
being pumped by a cryogenic pump (CTI Cryo-Torr 8, pumping speed by air: 1500 l/s) positioned
at the bottom of the chamber and a highly efficient turbo pump (Pfeiffer-vacuum, pumping speed
by N2: 1900 l/s) located on the upper right side of the chamber. The combination of these pumping
techniques yields ultra-low background pressure in the chamber around 10-9~10-10 Torr as measured
by an ion gauge located before the gate valve of the turbo pump. During film growth, atomic metal
fluxes are supplied either from the low temperature effusion cells (dual filament heated) or the high
temperature effusion cells (single filament heated). At the same time, the metal-organic precursor
is supplied from a home-made gas inlet system. The atomic flux can be calibrated by a quartz
crystal microbalance positioned under the manipulator prior to growth and the metal-organic
precursor flow is controlled by a feedback system based on a Baratron gauge and a variable leak
valve.

Figure 2-5. Schematic figure of the gas inlet system to deliver the metal-organic precursors. Image
reproduced from Ref.57

Figure 2-5 shows the schematic figure of the home-made gas inlet system. The metalorganic precursor is stored in the bubbler which is heated by heating tapes so that the precursors
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have enough vapor pressure required for efficient thin film deposition (70 °C for VTIP and 110 °C
for TTIP). The stainless steel Swagelok tubes are also heated to temperatures 10~20 °C higher than
the bubbler in order to avoid precursor condensation on the inner walls. The pressure of the
precursor evaporated from the bubbler is measured by a Baratron capacitance pressure gauge which
is connected to a PID system. The PID system then dynamically controls the open percentage of
the variable leak valve by comparing the pressure measured by the Baratron gauge and the targeted
pressure in the PID system. Two pneumatic valves are designed in a one-way-open mode, i.e.
during growth, the line to the HMBE chamber is open while the line to the pumping station is
closed, and vice versa.
In 2009, with a similar set up, Jalan et al successfully grew SrTiO3 films homoepitaxially
in a self-regulated manner by co-depositing Sr metal and metal organic precursor titanium
isopropoxide (TTIP), where the stoichiometric films have a lattice constant same as bulk single
crystals and the films stayed stoichiometric in a window that is independent from deposition
conditions.47 For nonstoichiometric films, their lattice constant expanded due the repulsion between
oxygen anions at the presence of cation vacancies.58 The origin of this growth window was
attributed to the high volatility of TTIP based on the following observations: 1. The position of the
growth window as a function of TTIP flux moved to higher flux when the substrate temperature
increased. 2. The width of the growth window as a function of TTIP flux became larger when the
substrate temperature was higher. When the film growth is in the desorption controlled regime,
higher substrate temperature means more desorption of the TTIP precursors and thus higher TTIP
flux is needed to ensure a stoichiometry film. Also, the more desorption of TTIP from the film
surface also effective applies a scaling factor to the growth window width and makes it larger.
Never the less, the detailed understanding of the growth window from an atomic/molecular scale
is still needed.
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2.2 Structural characterization

2.2.1 In-situ reflection high energy electron diffraction (RHEED)
Reflection high energy electron diffraction (RHEED) is a particularly helpful technique to
characterize the crystal quality, surface morphology and growth rate in-situ for high vacuum
deposition techniques.59 It can also be used in deposition techniques with relative high pressure
such as in pulsed laser deposition (PLD), if the RHEED equipment is modified. The basic geometry
of RHEED is shown in Figure 2-6 (a), where an electron beam with 10~15 keV energy hits the
sample surface at a grazing angle (1~3°). Since the incident angle is very small, the electron
penetration depth is around 1 nm due to the small velocity vector in the direction perpendicular to
the film surface. The diffracted electron is detected by a phosphor screen and the pattern is recorded
by a camera. Only the scattered beams that fulfill the constructive diffraction condition will have
high enough intensity and thus cast a pattern on the phosphor screen. The diffraction condition is
sketched in Figure 2-6 (b), which is presented in terms of the Ewald construction. In the
construction, the red K and K' are the wave vectors of the incident electron beam and the scattered
electron beam, where we assume the scattering is elastic and thus the magnitude of K doesn’t
change after scattering. Based on the diffraction theory, the diffraction happens when
K' – K= G
Where G is the lattice vector of the crystal in reciprocal space. To better evaluate this
requirement, we can construct a sphere with radius equal to the magnitude of K, called Ewald
sphere as shown in Figure 2-6 (b). Starting from the end of the incident beam vector K, whenever
a reciprocal lattice vector falls on the Ewald sphere the diffraction condition is satisfied. Since
RHHED only detects the two dimensional film surface, the corresponding reciprocal lattice is
represented by rods in the three dimensional reciprocal space. In this case, it is easier to satisfy the
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diffraction condition, only requiring the reciprocal rods to go through the end of K vector. Several
reciprocal rods can fulfill this condition and the scattered electron beam will cast a diffraction
pattern as shown in Figure 2-6 (a). The reason that the diffraction pattern consists of not perfect
spots but streaks is because of the K variance in the incident beam as well as the finite width of the
reciprocal rods due to crystal imperfections.

Figure 2-6. (a) The setup of reflection high energy electron diffraction (RHEED) and a RHEED
pattern of LaAlO3 films grown by co-depositing La metal and metal-organic precursor aluminum
isopropoxide. (b) The Ewald construction to demonstrate the diffraction condition. Left image of
(a) reproduced from Ref.60

Since RHHED only measures the sample surface, the diffraction pattern is very sensitive
to the surface morphology of films. As shown in Figure 2-7, when the epitaxial film has a smooth
surface, its reciprocal space consists of lattice rods as discussed in the previous paragraph, and thus
the streak-shaped patterns are observed on the detector screen, which correspond to the (hk0) rods.
However, for a rough surface with 3 dimensional islands, the reciprocal space lattice doesn’t have
2 dimensional character anymore, but rather show 3 dimensional behavior consisting of reciprocal
space lattice points. The crossover between the Ewald sphere and the reciprocal space lattice points
then leads to bulk diffraction (hkl) spots on the detector similar to the pattern observed in the
transmission electron microscopy (TEM). If the film has a polycrystalline nature with grains of
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different orientations, its reciprocal space lattice will become rings with different radii, resulting in
ring-shaped diffraction patterns on the phosphor screen.

Figure 2-7. Different film surface morphologies, corresponding Ewald construction and the
RHEED patterns. Image reproduced from Ref.61

Besides monitoring the surface morphology, RHEED is also known as an effective tool for
measuring film growth rate during deposition. The RHEED intensity as a function of time for the
growth of LaAlO3 using HMBE is plotted in Figure 2-8. After the film growth starts (main shutter
open), the diffraction intensity oscillates over time. As shown on the right side of Figure 2-8, when
one monolayer of films has been grown, the surface coverage is unity and thus has the most
coherent diffraction beam from the sample surface, corresponding to the peak intensity in the
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oscillation. When the film surface is randomly covered in half, the intensity is at the valley spot
due to less coherent diffraction beam. Therefore, in the RHHED oscillation, the oscillation period
suggests the time needed to growth one monolayer of films.

Figure 2-8. RHEED intensity of the -1, 0 reflection spot during growth of LaAlO3 thin films by
HMBE. The period of intensity oscillations corresponds to the growth of a single unit cell. Shown
on the right are the different surface coverages which lead to different RHEED intensity. Image
reproduced from Ref.57

2.2.2 X-ray diffraction on epitaxial thin films.
X-ray diffraction (XRD) is a powerful technique for thin film growers to characterize the
structural properties of thin films. Utilizing the unique four-circle sample stage as shown in Figure
2-9, the phase, structural quality and epitaxial relationship between the substrate and film can be
characterized. The XRD experiments in the dissertation was performed with a Philips X’pert Pro
MRD equipped with a duMond–Hart–Partels Ge (440) incident beam monochromator using Cu
K radiation. The normal bias and current for the electron beam to generate X-ray are 40kV and
40 mA. On the x-ray source side, a nickel alloy based attenuator is used to protect the detectors
from strong X-ray irradiation. The detector side has two detectors: areal detectors that measures
an area in the reciprocal space for fast reciprocal space mapping and a point detector equipped with
an analyzer for high resolution measurements.
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Figure 2-9. A picture of the Philips X’pert Pro MRD showing the three major parts for XRD: Xray source, four-circle sample stage and the detectors.

During the interaction between X-ray and the film, only certain scattered X-ray beams are
constructively interfered and thus have strong intensity that can be detected, Which is described by
the Bragg’s Law. As shown in the Figure 2-10, when the Bragg’s Law is satisfied, the difference
of the light path between two X-ray beams should be an integer of the wave length λ, yielding the
following relationship with respect to the lattice plane distance:
2d sin (θ) = n λ
In this equation, the λ is the wavelength of the incoming X-ray, θ is the angle between the
X-ray and the lattice plane and d is the distance between the lattice planes. In this way, each set of
lattice planes would diffract at a certain angle and then can be detected, which serve as “finger
prints” to identify the phases in the epitaxial film.
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Figure 2-10. The schematic figure of Bragg’s Law. θ is the angle between the incident X-ray and
the lattice plane, while d is the lattice plane distance.

To study the epitaxial relationship between the film and the substrate, reciprocal space
mapping (RSM) can be carried out by the four circle X-ray diffractometer. Figure 2-11
demonstrates how the RSM can be used to study how the film is grown on the substrate. For a
relaxed film on top of the substrate (here we use simple cubic structure for simplicity), both the
film and the substrate would have a distinct set of diffraction spots in the reciprocal space due to
their different lattice constant. However, when the films is strained on the substrate and the in-plane
lattice constants are forced to be equal to the ones of the substrate, the in-plane diffraction spots of
the films will align with the substrate. The l coordinate of the diffraction spots will also change as
a result of the Poisson’s ratio and the magnitude of the change will depend on whether the strain is
tensile or compressive. If the films is only partially strained by the substrate, a value between the
two extremes cases discussed above will be observed. As a result, by mapping out the diffraction
spots in the reciprocal space, we can know how much strain is applied to a film by the substrate
and how the film deforms under such strain.
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Figure 2-11. A two dimensional schematic figure (in and h and l directions) of relaxed and fully
strained (tensile) films on top of a substrate, together with the diffraction spots in the reciprocal
space for the two scenarios.

2.2.3 Atomic force microscopy
Atomic force microscopy (AFM) is a scanning probe technique to study the surface
properties of materials. While the basic function of AFM is to study the surface morphology of
materials, it can also be used to measure the charge, magnetic moment, electrochemical potential
and domain structures of thin films. In this work, the AFM is mainly used as a tool to study the
surface morphology of oxide thin films so as to understand the different thin film growth
mechanism under various growth conditions. The basic setup of the AFM is shown in Figure 2-12
(a). During the measurement, a cantilever with a tip around 10~50 nm approaches the sample
surface and scans on it. The cantilever is controlled by a piezoelectric motor which enables subangstrom resolution. In the dissertation, the AFM scans were carried out with a Bruker Dimension
Icon atomic force microscope in the peak-force mode. When the tip is very close to the sample
surface, a repulsive force will be applied to the tip by sample surface. In the peak-force mode, the
tip is always lower to a height until a certain repulsive force is reached, often in the range of 10 pN
to 1nN. The magnitude of force applied on the tip will bend the cantilever, which in turn leads to
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the change of reflection path of the laser shining on the cantilever. By measuring the change of the
laser reflection, the force on the tip can be calculated. Therefore, for a spot with profile lower than
the averaged surface, the height of the cantilever has to be decreased further to reach the required
repulsive force and vice versa. As a result, the surface morphology in terms of height profile can
be measured and an example result is shown in Figure 2-12 (b).

Figure 2-12. (a) A schematic figure of the AFM setup. The cantilever is shown in orange and the
red line is the laser path. (b) An example result of oxide thin film surface measured by AFM,
showing an atomic flat surface.

2.3 Photolithography
In some electrical measurements, in order to confine the current or achieve certain
measurement geometry, photolithography is required to “imprint” patterns on thin films. In this
dissertation, photolithography technique has been used to make circular transmission line model
(CTLM) for VO2 laser exposure experiments and interdigital pattern for in-plane polarization
measurements in strained perovskite thin films (to be published). The work has been carried out in
the nanofabrication facility of materials research institute (MRI) at Penn State University and here
a fabrication flow of the interdigital pattern is shown as an example. As shown in Figure 2-13, after
cleaning the sample surface by Acetone and IPA, a two-layer photoresist structure is first deposited
on the sample surface with the bottom layer being LOR 05A and top layer being SPR 3012. The
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reason for using this two-layer structure is to facilitate the etching of the photoresist in the final lift
up step: LOR is etched faster than the SPR in the develop step and thus leaves a channel between
the metal contact and the LOR photoresist, providing a pathway for the etchant to expedite the
etching process, as shown in Figure 2-13. As the first step, the bottom LOR 05A layer was spin
coated onto the sample surface with 500 rpm and then was bake at 195 °C for 5 minutes. Next, the
second SPR 3012 layer was dispensed with 900 rpm and then was baked at 95 °C for 1 minute. To
get the best spin coating result, the dispense speed and the amount of photoresist used in this
processed need to be optimized. After the photoresist deposition, the second step is to expose part
of the photoresist to UV light under a photomask. In this work, contact mask of Cr deposited on
glass substrate was used. The Cr mask has certain pattern on it (no Cr coating) and thus only these
regions are exposed to the UV light which reacts with the exposed photoresist and make them
soluble in the following develop step. The UV exposure time used in this process was 5 seconds
and the gap between the mask and the photoresist was 100 um. In the develop step, the sample was
immersed in CD-26 solution for 15 minutes and then put into water. The exposed photoresist was
dissolved in the CD-26 solution and the etched regions formed a patter for later metal contact
deposition. Next, the films was attached to a silicon wafer by a high temperature tape and then put
into a sputtering chamber for metal deposition. The metal stack used here for strained SrTiO3 was
a combination of 15 nm Cr and 50 nm Au, where the Cr layer increased the surface adhesion of the
metal contact to the films. In the final liftoff step, the sample was put into Acetone in a hot water
bath at 80 °C for 3 minutes and the SPR 3012 was dissolved. Then the sample was transfer to a
Nano Remover PG solution and stayed there for 15 mins. During these processes, either a pipette
can be used to blow bubble into the solution, or the beaker can be temporarily placed into a
sonicator to expedite the process. Then sample was rinsed with Acetone and put in an IPA solution
and sonicated to clean up the residue of the photoresist on sample surface. After this process, an
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interdigital pattern was successfully imprinted onto the sample surface for later dielectric
measurements.

Figure 2-13. A two dimensional schematic figure of the process of imprinting a metal contact
pattern onto a sample surface. The process flow is directed by the red arrows.

2.4 Spectroscopic Ellipsometry
Spectroscopic ellipsometry is a nondestructive technique to either determine the film
thickness and surface roughness or measure the optical constants (n and k) of thin films as a
function of wavelength. The basic principle is to extract these properties through the light-matter
interaction, which is represented by the absorption and reflection of the incident light. As shown in
Figure 2-14 (a), the basic setup of the spectroscopic ellipsometry equipment includes an incident
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beam generator, a detector and a sample stage. During the measurement, the incident laser at a
certain wavelength is polarized by a linear polarizer, which contains two components for electric
fields: Es and Ep. They represent the electric field components in the x and y directions and are
equal in amplitude and have zero phase different, as shown in Figure 2-14 (b). After interacting
with the film, both the amplitude and the phases of the S wave and P wave can change, and thus
leading to an elliptically polarized light where the vector of the electric field forms an ellipsoid
over a period, as shown on the right side of Figure 2-14 (b).

Figure 2-14. (a) The setup of a typical spectroscopic ellipsometer. (b) A schematic of the interaction
between the incident laser and the sample. Image courtesy: Prof. Joan Redwing.

In the analysis of the change in Es and Ep, the change of the polarization state is
parameterized in terms of the complex reflectance ratio ρ, which is defined as:
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and phase of the complex reflectance ratio. At each wavelength, both
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spectrum is generated. Next a multi-layer model consisting the film, substrate and the surface
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roughness is built and the spectrum is parameterized through a fitting process as shown in Figure
2-15. In the fitting process, multiple models are used to fit different parts of the spectrum. For
example, normally the oxide substrate with a large bandgap can be described by the Cauchy model,
while the optical transitions in the films can be capture by Tauc-Lorentz oscillators and low
energy region of a metal can be described by the Drude model. Modeling details of VO2 and LaVO3
films in this dissertation can be found in recent publications.62–64

Figure 2-15. A flow chart of how the ellipsometry data of thin film structures is analyzed through
modeling and fitting. Image reproduced from J. A. Woollam Co. website.

2.5 Electrical characterization
Electrical measurements are essential to measure the resistivity and carrier concentration
for oxide thin films in order to access their potential for application as electronic devices. The
simplest measurement for resistance is the two-point measurement, as shown in Figure 2-16 (a). In
this measurement, two probes were placed on the sample to both supply current and measure
voltage at the same time and then the resistance of the sample is calculated by the Ohm’s law.
However, in this measurement, the actual resistance measured is R+2Rc instead of the intrinsic
resistance R of the sample, where Rc is the contact resistance at the probe/film interface (the
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resistance of the probe is neglected). Therefore, in order to measure the intrinsic resistivity of the
film, normally four-point measurements are used. The first geometry is a linear arrangement as
shown in Figure 2-16 (b). In this geometry, two probes serve as current meter to supply the current
and the other two probes measure the voltage drop across the sample. Since the voltage meter has
a very large resistance, the contact resistance is negligible in the measurement of the voltage drop
and the intrinsic voltage drop on the sample can be measured where the effect of contact resistance
is removed.

Figure 2-16. (a) Schematic figure of a two-point resistance measurement. R is the resistance of the
sample and Rc is the contact resistance. (b) Schematic figure of a four-point measurement.
Another four-point geometry is called the Van der Pauw method, which is used to measure
the sample resistivity in this dissertation. This method was first proposed by Van der Pauw in 1958
and was widely used in resistivity measurements due to its simplicity.65 A schematic figure of the
films measured in this work is shown in Figure 2-17 (a). In this figure, the black regions were
shadowed during the film growth and the yellow region is the film. Number 1-4 are Indium contacts
which form ohmic contact with the LaVO3 and VO2 films. In the resistivity measurement, the
current between contact 1 and 2 is defined as I12 and the potential difference between point 4 and 3
(V3-V4) is defined as V43. RA is defined as V43/I12 and similarly RB is defined as V23/I14. In his paper
Van der Pauw proved that RA and RB satisfy the following relationship:65
Exp(-πd RA/ρ) + Exp(-πd RB/ρ) = 1
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Where d is the thickness of the film and ρ is the resistivity of the film. As long as certain
geometry requirement is fulfilled that the distance between the contacts is much larger than the
thickness of the film and the radius of the contact, the resistivity of the films can be directly
measured using this geometry.

Figure 2-17. (a) Schematic figure of the Van der Pauw method used in this dissertation for
resistivity measurement. (b) Schematic figure of the Hall measurement in this dissertation to
measure carrier concentration and carrier mobility.

Except for measuring the resistivity, the Van der Pauw geometry can also be used to
measure the carrier concentration and cattier mobility under a magnetic field. The principle behind
the measurement is the same with Hall measurement, where a Lorentz force is applied to moving
carriers under a magnetic field:
= (

+

×

)

Where q is the charge of the carrier (negative for electron). The moving carriers will feel a force
perpendicular to the magnetic field (vertical to film surface) and the current direction [2-4 direction
in Figure 2-17 (b), will be designated as X direction hereafter]. As a result, charges start to
accumulate in the 1-3 direction (Y direction) and form an electric field to counter balance the force
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exerted by the magnetic field. Finally at the equilibrium state, the force from the electric field and
the magnetic field are equal and the following equation is satisfied:
=0=
and

⁄ ,

=

−
=

Where Vy is the Hall voltage, w is the width of the sample, Ix is the injected current in X direction,
n is the carrier concentration, t is the sample thickness. The equation above will yield the expression
of the carrier concentration n as:
⁄

= 1⁄

In real measurements, the effect of offset voltage needs to be considered, which is due to
the fact that the contacts along the Y direction is not perfectly aligned and thus the VH measured
has a certain contribution from the integration of the electric field in the X direction. To cancel this
offset voltage effect, measurements with different magnetic field direction can be carried out and
the Hall voltage can be calculated as:
1
= (
2

−

)

Where P and N represent the positive and negative direction of the magnetic field. In order
to increase the precision of the Hall measurement, multiple hall voltages can be measured from
different orientations, such as 31, 24 and 42 directions. Mobility can also be calculated once both
the resistivity and carrier concentration of the films are measured.
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Figure 2-18. (a) A photo of the probe station and its measurement setup. (b) The PPMS equipment
and its measurement setup. (c) A photo and its sample holder of a home-built equipment for quick
room temperature resistivity and Hall measurements.

Figures 2-18 shows the equipment used in this dissertation for both resistivity and Hall
measurements. The probe station was used to measure the reactivity of VO2 samples and device as
a function of temperature to characterize its metal to insulator transition behavior, as shown in
Figure 2-18 (a). Figure 2-18 (b) shows the physical property measurement system (PPMS) together
with its sample stage. During the measurement, the sample is connected to the contacts (red dots
on the stage) and is measured through the interface between the sample stage and the PPMS. The
last piece of equipment I used is a home-built equipment from Prof. Joan Redwing’s group which
if capable for room temperature four-point resistivity measurement and Hall measurement. Before
the measurement the film is loaded onto the sample holder plate where the four prongs fix the
sample as well as serve as contacts. Then the plate is inserted between the magnets for resistivity
and Hall measurements, as shown in Figure 2-19 (c).
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Chapter 3
Phase stabilization of VO2 thin films in high vacuum
Part of the chapter is adapted from published work
[H.-T. Zhang, et al. Journal of Applied Physics 118, 185306 (2015)]17

3.1 Introduction

Vanadium dioxide (VO2) has attracted extensive research interest because it shows an
abrupt change in resistivity over more than four orders of magnitude when undergoing a
metal-to-insulator phase transition (MIT) near room temperature.10 Therefore, the
development of high quality VO2 thin films is of interest to utilize this remarkable property
in applications such as uncooled IR detectors,66 THz metamaterial devices,14 or VO2 based
charge oscillators for non-Boolean computing schemes.13 All of these devices require high
quality thin films. However, epitaxial growth of high quality VO2 thin films has been found
challenging, attributed to the complex phase diagram of vanadium oxide.15 Vanadium
oxide phases with lower oxidation states, such as vanadium sesquioxide V2O3, member of
the homologous series VnO2n-1 (3n9) (Magnéli phases),67 or VO2 with a high
concentration of oxygen can be formed.68 Although theses phases also exhibit metal-toinsulator transitions, albeit at different temperatures, their formation compromises the
resistivity change of the MIT around room temperature. Even in the case of phase pure
films, a close to ideal cation-to-anion ratio is required for a large resistivity difference

36

between semiconducting and metallic state. Oxygen vacancies act as donors, causing a
higher carrier concentration and thus a reduction in resistivity in the low temperature
semiconducting VO2 phase, while lattice imperfections formed to compensate oxygen
nonstoichiometry69 act as scattering sites in the high temperature metallic phase, increasing
its resistivity.68
Although the growth of epitaxial VO2 thin films has been demonstrated by pulsed
laser deposition (PLD)70–72, sputtering73,74 and molecular beam epitaxy (MBE),75 it has
been proven challenging to grow VO2 thin films with a large resistivity change  using
these vacuum physical vapor deposition techniques due to the lack of oxygen. Growth by
PLD requires oxygen pressures as high as 10 mTorr to achieve ~3.7 orders of magnitude
resistivity change.19 In MBE, the VO2 phase has been stabilized either by using high
oxygen fluxes with chamber background pressures as high as 3×10-5 Torr76 or by using
periodic annealing for ultrathin films.77 Here, the supply of metal V was periodically
interrupted and the sample temperature was increased in the presence of an oxygen flux to
ensure a good oxygen stoichiometry. This method was further refined and expanded to
films with thicknesses ranging between 2.3 nm to 6.7 nm with resistivity ratios between 25
and 500.75 The growth interruption and thermal cycling during the oxygen annealing step
resulted in very long growth times with an average growth rate of 1.8 nm per hour.
The requirement of high oxygen pressure to stabilize VO2 in high vacuum is further
aggravated by the choice of the substrate. Choosing Al2O3 with corundum structure over
rutile TiO2 makes it even more challenging to grow rutile VO2 phase due to epitaxial
stabilization of V2O3 being structurally identical to Al2O378 with an acceptable lattice
mismatch (V2O3, a = 4.95 Å, c =14.0 Å. Al2O3, a = 4.72 Å, c =12.8 Å). Despite the
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structural compatibility of VO2 and TiO2, making it a favorable substrate choice for the
growth of high quality VO2, Al2O3 substrates are better suited than for the development of
VO2-based devices: the pronounced cation interdiffusion occurring at the TiO2/VO2
interface is avoided,79 the limited oxygen diffusion in Al2O3 would simplify the preparation
and preservation of the desired V oxidation state. Its smaller dielectric constant, lower
dielectric loss, more insulating character, excellent chemical inertness, and availability of
large wafer size substrates compared to TiO2, make Al2O3 an optimal substrate choice
towards VO2 device application.
Here we report a high vacuum growth approach for stabilizing VO2 thin films on
Al2O3 in oxygen partial pressures as low as 9×10-7 Torr. Rather than employing the more
traditional synthesis route used in conventional MBE to oxidize vanadium metal in high
vacuum, the metalorganic precursor vanadium oxytriisopropoxide (VTIP) and elemental
vanadium are co-supplied in the presence of a remote oxygen plasma. The vanadium in the
VTIP molecule is coordinated by four oxygen atoms (V:O=1:4); therefore VTIP ‘shuttles’
oxygen bonded to V to the substrate, where it thermally decomposes into vanadium oxide
and volatile by-products.80 This additional oxygen provided by the VTIP molecule has
allowed a MBE compatible oxygen flux to be used while achieving the desired VO2 phase.
The vanadium metal was required for two reasons: (1) As a surfactant at high growth
temperatures to improve the nucleation behavior of VTIP to suppress the pronounced
island formation, (2) As a reducing agent at low temperatures to compensate the oxygen
excess in VO2 films grown from VTIP only. High quality VO2 thin films with resistivity
ratios of over 3.5 orders of magnitude were achieved by balancing the flux ratios of VTIP
molecules and metal.
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3.2 Surface morphology and phase of vanadium oxide thin films
Initial growth attempts were conducted by supplying only VTIP to the substrate. Figure 31 shows XRD data and AFM scans of vanadium oxide grown at different temperatures. At
relatively low growth temperatures (500 °C), films containing V2O5 and V6O13 phases were
detected. Increasing growth temperature to 600 °C and 700 °C yielded the desired VO2 phase and
suppressed the formation of the undesired phases, demonstrating that VO2 can be stabilized in high
vacuum without additional oxygen using VTIP. The epitaxial orientation of VO2 on r-plane Al2O3
was (100)VO2||(012)Al2O3.72,81 AFM scans shown in Figure 3-1. however revealed that although
phase pure VO2 was deposited at 600 °C and 700 °C, the poor wetting behavior on Al2O3 surfaces
resulted in the formation of separated islands. At higher growth temperatures the VO2 peak intensity
decreased (700 °C) and was not detected in the XRD scans (800 °C), which could be attributed to
three possible factors: enhanced VTIP desorption, reduced VO2 nucleation and pronounced reevaporation of VO2. Similar deposition experiments were conducted on rutile TiO2 (001) substrates
to investigate if structural similarity between film and substrate would positively affect the
nucleation behavior. Films deposited at 500 °C contained a phase mixture of VO2 and V2O5, while
the film grown at 600 °C were found to be single phase VO2 in XRD (not shown here). Again, VO2
did not coalesce at higher temperatures, see Figure 3-2, suggesting that the poor nucleation and
wetting behavior is intrinsic to VTIP. These initial growth attempts indicated that either a surfactant
is required to enable a conformal film growth at high temperatures, or a reducing agent is needed
to stabilize VO2 phase if the vanadium oxide film is grown by VTIP at lower growth temperatures.
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Figure 3-1. 2- X-ray diffraction and AFM scans of vanadium oxide films grown by supplying
only VTIP at temperatures from 500 °C (top) to 800 °C (bottom) The AFM scan area is 2x2 μm2.

Figure 3-2. AFM scans of vanadium oxide films grown on TiO2 (001) at 500ºC and 600ºC. Scan
size is 1x1 μm2.
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The obvious choice for an effective surfactant for high temperature deposition or reducing
agent for low temperature deposition is V metal. Smooth V2O3 films grown on sapphire substrates
were reported by thermally evaporating V using oxygen plasma assisted MBE.82,83 The codeposition of VTIP and V metal at high temperatures again resulted in an island morphology
indicating the dominant role of VTIP. The amounts of V that could be co-supplied at high
temperature without the formation of V2O3 or Magnéli phases were too small to positively affect
the nucleation behavior. At lower temperatures however, larger amounts of V could be supplied
without inducing the formation of these undesired phases in the film. In fact, the co-supply of V
metal was used to increase the V to O ratio and to stabilize single phase VO2 films by balancing
the V:O close to 1:2 at low temperatures. The effect of varying the V flux V for a fixed VTIP flux
(gas inlet pressure 60 mTorr) and growth temperature (350 °C) is shown in Figure 3-3. The
formation of phase pure VO2, a mixed phase of VO2 and the Magnéli phase V7O13,80 and phase pure
V2O3 was found with increasing V fluxes of 0.5×1013 cm-2s-1, 1×1013 cm-2s-1, and 2×1013 cm-2s-1,
respectively. The phase coexistence of VO2 and V7O13 is expected from the V-O bulk phase
diagram.15 A granular, yet coalesced VO2 film was obtained using the co-deposition approach, see
Figure 3-3(d).
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Figure 3-3. (a) to (c) XRD measurements of vanadium oxides deposited at 350 °C for fixed VTIP
gas inlet pressure (60 mTorr) and varying V fluxes V. Epitaxial VO2 or V2O3 can be grown by
changing the V flux with fixed VTIP flux. (d) AFM measurement of the coalesced, phase pure VO2
film grown at 350 °C, a VTIP gas inlet pressure of 60 mTorr and a V metal flux V = 5×1012 cm2 -1
s .

The VO2 film quality was further improved by decreasing the total growth rate. Decreasing
the V metal flux to 0.4×1013 cm-2s-1, and varying the VTIP flux between 35 and 55 mTorr. Streaky
RHEED pattern captured right after the VO2 film grown with 45 mTorr VTIP was observed, see
Figure 3-4(a). AFM scans showed a smooth surface morphology with a root mean square roughness
of 1.6 nm, see Figure 3-4(b), and the film was confirmed to be phase pure VO2 by XRD.
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3.3 Electrical properties of the VO2 films
Temperature dependent resistivity measurements were performed on five films grown at
V=0.4×1013 cm-2s-1 and VTIP gas inlet pressures of 35, 40, 45, 50 and 55 mTorr, which are shown
in Figure 3-4(c). All the film thicknesses are around 30 nm, well above the critical thickness of
20 nm, above which little substrate strain effect was observed of VO2 films grown on sapphire
substrates19. The highest quality, reflected by the largest change in resistivity /=5×103 was
found for the film grown at 45 mTorr VTIP. Here the resistivity change was taken as resistivity
ratio between 50 and 80 °C. For bulk single crystals, although exceptional work has reported
/as high as 9×104,84 the majority of the reports achieved lower value with an average of
5×103.85–90 In the case of epitaxial VO2 film grown on sapphire, the best /is much lower than
that of bulk single crystal, with the best /value around 1×104 for typical growth techniques
usually with a wider transition hysteresis than single crystals,19,91 likely due to the existence of
residual strain.92 The  value reported in this work is comparable with the best values achieved
in thin film growth and is on par with commonly reported results for VO2 bulk single crystals.
Higher VTIP flux caused a decrease of /due to resistivity increase of the high temperature
metallic phase, while for lower VTIP flux the resistivity of the low temperature semiconducting
VO2 phase was reduced, in good agreement with the trends found for oxygen deficient and oxygen
rich VO2 films grown by sputtering and PLD.19,68 A comparison the resistivity ratio  and the
maximum steepness of the hysteresis curve |d/dT|max. is plotted in Figure 3-4(d). Both metrics
changed in a similar fashion, indicating that the best films were grown for V=0.4×1013 cm-2s-1, a
VTIP gas inlet pressure of 45 mTorr and a growth temperature of 350 ºC.
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Figure 3-4. VO2 films grown at a decreased growth rate, where V flux was kept constant at V
=4×1012 cm-2s-1. (a) Streaky RHEED pattern along [100] azimuth of VO2 grown by co-deposition
of V metal and 45 mTorr VTIP. (b) Surface morphology of the film shown in (a) with a RMS
roughness of 1.6 nm. (c) Temperature dependent transport measurements of films grown at
different VTIP flux. (d) Resistivity ratio / and sharpness of the MIT transition |(d/dT)max| as a
function of VTIP gas inlet pressure.
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3.4 Conclusion
In summary, we report a new growth approach to stabilize VO2 over oxygen-deficient
vanadia phases on sapphire in a high vacuum environment by co-supplying V and VTIP in the
presence of an oxygen plasma. By carefully choosing the growth temperature, growth rate and V
metal to the VTIP flux ratio, high quality VO2 thin film were grown with resistivity ratios over 3.5
orders of magnitude. A similar approach has been employed to grow complex ternary oxide thin
films with perovskite structure, this co-deposition method has not been applied to grow binary
oxides. This strategy, where the transition metal cation is supplied in form of a metalorganic
precursor, being coordinated by oxygen and in a higher valence state than desired for the film, and
simultaneous reduction by co-supplying the element from an effusion cell, is generally applicable
to other material systems to stabilize the desired phases under high vacuum condition, which
otherwise are unstable.
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Chapter 4
Wafer scale growth of VO2 thin films using a combinatorial approach
Part of the chapter is adapted from published work
[H.-T. Zhang, et al. Nature Communications 6, 8475 (2015)]62

4.1 Introduction
Multivalent transition metal oxides exhibit a wealth of interesting and useful properties that
are beyond conventional semiconductors commonly employed in electronic and optoelectronic
devices.30,93–95 The energetically preferred ground state in this class of material is dominated by the
valence state of the transition metal cations, giving rise to different types of order in the spin, charge
or orbital degree of freedom.15,36,96 Utilizing these functionalities to realize a new generation of
electronic and optoelectronic devices requires manufacturing of transition metal oxide films with
superior quality on a wafer scale. However, this has been proved challenging because film
properties are highly sensitive to valence state variations, which can easily get compromised if the
synthesis approach is plagued by an inferior valence state control.15,36,68,97,98
The commonly employed strategy towards stoichiometric multivalent oxide thin films
involves extensive calibration series, whereby relevant growth parameters are systematically varied
to identify optimal growth condition. In most cases this is a daunting task, involving tedious and
costly calibration series, which sometimes become necessary even in the favorable case of selfregulated growth of ternary transition metal thin films,44,47,99 since it only addresses cation
stoichiometry, leaving the determination of the demanded cation-to-anion ratio unaddressed.
The challenge is also present in multivalent binary oxides. VO2 has recently drawn much
interest due to its electronic phase transformation from a metal to an insulator near room
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temperature,10,100 making it attractive for next generation transistors,12 non-Boolean computing13
and memory metamaterials.14 Recently, metamaterial electric circuits have also been demonstrated
based on high quality VO2 film grown on silicon wafer, which has potential application in adaptive
matching resistor networks.101 Although phase pure epitaxial VO2 films have been grown by pulsed
laser deposition (PLD),19,71,102 sputtering103–105, molecular beam epitaxy (MBE),75,76 and chemical
solution deposition technique,106 the growth of high quality VO2 thin films has been found very
demanding,19,75 attributed to the complex and rich structural phase diagram of vanadium oxide.15
Vanadium oxide phases with lower or higher oxidation states than the targeted VO2 phase, namely
VnO2n-1 (Magnéli phases)67 or VnO2n+1 (Wadsley phases),15 can easily form if the vanadium to
oxygen ratio is not precisely controlled throughout the growth.19,75 The lack of valence state control
directly compromises the metal to insulator transition (MIT), significantly reducing the resistivity
change across the MIT.68,107
One possible strategy to address the valence state control during growth is the application
of a combinatorial approach,35,108–113 where a flux gradient across the sample is intentionally
introduced during film growth to generate various growth conditions simultaneously at different
sample locations. Film properties within the composition library are then characterized and related
to the flux ratio calculated from the geometrical arrangement of sources and the sample. Such a
combinatorial strategy requires 1) precise and direct control of a spatially varying fluxes; 2) two or
more sources to independently supply the elements of interest; 3) a favorable deposition geometry,
i.e. a sufficiently large substrate compared to the flux density profile at sample position to create a
sufficiently steep flux gradient; 4) large inelastic mean free path to avoid unintentional gas phase
reactions. This approach has been successfully utilized to optimize the band gap of III-V
semiconductor nanowires,114 discover new luminescent materials,110 study the composition
variance of metallic glasses,111 increasing the Curie temperature of the ferromagnetic
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semiconductor GaMnAs,113 and exploring the effect of LaAlO3 cation stoichiometry on electrical
properties of the two-dimensional electron gas at the LaAlO3/SrTiO3 interface.35
Extending the combinatorial approach to binary oxides requires the supply of oxygen in a
spatially varying fashion, which seems impractical in pulsed laser deposition (PLD), sputtering or
MBE or sputtering, where oxygen is supplied as a gas. Considering the large oxygen pressures
(10 mTorr)19 required to stabilize stoichiometric VO2, the small inelastic mean free path of less
than 1 cm severely limits the magnitude of oxygen concentration gradients across the wafer,
rendering the combinatorial approach inapplicable using traditional growth techniques. We have
circumvented this difficulty by supplying oxygen in a form pre-bonded to vanadium, which can be
used to generate an oxygen concentration gradient across the wafer, thus locally varying the oxygen
activity. For the oxygen containing precursor molecule vanadium oxytriisopropoxide (VTIP), each
vanadium atom is in the valence state 5+, forming three single bonds and one double bond to
oxygen. Purely supplying VTIP with a V:O ratio of 1:4 resulted in an oxygen surplus in the film,
which was compensated by independently supplying vanadium metal. Using this approach, a VO2
valence state library was deposited on a 3 inch r-plane sapphire wafer and the optimal growth
condition was identified within a single film growth. Under the optimized growth condition, single
crystalline VO2 films of superior quality were grown epitaxially on wafer-scale areas with excellent
uniformity, exhibiting more than four orders of magnitude resistivity change across the metal-toinsulator transition, being among the highest values reported for thin films.

4.2 Combinatorial growth of VO2 thin films
Figure 4-1(a) shows the schematic setup in the growth chamber. A V metal source and a
VTIP source were mounted on diametral flanges, aligning the flux gradient of V and VTIP in

48
opposite direction to increase their flux ratio gradient. The flux density at position p on the sample
is given by:115
=

1

( + )

with  the flux density effusing from the source, rp the distance between the center of the
crucible orifice and the point p on the substrate. Angle  and  are the effusing angle and the angle
of effusion cell with respect to the substrate normal at the center. V and VTIP sources each
generated a flux gradient across the substrate. The flux variation for both sources were calculated
as +18% and –16% at the sample positions 3.8 cm off centered towards and away from the source
on the equatorial line. Therefore, the total change of the flux ratio |∆ ( )| =
|
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| ranged from 140% to 71%. For simplicity, an equivalent VTIP

( ) was defined at position p on the wafer to represent the VTIP:V flux ratio. At the

flux

center of the substrate,

(0) was set to be equal to the VTIP ion gauge pressure measured at

the center of sample position before growth, while the equivalent VTIP flux at position p was
defined as

( )=

(0) ∙ |∆ ( )|.

To create a VO2 valence state library on a 3 inch r-plane sapphire substrate the wafer was
not rotated during growth. For the supply of VTIP the flux was set to an beam equivalent pressure
of 4.5×10-7 Torr determined by a beam flux ion gauge at the sample position, while V flux was
fixed as 4×1012 cm-2s-1, measured by a quartz crystal microbalance. Resistivity measurements at
two different temperatures, 30 ºC (insulating state) and 80 ºC (metallic state), were taken on devices
every 7.5 mm along the equatorial line of the wafer and are plotted in Figure 4-1(b). For the position
on the wafer closest to the V effusion cell (-3 cm), a small resistivity ratio =(30ºC80ºC)/80ºC of
only 4.7 was measured. The resistivity ratio progressively increased towards the center of the wafer.
While the resistivity of the metallic state at 80 ºC remained almost constant, the resistivity of the
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insulating phase at 30 ºC increased exponentially. At wafer positions closer to the V cell, the low
resistivity of the insulating phase was attributed to a pronounced oxygen deficiency in the film,
which increased the unintentional carrier concentration via oxygen vacancy formation.19,107 A
similar trend in the was also observed for wafer positions closer to the VTIP gas injector (3 cm).
In contrast, here the resistivity of the metallic state at 80 ºC sharply increased with distance away
from the wafer center, attributed to enhanced scattering from secondary oxygen rich phases.68 The
highest quality film, indicated by the largest resistivity ratio ×104 was found at x=0 cm. Xray photoelectron spectroscopy (XPS) measurements performed along the equatorial line
confirmed the existence of an oxygen activity gradient during growth and its direct effect on the
valence state of vanadium in the film. Five spots along the equatorial line (1.5 cm separation) were
measured by XPS to directly demonstrate the changes of the vanadium valence state in the film and
to confirm the existence of an oxygen activity gradient during growth Figure 4-2(a) shows high
resolution XPS scans of V 2p and O 1s core levels and the corresponding fits to the spectra.
CasaXPS software was used for Shirley background subtraction and to perform a Marquardt
algorithm-based fitting using the routine and peak parameters based on the recommendation given
by Silversmit et al.116 for the quantitative determination of V valence states. The O1s peak was used
as reference at a fixed peak position of 530 eV (oxygen in VOx). V5+ 2p3/2 peak position was
restricted to (517.5±0.2) eV, V4+ 2p3/2 peak to (516.0±0.2) eV and V3+ 2p3/2 peak to
(515.5±0.2) eV. Additional fitting parameter constraints were used: 1). the energy split between the
V 2p3/2 and V 2p1/2 peak was fixed to 7.33 eV. 2). the peak area of V 2p3/2 was twice that of V 2p1/2
peak. An additional O1s peak was defined at a higher binding energy than 530 eV and assigned to
OH.
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Figure 4-1. (a) Schematic of V effusion cell, VTIP gas injector and 3 inch wafer arrangement to
create a gradient of VTIP:V flux ratios along the equatorial line across the wafer. (b) Resistivity at
30 ºC (insulating state) and 80 ºC (metallic state) measured from nine devices of VO2 on r-Al2O3
located at different positions on the equatorial line. (c) Schematic of V effusion cell, VTIP gas
injector and 1×1 cm substrates arrangement for the growth of VO2 films with varying equivalent
VTIP fluxes from sample to sample. (d) Resistivity at 30 ºC (insulating state) and 80 ºC (metallic
state) of five 1×1 cm samples grown using the setup in (c). (e) Calculated equivalent VTIP flux
distribution across a 3 inch wafer with 4.5×10-7 Torr VTIP ion gauge pressure. For size comparison,
the green square at the center represents a 1×1 cm sample. The color key provided in panel ‘e’ also
applied to panels b, d, and f (f) Superposition of the resistivity data shown in (b) and (d). The
position axis in (b) was converted to equivalent VTIP flux using the flux profile calculated from
Eqn. 1 that is shown in (e).

Figure 4-2(b) shows the percentage of each valence state calculated from the integrated
area of corresponding XPS peak. While at the Ox-rich side (low conductivity at metallic state) the
V5+ was the dominant valence state, smallest amount of V5+ and the largest amount of V3+ was
found on the Ox-deficient side (low resistivity at insulating state). Absence of V3+ and the highest
intensity for V4+ was found in the center of the wafer. The ubiquitous presence of the V5+
component was due to the oxidation of the vanadium oxide surface in ambient. Note that the surface
oxidation effect was relatively small, the ‘overlayer’ thickness was estimated be to around 0.8 nm.
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The overlayer was estimated from the dataset measured at the wafer center position, assuming that
the V5+ signal came only from the overlayer with an inelastic mean free path of 1.6 nm. These
measurements confirm the existence of an oxygen activity gradient across the wafer during growth
and its direct effect on the valence state of vanadium in the film.

Figure 4-2. (a) The XPS scans around V2p peak and corresponding fitting result. The dotted line
corresponds to the measured data and the red line is the envelope of the modeled peaks. (b) Relative
area of the of V3+, V4+ and V5+ XPS peaks as a function of position along the oxygen activity
gradient. Error bars give a conservative estimate of ±2%, outside of which a good match of
calculated and measured XPS scans cannot be achieved.
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To further confirm the validity of the combinatorial growth approach and the calculated
flux gradient, five 30 nm thick VO2 films were grown on 1×1 cm r-plane sapphire substrate
mounted at the center of the substrate holder and were rotated at 3 rotations per minute (RPM) to
ensure good uniformity. Throughout this series the V flux was kept as 4×1012 cm-2s-1 while the
VTIP flux, determined as beam equivalent pressure at the sample position, was varied from 2.5×107

to 6.5×10-7 Torr, see Figure 4-1(c). A similar resistivity trend as function of equivalent VTIP

fluxes was reproduced and is shown in Figure 4-1(d). The resistivity results from both experiments
[Figures 4-1(b) and 1(d)] are shown in Figure 4-1(f) for direct comparison. Using the calculated
flux gradient in Figure 4-1(e), the positions along the equatorial line in Figure 4-1(b) were
converted into equivalent VTIP fluxes. The trends in resistivity with changes in the equivalent
VTIP flux are well matched, evidencing the feasibility of the combinatorial approach to optimize
cation-to-anion ratios in VO2 films.

4.3 Structural properties of 3 inch VO2 films
The approach to co-supply V and VTIP was used to demonstrate that a scale up of highly
uniform VO2 films can be achieved when the substrate is rotated. A 30-nm-thick film was deposited
on a 3 inch sapphire at 350 ºC and rotated at 3 RPM, while supplying a VTIP flux with beam
equivalent pressure of 4.5×10-7 Torr, and a V flux of 4×1012 cm-2s-1. Figure 4-3(a) shows a direct
comparison of the VO2 film grown on a 3 inch wafer to the film grown on a 1×1 cm substrate, both
exhibiting good uniformity. Reflection high energy electron diffraction pattern (RHEED) taken
during and after the growth remained streaky, indicating an epitaxial film with very good surface
roughness and crystallinity, which did not change when scanning the RHEED beam spot across the
wafer, see Figure 4-3(b). X-ray diffraction (XRD) 2- scans taken at the wafer center revealed
the absence of any other vanadium oxide phase but VO2 with an out of plane orientation
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VO2 (100) || Al2O3 (012)72,81, see Figure 4-3(c). The film surface was found to be smooth, yet not
atomically flat, with a root mean square roughness of 1.1 nm. The surface morphology shown in
Figure 4-3(d) was dominated by small irregularly shaped islands separated by corrugations of
typically 1-2 nm, commonly observed for VO2 films grown on Al2O3.19

Figure 4-3. (a) Comparison of substrate sizes used for the VO2 thin film growth. (b) Streaky
RHEED pattern of VO2 films observed along [100] azimuth after growth. (c) Wide range 2θ-ɷ Xray diffraction scans of VO2 grown on r-Al2O3 substrate. (d) AFM scan of the film surface
morphology and a line scan along AB.
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Figure 4-4. (a) Film thickness uniformity extracted from spectroscopic ellipsometry measurements.
(b) Map of the out-of-plane lattice parameter determined from X-ray diffraction scans. The squares
in the schematic on the left represent the probing locations on the wafer.

Figure 4-5. (a) Schematic with squares showing the probing locations on the wafer. (b) Definition
of the MIT properties: resistivity ratio (/), transition point (Th and Tc), transition sharpness (Th
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and Tc), and transition width (H). The subscripts h and c indicate the cooling and heating cycle,
respectively. Closed red and open blue circles represent heating and cooling cycles, respectively.
(c) Map of VO2 resistivity ratio /=(30℃-80℃)/80℃ obtained from four-point-probe
measurements of resistivity 30℃ at 30ºC (VO2 insulating state) and 80℃ at 80ºC (VO2 metallic
state). Wafer scale mapping of MIT properties defined in (b) across the 3 inch VO2 film: (d) H,
(e) Th, (f) Tc, (g) Th, (h) Tc.

Figure 4-4 shows the wafer scale metrology of the 3 inch VO2 thin film, where the film
was characterized at multiple positions across the sample using spectroscopic ellipsometry (SE)
and XRD measurements. The film thickness profile as a function of position was extracted from
SE measurement and is shown in Figure 4-4(a). Overall, the film thickness was uniform, with a
standard deviation (SD) of 0.37 nm (1.2%), which is well within the technical specifications of the
MBE system. The thickness was maximum at the wafer center, and continuously decreased towards
the wafer edges. XRD was used to map out the VO2 film out-of-plane lattice parameter, as shown
in Figure 4-4(b). In contrast to the thickness variation, the lattice parameter remained virtually
unaffected with a SD of 0.002 Å, limited by the precision of the XRD measurement. Good
uniformity of the MIT properties (resistivity ratio, transition point, sharpness and width) were
confirmed by testing devices across the wafer. Figure 4-5(a) shows the locations and (b) the
definitions of the MIT properties analyzed. The resistivity ratio across the MIT is shown in Figure
4-5(c). More than 71% of the wafer area had resistivity ratio  higher than ×104, a remarkable
combination of high yield, uniformity and quality of wafer scale VO2 films. In addition to the
resistivity ratio, other MIT properties were also characterized across the 3 inch film, see Figure 45(d) to (h). The derivative of log10 (as a function of temperature was plotted and fitted with a
Gaussian function. The transition points of the heating and cooling cycle, Th and Tc, were defined
at the respective peak position of the Gaussian and the transition width H= Th-Tc was directly
calculated. The transition sharpness Th and Tc were determined from the full width at half
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maximum (FWHM) of the Gaussian peak. The properties were proved uniform, with an SD of
0.64 ℃ and 0.47 ℃ for Th and Tc, 0.35 ℃ and 0.41 ℃ for Th and Tc, and 0.61 ℃ for H.

Figure 4-6. High angle annular dark field scanning transmission electron microscopy (HAADFSTEM) image of the VO2/Al2O3 interface. Since Vanadium has a higher atomic number compared
to Aluminum (23 versus 13), the film can be distinguished compared to the substrate by the higher
intensity Vanadium atoms. Electron energy loss spectroscopy (EELS) to determine the vanadium
valence across the interface are shown on the right. EELS spectra were taken at the position
indicated in the STEM image. The EELS data were collected from a beam spot size with ~1 Å
diameter.

To characterize the film structural quality and the vanadium valence state of the VO2 film
at the atomic scale, high angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and electron energy loss spectroscopy (EELS) measurements were performed
across the VO2/Al2O3 interface. Figure 4-6 shows an ADF-STEM image of an epitaxial sharp
interface between VO2 and Al2O3. Line scan EELS spectra were taken with 0.5 nm step size
starting from the substrate into the film to probe the evolution of the valence state of vanadium.
The low energy loss peak determined for the film was around 520 eV which did not shift with scan
position and remained between 519 eV and 521.5 eV measured for the V2O3 and V2O5 calibration
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samples, respectively (see Figure 4-7). The shift of EELS peaks between V2O3, VO2 and V2O5
observed here agrees with the trend previously reported,117 showing dominant valence state of V to
be 4+ state in the film and at the vicinity of the interface. In particular, the absence of a wider
transition layer, which was previously observed for VO2 films grown on c-plane sapphire and
attributed to the formation of oxygen deficient Magnéli phases VnO2n-1,118 demonstrates the
excellent control over the V oxidation state right from the film growth initialization.

Figure 4-7. EELS spectra at vanadium L edge for standard calibration samples and the VO2 film.

4.4 Electrical properties of 3 inch VO2 films
To benchmark the quality of VO2 thin film, temperature dependent resistivity has been
measured for a device at the wafer center and is shown in Figure 4-8(a). A representative set of
data was compiled and is shown in Figure 4-8(b) to allow for a direct comparison with bulk single
crystals84–90 as well as VO2 thin films grown by deposition techniques such as PLD,19,72,119–122
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metalorganic chemical vapor deposition (MOCVD),123,124 MBE76 and sputtering,68,73,103,105,125–127.
The selection criteria were either single crystals in case of bulk material, or completely relaxed VO2
films grown on sapphire samples, i.e. with thicknesses exceeding the critical film thickness of
20 nm.19

Here,

the

change

of

resistivity

across

the

MIT

was

defined

as

=(50ºC80ºC)/80ºC≈50ºC/80ºC, which serves as a benchmark to compare material quality.
For the best bulk single crystal a resistivity ratio of =9×104 was reported,84,85 while the majority
of resistivity ratios achieved in bulk single crystals were much lower than that with an average of
~5×103 and not exceeding 1×104.84,86,87,89,90 Resistivity ratios for VO2 thin films varied significantly
with the highest values  being comparable to the majority of those reported for bulk single
crystals [shaded area in Figure 4-8(b)]. Notably, a reduction in  was found to occur with
decreasing film thickness, likely due to the formation of an interfacial transition layer,118 which can
occur if the cation-to-anion stoichiometry was not maintained throughout the entire growth. If this
nonstoichiometric layer amounts to a significant fraction of the film, the resistivity ratio is
ultimately compromised. However, the 30-nm-thick VO2 film grown here only showed an ultrathin transition layer at the vicinity of the VO2/Al2O3 interface (Figure 4-6) and revealed a four
orders of magnitude change in resistivity across the MIT, similar to the largest value reported by
Jeong et al. for ultrathin VO2 films grown by PLD on sapphire19 and on par with the majority of
bulk single crystal values.84,86,87,89,90
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Figure 4-8. (a) Temperature dependent resistivity of VO2 films grown under optimized condition
on 3 inch r-Al2O3. Measurement was taken at the wafer center. (b) Benchmark of resistivity ratios
=(50℃-80℃)/80℃ for VO2 across the metal to insulator transition. Note the increase in the low
temperature high resistance state of VO2 compared to previous used. For a direct comparison,
all films were grown on Al2O3 substrates above the critical films thickness. The blue shaded area
indicates the highest values reported for VO2 films on sapphire and typical values obtained in bulk
single crystals. A dotted line was added as guide to the eye.
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4.5 Conclusion
It is demonstrated that the highly desirable combination of superior material quality in VO2
thin films, with resistivity ratios rivaling the highest values reported for thin films and typical values
obtained for bulk VO2 single crystals, excellent uniformity across a 3 inch wafer, and high yield is
possible. The precise valence state control was achieved by a highly efficient combinatorial growth
strategy, where a continuous vanadium valence state library was established across the wafer by
supplying oxygen in a pre-bonded form. The ability to grow VO2 thin films with excellent
reproducibility and minimal calibration time on wafer scale overcomes a critical roadblock, making
it feasible to transfer VO2-based functionalities into viable technologies and directly impacting
different application spaces, such as thermochromics128 or memory metamaterials.14 This approach
is not limited to VO2, but can be further extended to other oxide systems containing multivalent
cations, therefore providing a new gateway to grow large scale multivalent oxides with superior
valence state control.
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Chapter 5
Imprinting of Local Metallic States into VO2 with Ultraviolet Light
Part of the chapter is adapted from published work
[H.-T. Zhang, et al. Advanced Functional Materials 26, 6612 (2016)]63

5.1 Introduction
Strongly correlated materials exhibit exotic properties for future optical and electronic
applications, one of the most interesting phenomena being metal to insulator transitions (MITs).
These transitions are of great scientific as well as technological interest in developing the next
generation of power efficient electrical and optical devices with ultrafast response.10,96 VO2 is a
particularly attractive MIT system because it exhibits a first order phase transition from an
insulating to a metallic state near room temperature with a decrease in resistivity by more than four
orders of magnitude in bulk single crystals, accompanied by a structural change from a monoclinic
M1 (space group P21/c) structure to a high temperature rutile structure (space group P42/mnm).96
Even though the mechanism of this phenomenon is still under debate,9,129–132 sustained advances in
synthesis and fabrication techniques have enabled the generation of VO2-based devices for infrared
imaging,13 fast computing12,133 and memory applications,11,14 taking advantage of the MIT behavior.
One of the most exciting possibilities is to use optical excitation to manipulate the MIT
behavior.10,11,134 The ability to optically induce reversible electronic phase changes in VO2 whereby
the electrical conductivity changes by orders of magnitude, which are local and can be maintained
when the optical source is turned off, is highly desirable to enable novel optical and electrical
applications, such as reconfigurable optical elements135,136 and utilizing VO2 for rewriteable
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electronic circuitry, e.g. as bottom electrode material, allowing to imprint and erase metallic pattern
and to write different ‘contacting schemes’. This capability has tremendous potential for studying
novel electronic materials, such as exfoliated 2D layered materials or topological insulators, where
traditional device fabrication schemes have been found incompatible and therefore detrimental to
the targeted material properties.137–140
Recent experiments on ultrafast time scales have shown that a metallic state can be induced
into otherwise insulating VO2 through optical pumping, but these states were unstable and relaxed
back to the insulating state on picosecond time scale, indicating that a structural and electronic
reconfiguration towards a permanent metallic state was not achieved.141 On the other hand, recent
results have suggested that the electronic transport properties of VO2 can be altered through
exposure to electromagnetic waves.

142–145

Persistent photocurrents were induced when VO2

samples were irradiated by X-ray or ultraviolet (UV)-light.142–144 Furthermore, it was also found
that exposure to UV-light can play a critical role in modifying the stoichiometry, i.e. the vanadium
to oxygen ratio in VO2 films,145 suggesting the possibility to optically control the MIT.
Here, we report a method to optically imprint conductive areas into an otherwise insulating
VO2 film, as schematically depicted in Figure 5-1(a). The pattern is permanent at room temperature,
and can be quickly erased at moderately elevated temperatures. In contrast to conventional thin
film patterning techniques, which require chemical etching of patterns defined through lithography
steps, the optical imprint is performed by irradiating single crystalline VO2 films with UV-light in
nitrogen atmosphere. A metallic pattern is sketched into the electrically poorly conducting VO2
matrix, with 3.7 orders of magnitude change in resistivity, see Figure 5-1(b). The metallic pattern
created this way can be completely erased by a 5-minute anneal at 480 K in oxygen atmosphere.
The stabilization of the metallic state at temperatures much lower than the phase transition
temperature is demonstrated, independent of the strain state in VO2 films. The formation of oxygen
vacancies in areas exposed to UV-light irradiation is proposed as the underlying mechanism.
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Following the concept of chemistry driven MIT,19,146 we show that optically induced oxygen
vacancies can be a key knob to tune the MIT behavior for optoelectronic applications.

5.2 UV light exposure and annealing effect on the MIT suppression

Figure 5-1. (a) A schematic figure of the optical fabrication process, where a focused UV-laser
beam can be used to write local conductive patterns on VO2 thin films. (b) Temperature dependent
resistance measurements of a VO2 device before and after UV-light irradiation in nitrogen. The
inset pattern on the right shows the schematics of an exposed device. The UV spot was focused to
be around 1 mm in diameter. (c) Recovery time measurements of MIT suppressed VO2 devices in
different atmospheres at room temperature. (d) Comparison of the resistance between a suppressed
VO2 device and the suppressed device annealed in oxygen at 480 K for 5 mins.

To rule out the role of strain and the type of deposition technique employed, two sets of
samples have been synthesized and investigated. A 10-nm-thick coherently strained VO2 film was
grown on (001) TiO2 using reactive molecular beam epitaxy,147 while a 30-nm-thick fully relaxed
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VO2 film was grown on (110) Al2O3 (m-plane sapphire) using a co-deposition growth approach.17
For both sets of samples, an abrupt hysteretic change in electrical resistance was observed. A
transition temperature close to that of bulk single crystal VO2 (~340 K) was observed for the
relaxed VO2 on Al2O3, while it shifted a to lower temperature by ~ 50 K for VO2 grown on TiO2
due to a tensile strain in the film71,75. A hysteresis width of around 15 K and a resistivity of the high
temperature metallic phase of 10-3 cm was measured for both the VO2 films, which resulted in a
resistance of ~10  see Figures 5-1(b) and 5-2(a). The lower resistance of the low temperature
semiconducting phase in case of VO2 on TiO2 was possibly attributed to a sizable parallel
conduction of the TiO2 substrate.
Before UV-light irradiation, the as-grown VO2 thin film on m-plane (10-10) sapphire
showed a typical MIT transition with ~3.7 orders of magnitude, see Figure 5-1(b). The inset of
Figure 5-1(b) shows the test devices for probing the resistance of a 5 m wide VO2 ring. The
contacts are ohmic and the contact resistance was found negligible. After UV-light irradiation at
room temperature, the resistance of the exposed VO2 device decreased by several orders of
magnitude, comparable to that of the metallic state, and it remained almost constant throughout the
MIT transition. To test the long term stability of the conductive path inscribed into the VO2 matrix,
a recovery experiment was carried out in nitrogen and ambient atmospheres, see Figure 5-1(c). For
the devices left in nitrogen atmosphere at room temperature, the VO2 remained conductive, while
the devices kept in ambient atmosphere recovered back to a high resistance state within hours. The
recovery process can be accelerated by annealing the UV-light exposed devices in oxygen for
5 mins at 480 K, see Figure 5-1(d). Local conductive paths can be inscribed into VO2 thin films
using UV-light irradiation, which remained stable when kept under nitrogen. In addition, this
conductive path could be easily erased by low temperature annealing in air or oxygen. This apparent
suppression of MIT behavior arises from band filling resulting from oxygen vacancy formation as
discussed in detail further below.
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To further study the effect of atmosphere on the MIT modification, VO2 films on TiO2 were
irradiated and annealed in different atmospheres. The as-grown VO2 films exhibited a typical MIT
transition, with critical temperature Tc~290 K upon heating, as shown in Figure 5-2(a). The
irradiation was performed in nitrogen or oxygen atmosphere, respectively. During the irradiation,
the temperature of the sample was maintained at 278K, about 10 K below the transition
temperature. Figure 5-2(b) shows the resistance of VO2 films on (001) TiO2 measured at 278 K and
295 K. On the left, the insulating and metallic state of the ‘as-grown’ VO2 on TiO2 films are shown
for comparison, while results after UV-light irradiation in different atmospheres are shown on the
left, enclosed by a black box. After UV-light irradiation in N2, the MIT behavior of VO2 was
suppressed, with only ~1.5 times change in resistance between 278 K and 295 K. On the contrary,
VO2 films irradiated in O2 atmosphere showed no significant change in the MIT ratio. The MIT
suppression by UV-light irradiation required an oxygen deficient atmosphere.

Figure 5-2. (a) Temperature dependent resistance of a 10-nm-thick VO2 film on TiO2 (001). (b)
Resistance comparison between 278 K (insulating) and 295 K (metallic) for films
irradiated/annealed in different atmospheres. The measurement temperatures are also indicated as
filled dots in (a). Left black-dashed column: VO2 thin films irradiated in nitrogen (blue pentagon)
or oxygen (green circle). Middle red-dashed column: MIT suppressed VO2 thin films annealed in
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nitrogen or oxygen. Right orange-dashed column: pristine VO2 thin films annealed in nitrogen or
oxygen.

The role of atmosphere on the MIT suppression was further verified by annealing UV
exposed VO2 films in nitrogen and oxygen atmospheres at 480 K for 5 mins, see Figure 5-2(b) (red
box, middle). While annealing in N2 barely affected the MIT suppression, leaving the resistance at
low temperature unaltered, the MIT behavior completely recovered after annealing in O2. In
comparison to the pristine sample, an almost identical resistance ratio was obtained. Annealing in
an oxygen atmosphere completely reversed the MIT suppression induced by UV-light exposure in
reducing atmosphere. The behavior is consistent with previous reports about the role of Ostoichiometry and resistivity change across the MIT in VO2,62,75,145,148 indicating that exposure to
UV-light plays a critical role in the formation of oxygen vacancies in VO2, ultimately causing the
MIT suppression. To further substantiate the hypothesis that exposure of VO2 to UV light was
essential to induce oxygen vacancies in VO2, a control experiment was performed in which pristine
VO2 films were annealed in N2 or O2 at 480 K for 5 minutes, shown in the right yellow column of
Figure 5-2(b). Insignificant changes in the MIT behavior were observed, further corroborating the
critical role of UV-light irradiation.

5.3 Modification of band structure and optical properties during the MIT suppression
To study the electronic band structure change of UV-exposed VO2 film, and to rule out the
possibility of catalytic effects from the nearby Au contacts, in-situ temperature-dependent
spectroscopic ellipsometry (SE) measurements were performed on VO2 films without metal
contacts. Figure 5-3(a) shows a simplified schematic of the band structure around the Fermi level
derived from the t2g orbitals upon VO2 transition from insulating state to metallic state. Crystal field
splitting separates the vanadium d orbitals into a higher

and a lower t2g band. In the high
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temperature metallic state, the delocalized electron per vanadium atom populates the t2g bands that
overlap with a higher lying

and a lower lying a1g band. Upon symmetry lowering through V pair

formation and associated monoclinic distortion, the a1g band splits into an upper and a lower part,
while the

band shifts up, opening a fundamental gap between the lower a1g and the

band,130,131 which is associated with a dramatic change of the extinction coefficient, plotted in
Figure 5-3(b). The characteristic feature of the VO2 insulating state is a peak at ~1.3 eV due to
optical transitions from the occupied lower a1g bands to the unoccupied states of the

band.130

This transition was absent in the metallic state, and its low energy optical absorption spectrum was
dominated by a pronounced Drude tail. The suppression of the interband transition peak at ~1.3 eV
reflected a merge of lower a1g bands and

bands in the metallic phase. Figure 5-3(c) shows the

in-situ evolution of the extinction coefficient of the VO2 film under UV-light exposure in nitrogen
at 278 K (insulating phase). Upon exposure to UV-light irradiation, the peak at ~1.3 eV gradually
disappeared and a Drude response from free carrier reflection emerged, suggesting a progressing
transition from the insulating to the metallic state. Note that the interband transition shoulder was
still seen as the film turned more conducting with UV exposure, and eventually got buried under
the Drude peak, indicating band filling and the rise of the Fermi level, instead of a sudden collapse
of the bandgap. For comparison, SE measurements were carried out after the VO2 films were
irradiated in different atmospheres. In agreement with the resistance measurements, optical
experiments shown in Figure 5-3(d) (upper panel) confirmed that VO2 films exposed to UV-light
in nitrogen atmosphere turned metallic, but remained insulating when irradiated in oxygen. In
addition, annealing in oxygen after UV exposure in nitrogen recovered the insulating state, while
the irradiated film remained metallic when annealed in nitrogen, see Figure 5-3(d) (lower panel).
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Figure 5-3. (a) Schematic diagram of vanadium t2g band change during MIT. (b) The extinction
coefficient (k) of a pristine VO2 film below Tc (insulating) and above Tc (metallic) measured by
spectroscopic ellipsometry. (c) Time dependent extinction coefficient measurements under UVlight irradiation in nitrogen. (d) The extinction coefficient (k) of a pristine VO2 film and films
irradiated in nitrogen or oxygen (upper panel). The extinction coefficient (k) of a suppressed VO2
film and suppressed films annealed in nitrogen or oxygen (lower panel).

5.4 Mechanism for the MIT suppression
The irradiation and annealing experiments indicated that oxygen stoichiometry level
played a critical role in suppressing the MIT in VO2 thin films. The formation of oxygen vacancies
in the film when stimulated by UV-light irradiation under nitrogen atmosphere and the subsequent
removal of the vacancies in the film by thermal annealing in an oxygen atmosphere is hypothesized
as the underlying mechanism of the persistent photoconductivity changes observed. The O-vacancy
generation can be described by the following defect chemistry equation:
×

↔
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↑
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During UV-light irradiation in O2, the high O2 partial pressure would limit the formation
of O vacancies, shifting the reaction balance to the left. In contrast, a non-oxidizing atmosphere
such as N2, promoted the oxygen vacancy formation, suppressing the MIT. Consistently, MIT
recovery was achieved by thermal annealing under oxygen atmospheres through backfilling oxygen
into the previously formed oxygen vacancy sites. The activation energy for creating oxygen
vacancies was calculated to be in the range of 3 to 3.5 eV.149,150 Such a large energy barrier would
prevent oxygen vacancy formation even in oxygen deficient atmospheres, as observed in Figure 53(b). However, 365 nm UV-light (3.4 eV) provided enough activation energy to form oxygen
vacancies, thus resulting in the MIT suppression in VO2.
To further investigate whether UV-light is necessary for the MIT suppression or if this
process mainly results from a photo-thermal effect, i.e. local heating due to light absorption, another
irradiation experiment was carried out by choosing a laser with a photon energy (of 2.4 eV) smaller
than the oxygen vacancy formation energy. The exposure time was kept the same as the previous
UV-light irradiation experiments, while the intensity was four times higher as compared to the UVlight. No suppression of the MIT was observed after exposure to visible light, and the resistance of
insulating VO2 decreased only by 0.7%, suggesting that a photon energy higher than the oxygen
vacancy formation energy is required for the MIT suppression. Furthermore, heat generation and
heat transport in the VO2/TiO2 samples during UV-light exposure have been simulated using a
finite element approach.134 The heat transfer module in COMSOL Multiphysics 5.1 was used to
model the heat absorption and transport in the VO2/TiO2 structure under UV-light irradiation. A
sandwiched structure consisting of 10 nm VO2 thin film, 500 um TiO2 substrate and 5 um Ag layer
was built. The Ag layer represented the Ag paste used to mount the sample on a cooling stage in
the experiment. Under the assumption that the absorbed optical energy was fully converted into
thermal energy, the optical heating effect can be estimated by solving the thermal diffusion equation
in one dimension:
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where

is the sample density,

=

,

the sample heat capacity under constant pressure, T the

temperature within the sample as a function of depth and time,
and

the sample thermal conductivity

is the thermal power density absorbed by the sample from incident UV-light following

Beer’s Law
Q=Q ×e

,

with Q0 is defined as the incident UV-light power density, α the absorption coefficient and
z the depth.
The interface heat transfer between the VO2 and TiO2 and that between the TiO2 and Ag
paste was modeled as:
+

=0

where σ is interface thermal conductance across the VO2/TiO2 interface and the TiO2/Ag interface,
respectively. All relevant simulation parameters are listed in Table 1. TiO2 substrate was considered
to radiatively emit heat, while the radiative heat loss of VO2 was neglected due to its small value.
This simplification slightly shifts the VO2 temperature to higher values.
The temperature of Ag paste was fixed to the cooling stage temperature (278K). Here we
assumed a conservative value for the interfacial conductance between the TiO2 substrate and Ag
paste [0.1 W/(cm2·K)], which was lower than that of common thermal interface pastes. 151 The
energy used for the oxygen vacancy formation has been ignored, resulting in a slight overestimation
of the sample temperature during UV exposure. All temperatures given therefore represent a
conservative upper limit. The simulations revealed that VO2 film surface temperature increased to
about 286 K during UV-light exposure. Material parameters used for the simulation are listed in
Table 1.The VO2 surface temperature during UV-light irradiation was found to be ~286 K, as shown
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in Figure 5-4. As observed in the anneal experiment [Figure 5-2(b) (right column)], the MIT
behavior was not suppressed by annealing VO2 samples in nitrogen at 480 K. Therefore a surface
heating effect during UV-light irradiation is negligible, and hence cannot be responsible for the
observed MIT suppression.

Figure 5-4. (a) Depth profile of sample temperature at different times. A small temperature
difference (~0.01K) was found at the VO2/TiO2 interface due to finite thermal boundary resistance.
The temperature jump across TiO2/Ag-paste interface was resulted from a small thermal interfacial
conductance conservatively estimated as 0.1 W/(cm2·K). (b) The surface temperature of VO2 film
grown on TiO2 as a function of exposure time. The VO2 surface temperature reached an equilibrium
of ~286 K.
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5.5 Carrier concentration change after the MIT suppression
In order to characterize the formation of oxygen vacancies during UV-light irradiation, Xray photoelectron spectroscopy (XPS) was performed at room temperature on as-grown films and
films exposed to UV-light in a nitrogen atmosphere (without metal electrodes). High resolution
XPS spectra of the V 2p and O 1s core levels along with peak fitting of the corresponding individual
components are presented in Figure 5-5(a). O 1s peak was used as reference in both XPS spectra.
Figure 5-5(b) shows quantitative fitting results of the V valence state, determined from the
integrated area of the individual component giving rise to the measured intensity of the V 2p3/2 peak.
The presence of V5+ state was attributed to the pronounced surface oxidation of VO2 when kept in
ambient atmosphere.71 This surface effect, even though it dominated the XPS results, was limited
to be within ~1.0 nm of the outermost surface,62 as estimated using inelastic electron mean free
path of 1.6 nm reported earlier.152 Before UV-light irradiation, negligible V3+ signal was found in
the film, which increased to ~10% after the exposure to UV-light. During this process, the chemical
environment of some vanadium cations became oxygen deficient due to oxygen vacancy formation
and thus the led to the V3+ signal increase. Both signals from V4+ and V5+ slightly decreased, directly
suggesting the increase of oxygen deficiencies in the film (lower average bonding energy).116 If the
signal from the V5+ peak is considered as surface effect, i.e. extrinsic to the VO2 thin film, the
concentration of oxygen vacancy formed during UV-light irradiation can be estimated.
Normalizing the V3+ signal by the total intensity of V3+ and V4+ (the total V signal from the film),
the chemical environment of around 25% vanadium cations was affected due to oxygen vacancy
formation under UV-light irradiation. Since the formation of each oxygen vacancy breaks two
oxygen-vanadium bonds, there is a ratio of 1:2 between the concentration of oxygen vacancy and
that of vanadium cations with an oxygen deficient environment. The concentration of vanadium
cations in VO2 is 3.4×1022 cm-3, and thus the concentration of oxygen vacancies is around
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5×1021 cm-3, which gives rise to a free electron concentration of 1×1022 cm-3 because each oxygen
vacancy donates two free electrons. Such a high carrier concentration is similar to that of the
metallic state of as-grown VO2 films (see Figure 5-6), and therefore suppresses the MIT behavior
of the VO2 films.

Figure 5-5. (a) XPS spectra measured around V 2p peaks. After MIT suppression, the V 2p peak
shifted to lower energy by 0.3 eV. (b) Integrated area percentage of vanadium valence peaks before
and after UV-light irradiation. The ubiquitous presence of V5+ peak is due to an ultrathin surface
layer (~1 nm) over-oxidized by atmosphere. The fitting error bars were calculated to be ~2% and
1.7% for before and after UV-light irradiation results, respectively.
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Figure 5-6. Hall carrier (electron) concentration of as grown VO2 films on sapphire as a function
of temperature.

5.6 Conclusion
In conclusion, we have demonstrated a simple optical sketching method to inscribe local
metallic pattern into an otherwise insulating VO2 matrix by exposure to UV-light in a non-oxidizing
atmosphere. The insulating state of the previously UV exposed areas can be recovered by a short
annealing in an oxidizing atmosphere at low temperatures. The formation of oxygen vacancies was
proposed as the origin of the induced conductive phase. It would be interesting to explore this phase
in the future on the nanoscale with other probes such as spatially-resolved in-situ XRD, Raman and
infrared spectroscopy techniques. Here, the minimum feature size was limited by the UV beam
intensity profile (spot size ~500 µm). Next neighbor devices ~1000 µm away from the exposed
structure did not show any change in their resistivity. Since MIT suppression in VO2 has been
proved to be a photon induced defect reaction, extreme UV lithography or focused X-rays can be
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used to write nanoscale pattern with a much smaller feature size. The ability to locally suppress and
recover the MIT property of VO2 film by UV-light, especially the low temperature writing-anderasing of arbitrary spatial circuitry, provides a novel route to build next generation reconfigurable
electronic circuits using strongly correlated materials.
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Table 5-1. Parameters used in the finite element analysis to simulate the surface temperature during
UV-light exposure.
VO2 absorption coefficient for 365nm light a
VO2 film thickness a
VO2 density (Monoclinic)134
VO2 thermal expansion coefficient153
VO2 thermal conductivity154
VO2 heat capacity (Monoclinic)155
TiO2 density134
TiO2 thermal conductivity156
TiO2 heat capacity157
TiO2 surface emissivity158
TiO2 absorption coefficient for 365nm light159
VO2/TiO2 Interfacial conductance134
Ag densityb
Ag heat capacityb
Ag thermal conductivityb
TiO2/Ag Interfacial conductance160
a
b

0.047 nm-1
10 nm
4.57 g/cm3
4.87×10-6 /K
3.5 W/(m·K)
656 J/(kg·K)
4.25 g/cm3
8 W/(m·K)
686 J/(kg·K)
0.4
0.0017nm-1
3300 W/(cm2·K)
10.49 g/cm3
235 J/(kg·K)
429 W/(m·K)
0.1 W/(cm2·K)

Measured value
From the data base of COMSOL Multiphysics 5.1
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Chapter 6
Self-regulated growth of LaVO3 thin films by hybrid molecular beam epitaxy
Part of the chapter is adapted from published work
[H.-T. Zhang, et al. Applied Physics Letters 106, 233102 (2015)]161

6.1 Introduction
Materials exhibiting strong electron correlation have stimulated much research interest due
to their exotic properties and potential applications in novel electronic devices. Two remarkable
examples are the discoveries of high temperature superconductivity162 and colossal
magnetoresistance163. Recently, the interfaces of correlated materials have drawn much attention.
New phenomena not observed in their bulk counterparts have been discovered, attributed to the
electronic reconstructions that occur at polar/nonpolar interfaces164 to compensate the charge
discontinuity, such as in the case of LaVO3 / SrTiO3,32 valence state redistribution across polar
interfaces, such as LaVO3 / LaAlO3,165 as well as charge-stabilization of non-bulk-like phases
formed at the interfaces between LaVO3 and LaVO4.117
Detailed growth studies of complex perovskite oxide thin films prepared by pulsed laser
deposition (PLD),166–168 molecular beam epitaxy (MBE),35 sputtering169, and supporting firstprinciple calculations170 have shown that the cation stoichiometry can dramatically impact the
interface reconstructions. Therefore, the growth of correlated materials with excellent
stoichiometry control is of critical importance to gain further insights into the intrinsic
optoelectronic properties of these materials and ultimately their heterostructures. In conventional
MBE, one way to ensure excellent thin film stoichiometry is by employing an adsorption controlled
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growth, where the constituents forming the film are supplied to the sample with the volatile
component in excess. For a proper choice of growth rate and temperature, excess amounts of
volatile species accumulating on the growing surface can re-evaporate instead of getting
incorporated into the film. This approach has been successfully employed for the growth of
compound semiconductors171–173 and has been applied to the growth of complex oxides BiFeO3,43
PbTiO344 and BiMnO345 as well. However, since the Mott insulator LaVO3 does not contain any
volatile constituent, such as bismuth oxide or lead oxide, but only low vapor pressure components,
a self-regulated approach seems not feasible.
As a complementary approach to conventional MBE, hybrid MBE has been previously
employed to grow SrTiO348,174 and GdTiO3175 in a self-regulated manner, provided that growth
temperatures were high enough. Furthermore, the precise control over the stoichiometry of NdTiO3
thin films176 has been demonstrated as well. In contrast to conventional MBE, where elements are
supplied through thermal evaporation from effusion cells and are oxidized at the sample surface by
exposure to either molecular oxygen, oxygen plasma or ozone; in hybrid MBE one of the cations –
the transition metal element titanium – is supplied using the metal-organic precursor – titanium
tetra-isopropoxide (TTIP). This approach to utilize a volatile precursor, in which Ti is coordinated
by 4 oxygen, not only allowed for growth rates much higher than normally achieved from fluxes
of elemental Ti46 generated by high temperature effusion cells177,178 or sublimation sources,179 but
also enabled the growth in a self-regulated manner, which was attributed to the volatility of the
metalorganic precursor TTIP.48 Moreover, high-quality SrTiO3 films were grown directly on silicon
using this technique.180
Here, we expand this growth approach towards other transition metal elements by using
vanadium-oxy-triisopropoxide (VTIP) as a precursor to demonstrate the generalizability of this
approach in material systems other than the titanates. We show that the self-regulated growth
window of the Mott insulator LaVO3 can be accessed by co-supplying La metal from an effusion
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cell and the metal organic precursor vanadium oxytriisopropoxide (VTIP) in the presence of
molecular oxygen.

6.2 XRD and compositional characterization of the LaVO3 thin films

Figure 6-1. (a) 2θ-ω X-ray diffraction scans around the SrTiO3 002 substrate peak. LaVO3 film
peaks are indicated by an arrow. (b) Out-of-plane film lattice parameter a for LaVO3 films grown
at various La to VTIP flux ratios, extracted from the XRD scans shown in (a). V:La ratios extracted
from EDS and RBS measurements along this series were also plotted. The La flux was fixed at
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2.0×1013 cm-2s-1, while the VTIP flux was varied. Stoichiometric growth conditions were found for
VTIP gas inlet pressures between 31 and 33.5 mTorr.

High resolution 2- XRD scans for films grown at different VTIP gas inlet pressures are
shown in Figure 6-1(a). Except for the film grown at 25 mTorr VTIP, pronounced Kiessig fringes
were observed throughout the film series, indicating abrupt interfaces and smooth surfaces. The
film peak was independent of VTIP gas inlet pressure in the range between 31 and 33.5 mTorr, and
was further found to shift to larger 2 values with increasing difference of VTIP gas inlet pressures
from these values, indicating a reduction of the film lattice parameter. Figure 6-1(b) shows the outof-plane film lattice parameter a as a function of VTIP gas inlet pressure, together with V to La
ratios extracted from EDS and RBS measurements. The lattice parameter of stoichiometric LaVO3
has been previously determined from the bulk (Pbnm).181 Using a=5.555 Å, b=5.553 Å, c=7.848 Å
a pseudo-cubic lattice parameter of ap=3.926 Å was determined for unstrained films. The expansion
of the LaVO3 out-of-plane lattice parameter a=3.956 Å shown in Figure 6-1(b) was attributed to
the biaxial compressive strain (-0.56 %) imposed by SrTiO3. It is remarkable that, unlike in the
well-studied case of SrTiO358,182,183, and also in the case of SrVO3,184 where the lattice parameter
monotonically expands with increasing amounts of cation non-stoichiometry, the opposite trend
was found for LaVO3 films, in agreement with earlier reports on bulk LaVO3.181,185
From Figure 6-1(b) it is found that for VTIP fluxes smaller than 31 mTorr and larger than
33.5 mTorr the out of plane lattice parameter was reduced, indicating a non-stoichiometric film.
For VTIP pressures ranging between 31 and 33.5 mTorr the film lattice parameter was found to be
independent of the cation flux ratio, demonstrating the existence of a self-regulated growth window
for LaVO3. V to La ratios measured in EDS and RBS further confirmed the existence of selfregulated growth window, where the V:La ratios remained close to 1 in this region. The thickness
of films grown inside the window were obtained by fitting the periodicity of Kiessig fringes
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observed in XRD186. For LaVO3 grown at 31, 32 and 33.5 mTorr VTIP, all thicknesses were in the
range of (37.50.1) nm. Assuming that the self-regulated growth is enabled by the volatility of
VTIP, a nominal La flux stability of 0.3 % can be determined from this film thickness variation,
demonstrating an excellent growth-to-growth reproducibility. Films grown at too small VTIP
pressures were La-rich, whereas films grown at too high VTIP pressures were V-rich. No secondary
phases were found from wide-range XRD scans for films grown at 25 mTorr VTIP (most La-rich
growth condition) and 50 mTorr VTIP (most V rich growth condition), see Figure 6-2(a). Figure
6-2(b) shows the reciprocal space map around the 103 reflections of SrTiO3 substrate and a LaVO3
film grown at 32 mTorr VTIP. The stoichiometric LaVO3 films were coherently strained. Since the
film lattice parameter decreased with the increasing level of cation non-stoichiometry, the imposed
strain was reduced as well, which further reduced the out-of-plane lattice parameter for nonstoichiometric films.

Figure 6-2. (a) Wide-range 2θ-ω XRD scans for LaVO3 films grown at the most V rich (50 mTorr)
and most La rich (25 mTorr) condition. SrTiO3 substrate peaks are denoted with asterisks. (b)
Reciprocal space mapping around the 103 peak of SrTiO3 (substrate) and LaVO3 grown inside the
growth window (pVTIP=32 mTorr). The red dotted lines are a guide to the eye.
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6.3 Surface morphology of the LaVO3 thin films
RHEED was used to monitor the growth in-situ and to relate changes in the diffraction
pattern to differences in the growth condition,174,175,187–189 attempting to reliably predict if the grown
film was stoichiometric, and if not, whether La or V was supplied in excess. As shown in Figure 63, films grown under La-rich conditions showed a spotty RHEED pattern along both the [100] and
[110], indicating a crystalline film, but a rough surface, in agreement with the disappearance of the
Kiessig fringes in the XRD scans shown in Figure 6-1(a). For films grown inside the growth
window, streaky RHEED and various weak reflections in addition to the main diffractions spots
were found, which was attributed to a smooth surface and the superposition of different surface
reconstructions. In particular, a 2x2 and a 3x3 reconstruction pattern was identified along both the
[100]p and [110]p azimuth. The additional 2x2 reflections could arise either from surface
reconstruction or from the lower symmetry of LaVO3 compared to SrTiO3. The orthorhombic
distortion and the octahedral tilt present in LaVO3190 results in a doubling of the unit cell compared
to SrTiO3 and additional RHEED reflections between the main diffraction streaks are expected.
The superimposed, weak 3x3 pattern was attributed to a reconstructed surface. In contrast, for films
grown under V-rich conditions (pVTIP = 50 mTorr), the relatively weak surface reconstruction peaks
disappeared and intensity of the diffraction pattern was reduced as well, while the RHEED
background intensity increased, which might indicate the presence of a thin, amorphous overlayer.
Direct measurements of the film surface morphology by atomic force microscopy confirmed the
trend. Figure 6-4 shows 2×2 m2 wide scans for films grown under La-rich, stoichiometric and Vrich conditions. The surface of La-rich film was dominated by small islands of varying heights
ranging between 3 to 12 nm. It is speculated that this porous, granular structure might be due to the
accumulation of excess La on the surface, which could build up despite the pronounced
incorporation of excess La into the film. The root means square (rms) roughness values of these
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surfaces were quite large (1.52 nm). Films grown in the growth window showed very smooth
surfaces with an rms surface roughness of 0.31 nm. An atomic terrace morphology with laterally
extended terraces separated by a unit cell step height was not found, which is in contrast to a terracelike structure reported for LaVO3 grown by PLD on TiO2 terminated SrTiO3 at 600 °C191. To
directly prove that the film surface morphology is determined by the substrate surface preparation
and their careful termination, LaVO3 was grown under stoichiometric condition on TiO2-terminated
SrTiO3. Atomic terrace morphology was observed in this case with an rms roughness of 0.21 nm,
see Figure 6-4(c). For films grown under V-rich conditions, the film surface remained rather flat as
well with an rms values of 0.24 nm, see Figure 6-4(d).

Figure 6-3. Reflection high energy electron diffraction (RHEED) pattern of LaVO3 films grown
under La rich (top), stoichiometric (middle) and V rich growth conditions. Diffraction images were
captured with the electron beam along the [110] and [100] azimuth after film growth and
subsequent cool down to Tsub=250℃. The red arrows indicate reflections arising from either a 2x2
surface reconstruction or the orthorhombic distortion of LaVO3, while the blue arrows indicate
reflections attributed to a 3x3 reconstruction.
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Figure 6-4. 2×2 m2 AFM scans of LaVO3 films grown under (a) La rich condition (25 mTorr),
stoichiometric condition (32 mTorr) on (b) un-terminated and (c) TiO2-terminated SrTiO3
substrates, and (d) V rich conditions (50 mTorr).

6.4 Conclusion
In summary we have shown that a self-regulated growth window exists for the growth of
LaVO3 by hybrid MBE. These experimental results indicate the general applicability of this growth
approach to enable the synthesis of complex oxide thin films with excellent stoichiometric control.
The results exemplify that favorable growth kinetics can be enabled by introducing a volatile metalorganic precursor into the growth process. The existence of self-regulated growth in vanadate and
titanate thin films using the hybrid MBE approach allows one to easily maintain stoichiometric
conditions throughout oxide heterostructure growth with different transition metals, providing a
pathway to separate the intrinsic phenomena emerging at interfaces between conventional band
insulator and correlated materials32 from extrinsic effects that might be unintentionally introduced
during film growth due to limitation in stoichiometry control in other thin film growth technique.
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Chapter 7
High quality LaVO3 films as solar energy conversion material
Part of the chapter is adapted from published work
[H.-T. Zhang, et al. ACS Applied Materials & Interfaces 9, 12556 (2017)]64

7.1 introduction
Oxides with strong electron-electron correlation exhibit exotic properties such as high
temperature superconductivity, colossal magnetoresistance and metal-to-insulator transitions
(MITs).192,193 The MIT of electronic phase change oxides can be triggered under external stimuli,
attracting intensive research interest for low power logic applications such as transistors, high
frequency switches and memory devices,11,133,194 and the enhanced carrier mass due to strong
electron correlation allows the utilization of correlated metals as transparent conductors.195
In addition another class of strongly correlated oxides, perovskite Mott insulators with a
general formula ABO3, have recently gained interest and were proposed as new photovoltaic
materials.30 Unlike conventional semiconductors, Mott insulators are characterized by strong
correlation among electrons with short electron-electron interaction times on the order of ~10 fs,
much faster than the typical time scale of electron-phonon interaction (~1 ps).29 Hence, rather than
thermalizing excess energy absorbed by photo-excited carriers it was theoretically predicted to
excite more than one free carrier per photon,28,29 potentially overcoming the Schottky-Queisser
limit.27 In the case of oxide heterostructures the polar discontinuity at interfaces can be used to set
up an electrical field across the photo-absorbing Mott insulator layer to separate the photo-excited
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electron-hole pairs,30 rendering doping schemes obsolete and the development of oxide
heterostructures for highly efficient solar cell designs favorable. In particular, the Mott insulator
LaVO3 has a bandgap of 1.1~1.2 eV,196 which lies within the optimal range for solar cell
applications.27
However, for the implementation of ABO3 Mott insulators into photovoltaic devices the
high concentration of intrinsic and extrinsic defects is of concern, which may act as recombination
centers for photo-excited electron-hole pairs, leading to an inevitable reduction of solar cell
efficiency.197 Some defects are easily introduced if the film has a non-stoichiometric A:B cation
ratio, i.e. is deviating from an ideal La:V of 1:1.198,199 Therefore, it is critical to achieve a precise
control over stoichiometry when growing LaVO3 thin films. Although tremendous progress has
been made in the oxide thin film growth using modern deposition technique such as pulse laser
deposition (PLD) and molecular beam epitaxy (MBE),25,191,200,201 precise A:B site ratio control
remains challenging because of the large uncertainty in flux control and the low energy barrier to
form nonstoichiometric defects.58,198,202
Here, we report the optical and electrical properties of high quality LaVO3 thin films grown
by hybrid molecular beam epitaxy,55,161,203–205 whereby the La:V ratio was self-regulated within a
growth window. This adsorption controlled growth mechanism was enabled by using a volatile
metal organic precursor vanadium oxytriisopropoxide (VTIP) as the vanadium source.161,184,205,206
Structural, electrical and optical properties of the LaVO3 films were measured and related to film
stoichiometry and growth conditions. While films grown within the growth window showed
characteristic electronic transitions similar to those observed in bulk single crystals207 and predicted
by first principle calculations,208,209 pronounced deviations were found for non-stoichiometric
LaVO3 films grown outside the growth window, attributed to an increased defect concentration.
Based on optical conductivity measurements, the defect density of gap states in stoichiometric films
was estimated to be up to two orders of magnitude lower compared to nonstoichiometric and
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previously reported LaVO3 films,210,211 and a factor of three lower than the best reported bulk single
crystal,207,212–214 further manifesting hybrid molecular beam epitaxy as promising synthesis route
towards ‘electronic grade’ complex oxide thin films. Photoconductivity measurements on twoterminal devices were performed to relate film stoichiometry to carrier recombination rate, a direct
measure of the defect concentration in the film. Stoichiometric LaVO3 films grown inside the
growth window exhibited a three to tenfold increase in photocurrent compared to their La-rich and
V-rich counterparts, attributed to a much lower carrier recombination rate.

7.2 Structural characterization of the LaVO3 thin films
Oxides with strong electron-electron correlation exhibit exotic properties such as high
temperature superconductivity, colossal magnetoresistance and metal-to-insulator transitions
(MITs).192,193 The MIT of electronic phase change oxides can be triggered under external stimuli,
attracting intensive research interest for low power logic applications such as transistors, high
frequency switches and memory devices,11,133,194 and the enhanced carrier mass due to strong
electron correlation allows the utilization of correlated metals as transparent conductors.195
In addition another class of strongly correlated oxides, perovskite Mott insulators with a
general formula ABO3, have recently gained interest and were proposed as new photovoltaic
materials.30 Unlike conventional semiconductors, Mott insulators are characterized by strong
correlation among electrons with short electron-electron interaction times on the order of ~10 fs,
much faster than the typical time scale of electron-phonon interaction (~1 ps).29 Hence, rather than
thermalizing excess energy absorbed by photo-excited carriers it was theoretically predicted to
excite more than one free carrier per photon,28,29 potentially overcoming the Schottky-Queisser
limit.27 In the case of oxide heterostructures the polar discontinuity at interfaces can be used to set
up an electrical field across the photo-absorbing Mott insulator layer to separate the photo-excited
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electron-hole pairs,30 rendering doping schemes obsolete and the development of oxide
heterostructures for highly efficient solar cell designs favorable. In particular, the Mott insulator
LaVO3 has a bandgap of 1.1~1.2 eV,196 which lies within the optimal range for solar cell
applications.27
However, for the implementation of ABO3 Mott insulators into photovoltaic devices the
high concentration of intrinsic and extrinsic defects is of concern, which may act as recombination
centers for photo-excited electron-hole pairs, leading to an inevitable reduction of solar cell
efficiency.197 Some defects are easily introduced if the film has a non-stoichiometric A:B cation
ratio, i.e. is deviating from an ideal La:V of 1:1.198,199 Therefore, it is critical to achieve a precise
control over stoichiometry when growing LaVO3 thin films. Although tremendous progress has
been made in the oxide thin film growth using modern deposition technique such as pulse laser
deposition (PLD) and molecular beam epitaxy (MBE),25,191,200,201 precise A:B site ratio control
remains challenging because of the large uncertainty in flux control and the low energy barrier to
form nonstoichiometric defects.58,198,202
Here, we report the optical and electrical properties of high quality LaVO3 thin films grown
by hybrid molecular beam epitaxy,55,161,203–205 whereby the La:V ratio was self-regulated within a
growth window. This adsorption controlled growth mechanism was enabled by using a volatile
metal organic precursor vanadium oxytriisopropoxide (VTIP) as the vanadium source.161,184,205,206
Structural, electrical and optical properties of the LaVO3 films were measured and related to film
stoichiometry and growth conditions. While films grown within the growth window showed
characteristic electronic transitions similar to those observed in bulk single crystals207 and predicted
by first principle calculations,208,209 pronounced deviations were found for non-stoichiometric
LaVO3 films grown outside the growth window, attributed to an increased defect concentration.
Based on optical conductivity measurements, the defect density of gap states in stoichiometric films
was estimated to be up to two orders of magnitude lower compared to nonstoichiometric and
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previously reported LaVO3 films,210,211 and a factor of three lower than the best reported bulk single
crystal,207,212–214 further manifesting hybrid molecular beam epitaxy as promising synthesis route
towards ‘electronic grade’ complex oxide thin films. Photoconductivity measurements on twoterminal devices were performed to relate film stoichiometry to carrier recombination rate, a direct
measure of the defect concentration in the film. Stoichiometric LaVO3 films grown inside the
growth window exhibited a three to tenfold increase in photocurrent compared to their La-rich and
V-rich counterparts, attributed to a much lower carrier recombination rate.

Figure 7-1. (a) 2θ-ω X-ray diffraction (XRD) scans of LaVO3 films grown on LSAT (001)
substrates with different La to VTIP flux ratios. The La flux was kept constant while the VTIP flux
pVTIP was systemically varied. (b) Out of plane lattice parameter a of LaVO3 films as a function of
pVTIP. (c) Reciprocal space map around -103 peaks of LSAT substrate and LaVO3 (pVTIP=36 mTorr).
(d) Atomic force microscopy (AFM) and (e) High angle annular dark field scanning transmission
electron microscopy (STEM) measurements taken along [100] of LaVO3 grown at pVTIP=36 mTorr.

90

Figure 7-2. HRTEM images for stoichiometric, La-rich and V-rich LaVO3 films. They share the
same scale bar.

7.3 Optical and electrical properties of the LaVO3 thin films
LaVO3 is a Mott-Hubbard type insulator in which the strong on-site Coulomb repulsion
splits the vanadium t2g states into an occupied lower Hubbard band (LHB) and an empty upper
Hubbard band (UHB), separated by the band gap.96 The Hubbard bands are located between lower
lying states derived from oxygen 2p and higher lying vanadium eg bands. The density of states of
LaVO3 around the Fermi level (EF) is schematically shown in Figure 7- 3(a), which is based on
previous bulk single crystal studies and first principle calculations.207,213,215 The three main
transitions in the low energy region (< 6 eV) with relevance to photovoltaic applications are:
transition I centered around 1.7 eV from the LHB to the unoccupied UHB; transition II centered
around 2.2 eV from the LHB to vanadium eg band; and transition III centered around 5.3 eV from
oxygen 2p to the UHB and the vanadium eg band. Figure 7-3(b) shows the optical absorption
spectrum of LaVO3 films grown at different pVTIP pressures. The peaks in the absorption spectra
were labeled as I, II, and III according to their transition. All films had high absorption coefficients
in the visible range of around ~mid 104 cm-1, which is comparable to that of common thin film solar
cell absorber material, such as CuInGaSe2 (CIGS), CdTe and GaAs.216–218 For films grown within
the growth window (pVTIP=34-38 mTorr) a pronounced two-peak feature with maxima around 1.7
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and 2.2 eV and the onset of a strong absorption peak around 5 eV were observed, in good agreement
with the expected absorption spectra from the density of states shown in Figure 7-3(a) and bulk
single crystal data. For films grown under La-rich condition the double peak feature remained
almost unchanged, while it transitioned into a single peak for films grown under V-rich conditions.
More importantly, films grown under nonstoichiometric conditions revealed a dramatic increase in
the optical absorption for below band gap excitation. The absorption coefficient at a photon energy
of 1.10 eV, i.e. 0.02 eV below the band edge determined from photoconductivity measurements as
discussed below, is shown in the inset of Figure 7-3(b). An almost two orders of magnitude increase
of  was found independent whether the films were La-rich or V-rich. This increase of optical
absorption for below band gap excitation was attributed to transitions involving defect states
located within the band gap, indicating orders of magnitude higher defect concentration in the case
of nonstoichiometric LaVO3 films. The growth window previously defined by structural analysis
therefore directly translated into the physical properties of LaVO3 films. The absorption spectrum
for films grown inside the growth window were virtually identical, exhibiting the lowest defect
concentration independent of growth condition.
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Figure 7-3. (a) Schematic of the electronic structure of LaVO3 around the Fermi level (EF). (b)
Absorption coefficient α of LaVO3 films grown at different pVTIP. The inset shows the value of α at
1.10 eV, 0.02 eV below band edge energy (1.12 eV, determined by photoconductivity
measurements). (c) X-ray absorption scans around the vanadium L2, 3 edge of LaVO3 films. (d) A
narrow range scan around the vanadium L3 edge of stoichiometric (pVTIP=36 mTorr) and V-rich
films (pVTIP=45 mTorr). (e) Temperature dependent resistivity of LaVO3 thin films grown at various
pVTIP.

To further explore how the local electronic structure of LaVO3 was affected by
nonstoichiometry, X-ray absorption spectroscopy (XAS) measurements were performed on
representative La-rich (pVTIP=32.5 mTorr), stoichiometric (pVTIP=36 mTorr) and V-rich films
(pVTIP=40 and 45 mTorr). Figure 7-3(c) shows the X-ray absorption spectra around the V L2,3 edge
of LaVO3 films, which probe the electronic transition from occupied vanadium 2p core level to
unoccupied vanadium 3d orbitals. In agreement with previous reports on RVO3 (R being an rare
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earth element),208,209,219 a double peak feature located at ~518 eV, labeled transitions A and B in
Figure 7-3(c), and a relatively broad, single peak at ~524 eV (transition C) with pronounced
intensity modulation on both sides were observed. These transitions were attributed to spin-orbit
splitting of the vanadium 2p level into a four-fold degenerate 2p3/2 (518 eV) and a two-fold
degenerate 2p1/2 (524 eV) state. In accordance with first principle calculations208,209 transition A and
B were associated to excitations from the V 2p3/2 to the UHB derived from the V 3d t2g orbitals and
V 3d eg orbitals, respectively. Two distinct characteristics were observed for V-rich films: 1) with
increased VTIP flux, transition C shifted to higher energy by ~0.4 eV, indicating an increase in the
valence state of vanadium.219 2) Relative intensity of transition A to transition B decreased as the
film became vanadium rich [Figure 7-3(d)], suggesting fewer unoccupied electronic states in the
UHB available for X-ray absorption possibly due to an electron donation effect from defect states
introduced under V-rich conditions. The spectral features of La-rich and stoichiometric films were
similar in both, the peak position of transition C and the intensity ratio of transition A and B.
Temperature dependent resistivity measurement were performed and plotted in Figure 7-3(e). All
films showed semiconducting behavior. While films grown under La-rich and stoichiometric
conditions revealed a high room temperature resistivity of ~5 cm, the resistivity was reduced by
orders of magnitude for films grown under V-rich conditions. Electrical transport measurements
were consistent with XAS results and the electron donor scenario for V-rich films, causing a higher
free carrier concentration. This scenario is further supported by Hall measurements where the room
temperature free electron concentration increased from 2.4 ×1018 to 3.1×1020 cm-3 for stoichiometric
LaVO3 compared to a V rich film grown with PVTIP=64.5 mTorr under a La flux of 2.5×1013 cm-2s1

. It was previously reported that stoichiometric LaVO3 single crystals show a marked kink in the

resistivity measurement around 140 K due to orbital and spin ordering.220 However, for the
stoichiometric LaVO3 thin films, the measurement limit was reached around 250 K due to their
high sheet resistance. Defects in La-rich films are therefore expected to form deep trap levels
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because the room temperature resistivity did not change with respect to stoichiometric films.
Considering that in a closed-packed perovskite structure, excess cations are unlikely to occupy
interstitial sites, the following defect accommodation mechanisms are proposed for
nonstoichiometric LaVO3 films: In case of V-rich films, the extra V ions with valence state higher
than three (observed from XAS) occupy the vacant La3+ site, contributing free electrons to the
conduction band. This scenario would be consistent with the reduced lattice parameter, since the
radius of the vanadium ion is much smaller than the lanthanum ion, irrespective of its valence state.
Although details of the point defect mechanism in La-rich LaVO3 films is not clear, STEM
measurements revealed secondary phases precipitating in the perovskite matrix, see Figure 7-4.
While the L-V-O phase diagram did not contain any phase with a La:V ratio smaller than one but
only La2O3 or LaVO4,221 the origin of the unwanted phase remained unclear and needs further
investigation.

Figure 7-4. Scanning transmission electron microscopy (STEM) image taken along [100] direction
of La-rich LaVO3 film grown at pVTIP=32.5 mTorr. Selected defects are indicated by white arrows.
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7.4 Benchmark
To compare the quality of LaVO3 films grown in a self-regulated manner with results
reported in literature, optical conductivity at 1.10 eV, just below the band edge, has been used as a
measure for the defect concentration in the film. The optical conductivity σ is directly related to the
absorption coefficient α by σ =

, where c is the velocity of light in vacuum, and

vacuum

permittivity. Data for bulk crystals207,212–214 and films210,211 are compiled in Figure 7-5(a) along with
the results obtained from the films grown by hybrid MBE. The best bulk single crystal had an
optical conductivity at the band edge as low as ~7 Ω-1cm-1, while the optical conductivity reported
for thin films grown by PLD were around 30~300 Ω-1cm-1. Films grown by hybrid MBE under Larich (pink) and V-rich (green) conditions had similarly high optical conductivities around 50~300
Ω-1cm-1. The high values were attributed to a high defect concentration resulting from a
nonstoichiometric cation ratio in the film. On the other hand, stoichiometric films grown inside the
growth window had a very low optical conductivity of only 2 Ω-1cm-1 at the band edge, more than
a factor of three lower than the best reported bulk single crystals and more than one order of
magnitude lower than commonly reported values for LaVO3 thin films grown by PLD.
Steady-state photoconductivity measurements were performed on La-rich, stoichiometric
and V-rich LaVO3 films to expand defect analysis beyond optical excitation. Here defects act as
recombination centers for photo-excited electron-hole pairs suppressing the measured photo current.
The two-terminal test structure is schematically depicted in the inset of Figure 7-5(b). An electrode
separation of 2 mm was chosen, much longer than the typical electron mean free path in perovskite
oxides at room temperature.

222

Dark current measurements were performed to ensure that the

contacts were ohmic, see Figure 7-6. The steady state condition ensured a balanced photoexcitation
and carrier recombination rate. For a fixed photon flux a larger photocurrent was directly related to
a longer carrier lifetime and thus a lower defect concentration. Since absorption coefficients for La-
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rich and V-rich films were slightly higher compared to films grown within the growth window [cf.
Figure 7-1(b)], photo currents determined from nonstoichiometric samples were slightly
overestimated. Figure 7-5(b) shows the photo responsivity of LaVO3 films. An abrupt increase in
the photo responsivity was found at 1.120.01 eV irrespective of the film’s stoichiometry,
consistent with the absorption coefficient measurements on bulk crystals and thin films, marking
the band gap of LaVO3.196,207,211 For stoichiometric films a much larger photo-responsivity was
observed despite a smaller absorption coefficient, indicating a much longer carrier life time
attributed to a lower recombination rate due to a lower defect concentration compared to
nonstoichiometric LaVO3. By integrating the area below the photo-responsivity curve the photo
current extraction efficiency of stoichiometric films was found 1000% (300%) higher to compared
to V-rich (La-rich) films, respectively. The significantly increased photo-responsivity of
stoichiometric LaVO3 films compared to their nonstoichiometric counterparts demonstrates the
importance of stoichiometry control to minimize the defect mediated recombination rate for the
promising high efficiency solar cell absorber material LaVO3.
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Figure 7-5. (a) Comparison of optical conductivity below the band edge energy for LaVO3 bulk
crystals and thin films. Only LaVO3 films grown by pulse laser deposition (PLD) have been
reported. (b) Photoconductivity (photocurrent minus dark current) of La-rich, stoichiometric and
V-rich LaVO3 films, grown at pVTIP of 32.5, 36 and 39 mTorr. A schematic of the device is shown
in the inset.
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7.5 Conclusion
In conclusion, we have grown high quality LaVO3 thin films by employing a self-regulated
growth mechanism available in hybrid molecular beam epitaxy. The structural, optical and
electrical properties of LaVO3 thin films were systemically studied as a function of cation
stoichiometry. While stoichiometric films grown inside the growth window were shown to have a
high structural perfection and a record-low defect concentration even below those of LaVO3 bulk
single crystal, a dramatic increase in defect concentration was observed for nonstoichiometric films
grown outside the growth window. Orders of magnitude lower optical absorption for below band
gap excitation and a much longer majority carrier lifetime, and thus photoconductivity efficiency,
marks an important step towards realization of high efficiency solar cells using Mott insulators as
effective absorber material. This technique can be extended to other materials systems to control
the cation stoichiometry for potential high efficiency photovoltaic devices.47,55,223
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Chapter 8
Future work

8.1 Possible future work for binary and ternary vanadium oxides
In the dissertation, the majority of the work has been focused on the growing of binary and
ternary vanadates, as well as studying and tuning their electrical and optical properties. Moving
forward, more efforts can be devoted to the manipulating of MIT in VO2 and possibly using this
material on wafer scale for energy and catalytic applications. Besides, more complex structures
based on the perovskite vanadium oxides should be grown, which might unveil artificial MIT and
multiferroicity due to rational design.
Starting from the binary vanadium oxide, the unique capability to grow high quality VO2
on wafer scale should be utilized, where efficient collaborations can be formed to design and test
VO2 based logic/memory modules, optoelectronic devices and switches with tunable thermal
conductivity. Besides, intercalation of other species in VO2, such as oxygen vacancies, nitrogen,
and hydrogen is worth investigating. At the same time, it is interesting to see how these
intercalations change the lattice structures and interfere with or tune the MIT. Also, this process
may have potential for energy related applications such as solid electrolytes and hydrogen storage.
The technique demonstrated in this work that UV light can be used to tune the MIT of VO2 can
also be expanded. The UV light should in principle serve as an energy source to enable the
intercalation process mentioned above or other dynamic process such as pump probe measurements
in different atmospheres.
As for the ternary vanadium oxides, superlattice structures can be grown based on Mott
insulator LaVO3 and correlated metal SrVO3 to fabricate artificial ferroelectric materials.224
Recently, a new design rule for ferroelectric materials was proposed which is based on the coupling
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of oxygen octahedron rotations (nonpolar modes) which is named hybrid improper ferroelectricity
(HIF).225–230 Following this rule, A (LaVO3)m/(SrVO3)n/(LaVO3)m sandwich structure can be grown
which should be polar due to the nonequivalent in-plane displacements of LaO and SrO layers. In
addition, this structure was predicted to show a metal to insulator transition (MIT) as a function of
SrVO3 layer thickness (calculated by K. Rabe). Considering the fact that this structure stays polar
indifferent to the thickness of SrVO3 layer, a transition from polar metal to polar, preferable
ferroelectric, insulator should be observed. Besides the HIF mentioned above, the ordered V4+ and
V3+ with alternative SrVO3 and LaVO3 layers can also introduce artificial charge ordering, leading
to a new type of ferroelectricity if this ordering can be switched by an electric field. This charge
ordering mechanism offers spontaneous polarization (34 µC/cm2) as high as 200% compare to the
prototype

ferroelectric

perovskite

BaTiO3

(15-25 µC/cm2)

and

is

compatible

with

ferromagnetism.231 The tilt pattern of the LaVO3 layer can be manipulated by growing this structure
on different substrates and thus the HIF can be turned on and off,232 providing an unique play
ground to study the coupling between the centrosymmetric-noncentrosymmetric transitions and
MIT transitions. Ultrafast experiments can be performed at the verge of these transitions to study
the switching dynamics and explore hidden electronic states.

8.2 Study of the HMBE and growth window at atomic scale
As discussed in previous chapters, although the HMBE has been successfully applied to
the growth of various perovskite oxide thin films such as titanates,47,187 vanadates,64,205,233
stannate223,234 and even quaternary solid state solutions,206 little is known, at the atomic scale, as for
how this growth process happens, how the precursors decompose and the mechanism behind the
existence of the growth window. To investigate the atomic scale reaction mechanisms in this
process, reactive molecular dynamic simulations are needed. Some previous molecular dynamic
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studies exist to investigate the physical and chemical processes during CVD or MOCVD, but they
only focus on traditional semiconductors235,236 or the growth of graphene.237 Moreover, it is even
rarer to find atomic simulation study that investigates the origin of the absorption controlled growth
window either in the traditional semiconductors or in the growth of complex transition metal oxide
thin films. The only paper found was about the absorption controlled growth of GaAs.238

Figure 8-1. Possible reaction pathways for TTIP molecules physically absorbed on the growth front.
Image reproduced from Ref.57

Taking TTIP as an example, there are multiple interaction pathways between the TTIP
molecules and the substrate surface, as shown in Figure 8-1. The TTIP molecules in the gas phase
can first physically get absorbed on the surface, after which it can diffuse around on the surface
based on its mobility or desorb back to the gas phase from the substrate surface. If the chemical
environment permits, the TTIP molecules can also chemically decompose and reaction products
are formed such as TiO2, H2O and C3H6.239 It is experimentally observed that the decomposition
rate of TTIP is different on different terminations of the substrates. Taking SrTiO3 for example
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(with alternative SrO and TiO2 termination along the <001> directions), it found that the
decomposition rate for TTIP on SrO surface is approximately 40% higher than that on the TiO2
surface.57 This surface dependent phenomenon may be important to understand the mechanism of
absorption controlled growth.

Figure 8-2. Simulations of TTIP molecules on TiO2 substrate and SrO substrate to see the
termination effects on TTIP decomposition. The original input structures at 0 K are shown as well
as the structures in equilibrium at 300 K and 600 K.

In order to study the decomposition of TTIP and the effect of different surface terminations,
I have performed preliminary reactive molecular dynamic simulations based on the ReaxFF
method. This part of the work was carried out under the guidance of Prof. van Duin who is one of
the major inventors of this force field. As shown in Figure 8-2, initial structures were built including
TTIP molecules on top of either TiO2 or SrO substrates at 0K. Then the structures were heated up
to 300K and 600K. Very different behaviors of the TTIP molecules were found. For the TTIP
molecules on top of TiO2 substrate at 300 K, they formed islands presumably due to the high
interface energy and low association energy between TTIP and TiO2. On the contrary, TTIP
molecules on top of SrO substrate wetted the surface very well and uniformly covered it. This big
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contrast may provide some insights into the different decomposition behaviors experimentally
observed for TTIP decomposition on different surfaces. At 600 K, while TTIP molecules on TiO2
surface didn’t decompose, significant decomposition of TTIP on SrO surface was observed. It was
found that Sr atoms formed strong bond with Ti-O tetrahedra and were efficient in cracking TTIP.
Moving forward, quantitative calculations should be performed to compare the energy of different
configurations so as to explain why SrO is so efficient in cracking TTIP. Nudged elastic band
calculations should be performed to understand the decomposition path way of TTIP molecules on
different substrates. Moreover, how will the TTIP decomposition behavior change during codeposition of Sr and TTIP is also worth studying.

8.3 Controlling film stoichiometry by strain-driven kinetic demixing
In their thin film form, functional oxides, two dimensional materials and topological
insulators holds tremendous potential for next generation electronic, optical and optoelectronic
applications.201,240,241 In conventional film synthesis, one consequences of nonstoichiometric
deposition would be the segregation of secondary phases which act as electron traps and nonradiative

recombination

centers,

which

degrades

materials’

electronic

and

optical

properties.47,114,184,242 Hence, secondary phase segregation has been traditionally thought
detrimental to thin films’ synthesis and their performance.243 Different from their bulk counterparts,
the epitaxial strain applied by the substrate is a unique knob in thin film depositions to modify the
phase diagram and destabilize the unwanted secondary phases, e.g. the β phase shown in Figure 83 (a). If the lattice mismatch between the decomposition products is large (α and γ), it is expected
all the γ phase would segregate to film surface, leaving the underlying α film stoichiometric. A selfregulated growth should be achieved, where the film remains stoichiometric even under
nonstoichiometric growth conditions.
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Figure 8-3. (a) Strain is used to modify the phase equilibrium between α, β and γ phases. After the
strain is applied, the energy of the unwanted β phase is increased (red arrow), resulting in the
coexistence of α and γ. (b) If there is large mismatch between the α and γ phases, γ phase may
segregate to the film surface and can be easily washed away.

Besides providing guidance for new material discoveries,244–248 ab-initio studies have
demonstrated their critical role in understanding reaction and synthesis processes to make materials
with desired structure or functionalities, such as describing catalytic reactions,249 studying
semiconductor surface reconstructions250 and investigating the dynamic layering sequence during
oxide heterostructure deposition.251,252 As shown in Figure 8-4, we use first-principles density
functional theory (DFT) calculations to show the importance of strain effect in the case of SrVO3
and CaTiO3. Here the extra AO is represented by Ruddlesden Popper defects as observed
experimentally. We find that strain indeed changes the reaction direction involving the perovskite
and Ruddlesden-Popper (RP) phases, and the unfavorable secondary RP defects decompose into
perovskite SrVO3 (CaTiO3) phases and rocksalt SrO (CaO) phases. SrO (CaO) are likely to diffuse
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to the surface of the SrVO3 (CaTiO3) due to the large lattice mismatch strain, leaving the perovskite
film below stoichiometric.

Figure 8-4. First principle calculations of strained SrVO3, CaTiO3 and their RP systems. The energy
of unstrained and strained perovskite and RP systems were calculated. Binary oxides were chosen
as the reference state. Results calculated by Dr. Zi-Kui Liu group.
Figure 8-5 shows some preliminary results to support this hypothesis. Several SrVO3 films
were grown with increasing Sr to VTIP flux ratios, but they all have the stoichiometric composition
as demonstrated by the lattice constant that equals to the intrinsic value and the high resistivity
ratio, see Figure 8-5 (a). As demonstrate by the AFM results in Figure 8-5 (b), while the film grown
with the lowest Sr/VTIP ratio has an atomic flat surface (55 mTorr VTIP), increasing amount of
surface islands were observed for films grown with larger Sr/VTIP ratio. The surface islands were
found soluble in water, after which the atomic flat surface was revealed. The islands are likely to
be SrO based on the Sr-rich growth condition and the fact that SrO is the only water soluble phase
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in this system due to its highly polar nature. In Figure 8-5 (c), a figure is plotted to schematically
describe this process: During the thin film deposition, since the strained RP phase is not stable, the
excess Sr dynamically “float” to the film surface as rocksalt phase and leaves the SrVO3 film
stoichiometric under the SrO islands. The surface islands can then be easily washed away by water
and this strain-tuning method would largely decrease the difficulty in general for various deposition
techniques to control the stoichiometry of thin films for both fundamental science and industrial
applications.

Figure 8-5. (a) Three stoichiometric SrVO3 films in the growth window with the same Sr fluxes but
different VTIP fluxes. (b) AFM scans of the as-grown SrVO3 films and the surfaces after water
etching. (c) A schematic figure of the process shown in (b).
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