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Abstract

As one of the most promising candidates for next generation electronics, strongly
correlated oxide, vanadium dioxide VO,, has drawn widespread concerns due to their
intriguing features, which exhibits drastic metal-insulator transition (MIT) in the vicinity
of room temperature with four orders of magnitude in resistance variation. Field-triggered
electrical transport modulation utilizing a three-terminal field-effect transistor device
facilitates the research on control of MIT functionality, and provides the potential for
exploiting novel devices based on strongly correlated oxides.

In this thesis, I have investigated the electronic transport modulation properties
in VO, films and nanowires by applying an electric field utilizing a hybrid solid gate
insulator consisting of inorganic high-k oxide Ta,Os and organic polymer material
parylene-C, which provides less effects of lattice defects at gate/channel interface and
sufficient carrier doping.

My achievements are listed as follows:

(1) I successfully fabricated a hybrid gate insulator to verify the series
connection mode of capacitors in this structure. Through being applied to the band
semiconductor KTaOs;, the hybrid gate dielectric was demonstrated to possess
outstanding characteristics: excellent gate/channel interface due to the suppression of
formation of oxygen vacancies and charge trapping levels, providing higher breakdown
fields, and giant induced carrier density to sufficient electrostatic modulation resulting
from the high effective dielectric constant compared with only parylene-C gate

insulator.



2) I achieved electrostatic effect tailoring reversible and prompt
resistance switch in VO, thin films via hybrid gate insulator. Moreover, I observed the
maximum resistance modulation occurred near the transition temperature. Simultaneously,
I clarified that five-fold higher resistance change (~0.6%) induced by hybrid gate
insulator rather than parylene-monolayer gate originated from the promoted carrier
density. Additionally, I obtained a pronounced shift of transition temperature by applying
positive/negative gate bias.

3) I further enhanced sensitivity in resistance modulation through
decreasing the channel scale close to nanometer scale size (100 nm) in the
nanowire-based field-effect transistors (FETs) constructed by nanoimprint lithography. I
accessed the enhanced maximum resistance modulation (~8.6%) near transition
temperature. This value was ten-fold higher than that in VO, film-based devices. Such
enhancement in resistance modulation was well explained by the giant mobility
modulation in the edge part of nanowire-based FETs. Even though the stronger field
strength (1.5 folds stronger) distributed in the edge part yielded little enhancement of
carrier density, it would make the mobility enhance logarithmically on the basis of
Brinkman-Rice picture for correlated system. The achieved transport modulation ratio
in nanowire-based FETs is the highest one in the all-solid-gated devices so far.

This research provides a new avenue for pure electrostatic modulation in
strongly correlated oxides, and simultaneously supplies potential possibilities for
exploiting nano-devices based on strongly correlated oxides for next generation

electronics.
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CHAPTER 1

General introduction



1.1 Strongly correlated oxide vanadium dioxide

Over 10" of MOSFETs have been manufactured every year, which are
ubiquitous as the most common electronic devices in our life [1]. Recently, the
development of electronics industry has been hampered by miniaturization. According
to the Moore’s Law, the gate length of MOSFET has a logarithmic scaling because of
the limit carriers in conventional semiconductors [2-4]. In order to breakthrough this
problem, a number of recent efforts have been devoted to probe new replacements for
silicon devices [5-8]. As one of the most promising candidates, strongly correlated
materials have drawn much attention. A slight perturbation would induce electronic
phase transition due to change of strong electron-electron repulsive interactions in this
system. The consequence is the fascinating phenomena, such as high-temperature
superconductivity [9-10], colossal magneto-resistance (CMR) [11-12], metal-insulator
transition (MIT) [13-14], etc. Such system cannot be explained well by conventional
free electron band theory. Therefore, many attempts have been performed to reveal the
fundamental nature of strongly correlated system. In addition, the study on strongly
correlated system is inevitably regarded as the most important part in condensed matter
physics.

Vanadium dioxide (VO,) is one of the standard materials among the strongly



correlated materials, which has attracted widespread concerns due to the many
intriguing features. It is well known that not only possesses drastic metal-insulator
transition behavior in the vicinity of room temperature 340 K in bulk crystals, but also
exhibits four orders of magnitude in resistance change [15-17]. Figure 1.1 a. shows the
electrical resistance of a VO, thin film. This transition is a first-order phase transition
accompanied by a structural change from high-temperature tetragonal lattice with
half-filled conduction band to low-temperature monoclinic structure with a band gap of

e, = 0.6 eV [18-19] as plotted in Figure 1.1 b.
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Figure 1.1 (a) MIT property in a typical VO, thin film [20]; (b) The corresponding
monoclinic (M1) in insulating state and rutile (R) lattice in metallic state. The unit cells
are shown (dashed yellow lines) to indicate the effective doubling of the M1 cell

compared to the R phase [19].

Otherwise, the timescales of optical switching upon transition is typically
picosecond or faster [21-22]. These abundant characteristics make VO, suitable for
practical applications in various fields such as smart windows [23], switches [24],
memory [25], infrared detectors [26], and thermal sensors [27]. Among the numerous
applications of VO,, a field-triggered phase transition near room temperature provides
the potential for novel electronics. The earliest research on field-driven MIT can be

traced back to the early 1970s [28]. The continuous resistance switching behavior was
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reported with nonlinear I-V characteristics. This phenomenon perhaps doesn’t coincide

with electrical triggering MIT, but the possibility of a current-induced heating effect

was regarded as the primary [29-30]. In recent years, a three-terminal device field-effect

transistor (FET) facilitates the research on clarifying electrical triggered or heating

induced MIT through an introduced field by external gate voltage to minimize the

current-induced heating [31-33].



1.2 Electrostatic carrier doping

An electrostatic carrier doping utilizing a FET is a powerful tool to probe their
fundamental nature in correlated electron oxides. In terms of chemical doping, using
metal element dopants to change the properties is an irreversible process [34-35]. In
contrast, electrostatic doping provides continuous and reversible changes of carrier
density without introducing any chemical impurity or disorder [36]. Moreover, the
electronic, magnetic and optical properties can be controlled by an electric field, which
offers high potential for practical application based on strongly correlated system.
Figure 1.2 a. depicts a typical FET schematic. A classic FET is a three-terminal device,
in principle, which works depending on the conductivity control of the channel layer
between source and drain electrodes. A gate insulator inserted between channel layer
and gate electrode is responsible for carrier modulation. When a positive/negative gate
voltage is applied, the charges will be induced at the channel surface, and the number of
the accumulation charges is depended on the operating gate bias Vg and capacitance of
gate insulator C, Q = CVj. Such a three-terminal device is regarded as to effectively
suppress the current-induced heating effect.

The electrostatic carrier doping is descripted by typical band structure. Figure

1.2 b. plots the classic MOSFET energy band diagram for n-type channel structure. For



gate voltage V=0 V, majority and minority carriers are equilibrium. Majority carriers

(electrons) will be accumulated on the surface of channel layer by a transverse electric

field induced by a positive gate voltage, and the band bends down to the Fermi level Eg.

This process is called accumulation. When a small negative voltage is applied, majority

carriers (electrons) will be depleted. At this moment, the band is bending up and the

intrinsic energy is close to the Fermi level Ef, which is depletion. With the rise of

negative bias, the band bends continuously even upward. The intrinsic level E;crosses

the Fermi level E¢. In other words, minority carriers (holes) would be accumulated on

the surface rather than majority carriers (electrons), so it is called inversion. For p-type

channel materials, the majority carriers and minority carriers will exchange each other.
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Figure 1.2 (a) cross-section of a typical FET schematic; (b) Energy band diagram of a

classic MOSFET for n-type channel structure.

In principle, electrostatic carrier doping using FETs in correlated system is the
same as MOSFET. However, quite thin charge accumulation or depletion layers will
form at the interface, limited less than 10-nm-thick by high carrier density (~10* cm™),
corresponding to Thomas-Fermi screening length A.. Thus, to effectively utilize this
thin interfacial layer, the smooth interface without defect and impurity between channel
layer and gate insulator should be required. If sufficient carrier density can be induced

by an electric field, unprecedented physical properties, namely, electric phase transition



3

would appear in the range of 10'°-10 ¢m ™ accumulation carriers as descripted in

Figure 1.3.
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Figure 1.3 Nontrivial properties of the materials as a function of their sheet charge

density [1].

According to these two factors, the large modulation should be tailored by gate
insulator, which can offer a low density of charge trapping at the interface with the
oxide channel, and possess high dielectric constant and large breakdown field. However,
to date, the conventional dielectrics have been always restricted by large leakage current,
and emergence of oxygen defects yielded during the gate dielectrics deposition [37]. As
a powerful means, electrolyte gating with ionic liquid has triggered approximately 10"
cm * sheet carrier density [38-39]. Actually, it has been indicated not suitable for
integration of semiconductor technology; and in some cases, an irreversible and slow

conductance modulation indicates the presence of electrochemical reaction in EDLT



[40-41]. With a perspective towards electronic devices, there has been an enduring
appeal to replace the ionic liquid with a solid gate dielectric and realize the functional
phenomena in all-solid structures [42]. Most spectacular was focused on an organic
polymer dielectric, parylene-C, which can be deposited on various materials at room
temperature by a friend fabrication approach chemical vapor transport technique.
SrTiO; FETs fabricated with parylene-C were reported to show better FET
characteristics especially at low temperatures than those fabricated with oxide-based
gate dielectrics [43]. The less effect of lattice defects due to the suppression of oxygen
vacancy formation and charge trapping at the gate/channel interface are considered to be
the origin of the improved FET characteristics. One of the important steps to utilize
parylene-C for other oxide systems is to increase the induced carrier density, which
remains as small as 10'* cm™> due to its low relative dielectric constant of ~3.15.
Recently, A. B. Eyvazov et al. demonstrated that the overlay deposition of a high-k
oxide onto parylene-C results in an enhancement in the carrier density up to ~10"> cm™
for SrTiO3 FETs [44]. This new gate design can be potentially used for various oxides,
and it is worth investigating the electrostatic charging mechanism in the hybrid

structure.
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1.3 Scope of this dissertation

The originality of this study is to investigate the electrostatic modulation in
strongly correlated oxide VO, thin films and nanowires by synthesizing a hybrid gate
insulator consisting of inorganic high-k material Ta,Os and organic polymer material
parylene-C. This thesis is divided into six chapters. The general introduction of this
research is presented in Chapter 1, including the fundamental characteristics of strongly
correlated oxide VO, and the feature of electrostatic carrier density control. The
experimental and analysis methods employed in this work, such as pulse laser
deposition, chemical vapor deposition, nanoimprint lithography, electrical measurement
means and so on, are introduced in Chapter 2. In this dissertation, we have addressed
three issues in the following ways: First, a hybrid gate structure is fabricated to evaluate
its dielectric properties through being applied in the band semiconductor KTaO; as
described in Chapter 3. Subsequently, the transport modulation of strongly correlated
oxide VO, thin films was studied by employing such hybrid gate insulator, reported in
Chapter 4. About the third part, as Chapter 5 described, the enhancement of transport
modulation of VO, via decreasing channel scale size to nanometer was discussed. In
addition, analysis of the origin in enhanced transport modulation for nanowire-based

device was performed using an electric field distribution simulation and Brinkman-Rice

11



pictures [45]. Finally, I summarized all the achievements, and gave the prospective for

application of hybrid gate insulator and exploitation of novel devices based on strongly

correlated oxides in the last chapter.
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CHAPTER 2

Fabrication and characterization
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2.1 Sample preparation

In this study, the channel oxide VO, thin films were fabricated by pulsed laser
deposition (PLD), and combined with nanoimprint lithography to synthesize VO,
nanowire channels. In addition, the first layer of hybrid gate insulator, parylene-C was
grown onto the substrate held at room temperature by chemical vapor deposition. The
overlay Ta,Os was prepared using rf-sputtering. The electrodes for device were
patterned utilizing two methods: stencil mask and photolithography. The details of these
methods are introduced in following parts.

2.1.1 Pulsed laser deposition method

Pulsed laser deposition (PLD) has become popular in research laboratories as
an extremely simple technique of producing thin films of materials. Using laser to
ablate material can be traced back to 1962. Breech and Cross vaporized and excited
atoms from a solid surface by ruby laser [1]. And three years later, Smith and Turner
recognized high-powered pulsed laser could be used for fabricate films, which marked
the beginning of the development of pulsed laser deposition technique [2]. Factually,
this method has attracted much attention after the success of high-temperature
superconducting films YBa,CuzO; in 1987 [3]. According to the requirement for

exploiting novel material, pulsed laser deposition has been employed to fabricate single

19



crystalline thin films with epitaxy quality, such as ceramics, nitrides, metallic

multilayers, even supper-lattices in recent years [4-7].

Figure 2.1 shows a schematic for a typical experimental arrangement for pulsed

laser deposition technique. A high-powered pulsed laser beam is focused on a target in a

vacuum chamber to vaporize material used as an external energy source. Atoms

vaporized from the target are deposited to form a film on a substrate. Laser parameters,

such as wavelength, pulse repetition frequency or duration affects the deposition rate

and the quality of films. The substrate temperature is influential to the diffusion length

of atoms. The introduction of ambient gas, such as oxygen which is commonly used for

oxides deposition, is also an important factor for stoichiometry of films.

Figure 2.1 An image for a typical experimental arrangement for pulsed laser deposition

technique.
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In my research, VO, thin films have been epitaxial grown on TiO; (001) single
crystal substrates by pulsed laser deposition method (ArF excimer laser, A=193 nm)
with pulse repetition frequency of 2 Hz. The substrate temperature was kept around
450°C in an oxygen flow of 1 Pa. The deposition rate was about 15~40 nm per hour.
The thickness, surface morphology and crystallization were investigated by atomic
force microscopy (AFM) and x-ray diffraction, which was depicted in section 4.2.
2.1.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is a materials synthesis process through
chemically reaction of a volatile reactant, with other gases, to produce nonvolatile solid
films that deposits on a substrate [8-9]. A feature of CVD is versatile for fabricating
simple and complex compounds at relative low temperatures.

In this research, the first layer of hybrid gate structure, parylene-C, was
synthesized by chemical vapor deposition. The parylene-C deposition process follows
Gorham’s method [10]. It consists in three steps: 1) vaporization of dimer (the raw
dix-C is sublimated to a dimer vapor by heating it up to a temperature of about 120°C);
2) pyrolysis (the dimer vapor is then passed through the quartz tube and broken to
reactive monomers at 700°C); 3) polymerization (the monomer is introduced onto the

substrate held at room temperature to form polymer structure). By taking advantage of
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this friendly synthetic method, organic polymer parylene-C has been synthesized on the

channel oxides to suppress the surface damage.

1]
Rotary
e um
Heater TR | P
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Figure 2.2 Schematic illustration of CVD technique.
2.1.3 Radio frequency sputtering

Radio frequency sputtering (rf-sputtering) is also one kind of popular
manufacturing equipment to fabricate films. This method is alternative to evaporation
first discovered in 1852 [11], and was developed as a thin film deposition technique by I.
Langmuir and K. H. Kingdon in 1920. Figure 2.3 shows a typical set-up of rf-sputtering
equipment. The sputtering gas such as argon, oxygen, and so on, is inserted into the
chamber directly. Through yielded plasma to ionize the gas atoms, ions break the target
material into small particles, and accumulate onto the substrate. An important advantage
of rf-sputtering is not to be confined in laboratory research, always applied into large

industry. Recent years, it has been reported to advanced technique, such as epitaxial
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growth [12-13].

In this study, overlay Ta,Os of hybrid gate insulator was fabricated by

rf-sputtering from a ceramic target Ta,Os doped with 10at% Y,0;. The Y-doping was

employed to enhance the breakdown field without dielectric constant change [14]. The

deposition was carried out at argon ambient, and rate was controlled at 15 nm / min.

Cerarnlc Target

| I
‘ Substrate ‘

Figure 2.3 A typical set-up of rf-sputtering equipment.
2.1.4 Nanoimprint lithography

Nanoimprint lithography (NIL), first invented in 1995 [15], is a
nonconventional lithographic technique as a high throughput, great precision and low
cost alternative to photolithography and e-beam lithography. Unlike the traditional
lithographic methods, NIL is based on the principle of mechanically modifying a thin
polymer film using a template (mold) containing the micro/nanopattern, in a

thermo-mechanical or ultra violet (UV) curable process [16-17].
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Figure 2.4 Schematic of UV-NIL process.

In my study, the UV-NIL has been employed. A feature is to reduce surface
contact contamination or defect without applying high external pressure [16]. UV-NIL
process includes two steps as shown in Figure 2.2. The first step is imprint. UV-curable
resist is spin-coated onto the substrate, and then a mold pattern with nanostructures is
pressed into the resist cast with UV. Followed by demold process, the nanostructures
pattern is moved on the substrate. It is noted that during the imprint step, the resist is
heated to a temperature above its glass transition temperature. The second step is the
pattern transfer using reactive ion etching (RIE) approach. Firstly, the oxygen RIE

process is done with a power of 50 W, a pressure of 4 Pa, and oxygen gas with a flow of
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70sccm for 150 seconds to remove the residue resist in the compressed regions. Then

SF¢ gas is utilized for VO, etching (60 W, 1 Pa, 10sccm, 10 sec). We examined the

nanowire structure and width using a scanning electron microscope (SEM), which is

reported in section 5.2.

2.1.5 Pattern methods

1. Shadow mask method:

Generally, a high resolution pattern is critical for FETs. Pattern methods have

developed with the enhanced requirements for devices precision. In my research, two

kinds of FET pattern method were used: shadow mask and photolithography. In thin

films case, a primitive shadow mask method was employed, which can effectively avoid

sample damage resulting from any organic resist. FET electrode patterns were

fabricated on the surface of channel oxides (KTaO; (001) single crystal or VO, (001))

through 10 pm thick stainless steel stencil masks. As it was directly put on the sample

surface, to preclude any contaminants the mask, the shadow mask was washed by

Isopropyl Alcohol (IPA) in ultrasonic wave, and kept a few intervals to sample surface.

It is noted that the interval between shadow mask and sample surface cannot be too

large, otherwise it would yield a blunt edge even though extended as large as several

microns [18].
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2. Photolithography:

The facile stencil mask approach is restricted in hundreds of microns because

of the strict mask alignment technique and low resolution of pattern itself, thereby,

photolithography method substitutes the stencil mask to fabricate nanowire FET pattern.

The photolithography is good precision process of transferring patterns of geometric

shapes as a photomask to a light-sensitive photoresist covering on the sample surface

[19]. According to the different requirements, the photomask can be adjusted each time

due to its organization from computerized design, and the resolution limit is

approaching to 10 nm. In the present work, we used positive photoresist AZ5206E to

satisfy the requirement of nanowire device for high sensitivity, and high resolution. This

method is suitable for large-scale and large-lot production.
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2.2 Electrical measurement methods

To perform electrical measurement for different samples, two measurement
systems were set up in this research. The device behavior of KTaOs-based FETs was
investigated by prober measurement system at room temperature in air ambient. While,
for VO, film and nanowire active channel, an apparatus included a Peltier-based
temperature stage was exploited.

2.2.1 Prober measurement system

Figure 2.5 shows the schematic view of prober measurement system. The
prepared device was put on the prober stage held in air at room temperature. The three
terminals of a FET were contacted by probers, which connected to Keithley 2614B

source-meter unit.

Figure 2.5 Prober apparatus for film-based FET measurement
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2.2.2 Peltier-based temperature stage

An apparatus set up for researching the electrical transport characteristics of
VO, film and nanowire channel depicted in Figure 2.6, which included a Peltier-based
stage (T95, Linkam) to control temperature, a source-meter (2635A, Keithley) to
measure source/drain voltage Vp, Keithley 236 source-measure unit to monitor gate
voltage V. Temperature dependent and gate bias dependent electrical properties can be
investigated simultaneously. Nitrogen gas is supplied to prevent VO, surface from

humidity.

Peltier stage

, / Sample W

P "
. .

Figure 2.6 A view of Peltier stage.
2.2.3 Capacitance measurement

All the capacitance of gate insulators were performed by the prober
measurement system assembled with Agilent E4980A precision LCR meter. Agilent

E4980A precision LCR meter supplies two types of capacitance measurement circuit
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modes: parallel equivalent circuit mode and serial equivalent circuit mode, described in
Figure 2.7. For the case of small capacitance, it owns high impedance, which would
cause the impact of parallel resistance Rp to be far larger than that of the serial
resistance Rs, thus Rs can be neglected. Contrarily, in the case of large capacitance, the
low impedance would influence the serial resistance Rs larger than that of parallel

capacitance Rp, thus Rp can be neglected. In my research, parallel mode was employed.

Rp

A

Figure 2.7 Capacitance measurement circuit modes.

A gate insulator was fabricated on a MgO (001) substrate, which was deposited

Pt/Ti as ohmic contact. And finally Au film was evaporated for top electrode to

constitute metal-insulator-metal (MIM) structure as a parallel capacitance to

characterize gate dielectrics. When ¢ is much smaller than the plate dimensions, the

Ep& .
2T A, where g is the

value of the capacitance can be approximated as: C = ,

permittivity of the vacuum (8.85 x 1072 F/m), &; is the relative dielectric constant of the

gate dielectrics, A is the area of the electrodes, and ¢ is the thickness of the dielectrics.

29



According to the formula, the value of ¢ for each dielectric can be calculated through

measured C and known parameters. The relative dielectric constants for parylene-C and

Y: Ta,Os in this research were estimated 3.25 and 21.5 through the measured

capacitance values at 1 kHz as Figure 2.8.

T T T T 100F T T T T
107191 Parylene-C (180 nm) | Y: Ta,O5 (110 nm)
& | & o5t 1
3 3
5 % ]
E 101! 94 X %0 _w
O 8 851
1012L | ! 1 | [ 80t | | I | |
10" 102 10° 10" 10° 10° 10" 10 10° 10" 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 2.8 Capacitance measurement results for parylene-C and Y:Ta,Os dielectric.

30



2.3 References

[1]

[10]

[11]

F. Breech and L. Cross, Appl. Spect. 16, 59 (1962).

H. M. Smith and A.F. Tuner, Appl. Opt. 4, 147 (1965).

D. Dijkkamp, T. Venkatesan, X. D. Wu, S. A. Shaheen, N. Jisrawi, Y.

H.Min-Lee, W. L. Mclean, and M. Croft, Appl. Phys. Lett. 51, 619 (1987).

R. D. Vispute, H. Wu, and J. Narayan, Appl. Phys. Lett. 67, 1549 (1995).

J. Shen, Z. Gai, and J. Kirschner, Surf Sci Rep 52, 163 (2004).

M. Basletic, J.-L. Maurice, C. Carretero, G. Herranz, O. Copie, M. Bibes, E.

Jacquet, K. Bouzehouane, S. Fusil, and A. Barthelemy, Nature Mater. 7, 621

(2008).

T. Uozumi, K. Shibuya, T. Ohnishim T. Sato, and M. Lippmaa, Jpn. J. Appl.

Phys. 45, 830 (2006).

M. L. Hitchman and K. F. Jensen, in Chemical Vapor Deposition, eds. M. L.

Hitchman and K. F. Jensen, Academic Press, New York, Chapter 1, (1989).

C. F. Powell, J. H. Oxley and J. M. Blocher, Vapour Deposition, The

Electrochemical Society, Pennington NJ, (1966).

W. F. Gorham, J. Polym. Sci. 4, 3027 (1966).

W. R. Grove, Philos. Trans. R. Soc. London, Ser. A 142, 87 (1852).

31



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

H. Adachi, T. Mitsuyu, O. Yamazaki, and K. Wasa, J. Appl. Phys. 60, 736

(1986).

J.-H. Lim, C.-K. Kang, K.-K. Kim, I.-K. Park, D.-K. Hwang, and S.-J. Park, Adv.

Mater. 18, 2720 (2006).

H. Fujikawa, and Y. Taga, J. Appl. Phys. 75, 2538 (1994).

S. Y. Chou, P. R.Krauss, and P. J. Renstrom, Appl. Phys. Lett. 67, 3114 (1995).

S. Y. Chou, P. R.Krauss, and P. J. Renstrom, Science 272, 5258 (1996).

L. J. Guo, Adv. Mater. 19, 495 (2007).

H. Nakamura, H. Takagi, I. H. Inoue, Y. Takahashi, T. Hasegawa, and Y. Tokura,

Appl. Phys. Lett. 89, 133504 (2006).

J. A. Rogers, K. E. Paul, R. J. Jackman, and G. M. Whitesides, Appl. Phys. Lett.

70, 2658 (1997).

32



CHAPTER 3

Synthesis and characterization of
hybrid gate insulator
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3.1 Introduction

Electrostatic control of charge carrier density using a field-effect transistor
(FET) structure is an attractive method for the exploration of novel electronic phases in
transition-metal oxides. Recent experiments using electrochemical electric-double-layer
transistors that employ an ionic liquid as the gate dielectric have demonstrated
field-induced insulator-metal transition [1-3], nonmagnetic-ferromagnetic transition [4],
and superconducting transition [5] in oxides whose properties crucially depends on the
carrier density. With a perspective towards electronic devices, there have been
increasing attempts to replace the ionic liquid with a solid gate dielectric and realize
those functional phenomena in all-solid structures [6]. For the gate dielectric, a large
electrical capacitance and a low density of charge trapping at the interface with the
oxide channel are essential to efficiently accumulate charge carriers on the surface of an
oxide. In perovskite-type oxides, for example, high-k oxides [7] and ferroelectric oxides
[8] hetero-epitaxial grown on the oxide channel have been widely used. As the variety
of channel materials expands, however, there 1s a growing demand for the gate dielectric
material that can be formed onto more kinds of materials instead of being restricted by

hetero-epitaxial growth conditions.
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One potential candidate is an organic polymer dielectric, parylene-C, which can
be deposited on various materials at room temperature by a chemical vapor transport
technique. SrTiOs; FETs fabricated with parylene-C were reported to perform better FET
characteristics especially at low temperatures than those fabricated with oxide-based
gate dielectrics [9]. The reduced activity of lattice defects due to the suppression of
oxygen vacancy formation and charge trapping at the gate/channel interface is regarded
as the origin of the enhanced FET characteristics. Nevertheless, it is known that due to
the low relative dielectric constant (~3.15), the utilizing of parylene-C would severely
restrict the induced carrier density in the channel (~10'? cm ). Therefore, a strategy to
integrate the merits of high-k oxide and the universal nature of organic polymer
deposition is on demand. Recently, A. B. Eyvazov et al. demonstrated that the
over-layer deposition of a high-k oxide onto parylene-C results in an enhancement of
the carrier density up to ~10"> cm™? for SrTiO; FETs [10]. A feature of this approach is
potentially to be utilized for any materials, and to be hence expected to broaden the
application range of oxide-based FETs. In this part, I attempted to evaluate the

characteristics through revealing the connection mode of hybrid gate structure.
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3.2 Fabrication of hybrid gate insulator

3.2.1 Parylene-C

Parylene is a generic name for a variety of poly (p-xylylene) polymers and its
derivatives, including parylene-C, parylene-D, parylene-N, and so on. Figure 3.1 shows
the chemical structures of the major members in the parylene variants. The parylene-N
is a linear and highly crystalline polymer. The parylene-C has one chlorine molecule
substituted on the aromatic ring. The parylene-D has two chlorine groups per repeat unit.
Among them, parylene-C with higher hydrophobic is the most popular choice as an
encapsulation moisture barrier for biomedical devices and variety anticorrosion
applications, because it can inhibit adsorption of both water vapor and oxygen present
in ambient atmosphere [11]. Moreover, parylene-C is conformal, insoluble in common
solvents such as acetone, isopropyl alcohol [12]. Furthermore, growth method in gas
phase polymerization makes parylene-C absolutely uniform and conformal on all
surfaces to provide a pinhole free, which is satisfied with the critical requirement for
electronic devices [13]. In this research, the select reason for parylene-C is that it
possesses the highest relative dielectric constant, dielectric constant in variant with
frequency and higher hydrophobic. Meanwhile, thin parylene-C was reported also to

have superior higher thermal stability, dielectric strength, and electrical insulation
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characteristics as gate insulator, resulting in the best FET performance [14-16].

Cl

ci ci
cn-l;@cm CH: CH: cm@cm CF2©CF2

n c n n n

Figure 3.1 Chemical structures of major members in the parylene family.

However, parylene-C cannot provide sufficient carrier density for correlated
oxides, due to its low relative dielectric constant (¢=3.25). High-k material Ta,Os was
hence synthesized as overlay to be responsible for the enhancement of carrier density.
3.2.2 Connection mode for hybrid gate insulator

We first characterized Ta,Os/parylene-C gate insulators by means of
capacitance measurements, with the setup shown in the inset of Figure 3.2. The hybrid
gate insulator was fabricated as follows: A parylene-C dielectric layer was deposited by
CVD on a Pt/Ti/MgO(001) substrate held at room temperature, and then a Y: Ta,Os
amorphous layer was grown by rf-sputtering. Finally, a 20-nm-thick Au film was
evaporated for a top electrode.

We varied the thicknesses of Ta,Os and parylene layers, ¢r and #p, and measured
the capacitance C to derive the effective relative dielectric constant (&s) of the hybrid
gate insulator. Figure 3.2 displayed &g calculated from the measured C; using the

Eofeff

following relation: Cg = i where tt and f#p the thicknesses of Y: Ta,Os and
TTLP
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parylene-C layers, respectively. & monotonically increased with decreasing the ratio of

tp against the total thickness #r + tp, and became very close to the relative dielectric

constant of Y: TayOs (~21.5) as #p/(¢t1 + tp) approached to zero. The dashed line in the

figure represented the result that calculated according to the series capacitor model

through two measured relative dielectric constants of parylene-C and Y: Ta,Os

monolayer. And it showed an excellent agreement with the experimentally obtained &gy

These results indicated that the present hybrid system matches quantitatively with the

series connection description as reported in organic material devices [17-18], and the

thickness control of the two component dielectric layers was the key to enhance

capacitance of the hybrid gate insulator.

An

Y-doped Ta,0; (&)
Parylene-C (1p)

PtTiMgO

Figure 3.2 Variation of effective relative dielectric constant versus the ratio of #y: 205 to
the total thickness ty. tax0st fparyiene. Inset is the cross-sectional architecture of hybrid

capacitance fabricated on single crystalline MgO(001) substrate.
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3.3 Evaluation of hybrid structure employing band
semiconductor KTaO;

3.3.1 Device preparation

In order to illustrate the characteristics of as-prepared hybrid gate insulator,
potassium tantalum oxide KTaO; with typical cubic perovskite structure has been
chosen as a prime candidate for active channel layer. KTaOs is an n-type semiconductor
with a band gap of 3.8 eV and, due to the broad conduction band mainly composed of
spatially extended 5d orbitals, shows a relatively high mobility as a transition-metal
oxide [19-20]. At first, a dimension of 5 x 5 x 0.5 mm” single-crystalline KTaO3 (001)
substrate (as purchased from Shinko-Sha Co.) was annealed at 700°C in oxygen
ambient for one hour to obtain an atomically flat surface [21-22]. Surface treatment was
well known to be critical to reduce the diffusion and charge trap, and make an atomic
layer-by-layer growth of transition metal oxides possible [23-24]. Subsequently, a
20-nm-thick Al film was deposited onto a KTaOj3 substrate to serve as source and drain
electrodes by stencil mask patterning, and following the hybrid capacitor was formed
onto the channel to dope charge carriers. Figure 3.3 a and b displayed the schematic
device structure and top-view photograph of KTaOs-based FET, and the cross-sectional

scanning electron microscope (SEM) image of a Y: Ta,Os/parylene-C/KTaOs5 structure,
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respectively. The channel size of the device was 200 pm x 400 pm. Electrical

measurements were carried out at room temperature in air utilizing the prober

measurement equipment.

KTad3 (001)

I Vo 777

Figure 3.3 (a) Schematic device structure and top-view photograph of a KTaO;
based-FET with hybrid gate insulator; (b) Cross-sectional scanning electron microscope

(SEM) image of hybrid gate dielectric/KTaO3; FET.
3.3.2 FETs performance at room temperature

The electrical measurement illustrated the superior performance of hybrid gate
FETs compared to the Ta,Os monolayer and parylene-C monolayer insulator counterpart.
Figure 3.4 a depicted the gate leakage currents (/g) versus sheet carrier density (#sheet),

CSeVG, for the hybrid and Y: Ta,Os monolayer gate insulators.

which was estimated via
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Here V7 is the operating gate voltage, e is the elemental charge. We selected ngpeer as the

variable because it was more convenient for comparing the performance of FETs with

different capacitances and the operating voltages. The gate leakage current for the

devices with parylene-inserted hybrid gate insulator and parylene-C monolayer was a

few orders of magnitude lower than that of Y: Ta,Os monolayer one under same 7gheer.

Such a beneficial decrease is attributed to the protective function of parylene-C towards

the channel surface and suppression of the damage of the over-layer Y: Ta,Os during

sputtering. Meanwhile, the insertion of polymeric parylene-C was identified to have

impacted on the improvements of device performance. In Figure 3.4 b, the measured

drain-source current (/p) was also plotted as a function of ngeer With a drain-source

voltage (Vp) of 1 V. Ip increased dramatically as the addition of ngpee, indicating n-type

channel characteristics. In contrast to the case of Y: Ta,Os monolayer device, Ip at zero

gate voltage was below 0.02 nA for the 70-nm-thick parylene-C-inserted hybrid device.

It suggested that the introduction of the organic layer reduced the magnitude of off-state

leakage current by nearly one order. In other words, the inserted parylene-C layer

sufficiently suppressed the channel oxides defects and reduced the interface trap state

densities.
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Figure 3.4 (a) Gate leakage current /g versus sheet carrier density ngheer for Y: TayOs
(210 nm)/Parylene-C (70 nm) hybrid gate dielectric (red triangles), parylene-C (350 nm)
monolayer gate dielectric (green circles), and Y: Ta,Os (315 nm) monolayer gate
insulator (blue square); (b) Drain-source current /I, plotted against sheet carrier density
Nsheet fOr hybrid gate insulator with 70-nm-thick parylene-C insertion (red triangles) and

the monolayer Y: Ta;Os one (blue square) with the similar total thickness of 300 nm.
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Quantitatively, the on/off ratio for hybrid gate KTaO; FETs has been enhanced
to be 4.5 x 10° at ngee= 2 * 10'% cm 2 as long as the device entered the saturation state,
compared with 3.13 X 10? at same value of Ngheet fOr Y: Ta,Os monolayer-gated device.
Meanwhile, the maximum on/off ratio of the hybrid insulator-gated FET even exceeded
10°. Simultaneously, we stress that there exists a lower limit of parylene-C thickness,
which is in the vicinity of 10 nm. The physical mechanism is that the pinholes in
ultra-thin parylene-C may cause damage to the channel surface during the Y: Ta,Os
sputtering process. Hence, the off-state leakage current would arise steeply for ultra-thin
parylene-C devices to degrade the device performance.

Figure 3.5 a-e summarized the output characteristics, Ip versus Vp of KTaO3
FETs with diverse gate insulator component ratios under varied operating gate voltage
(V). In Figure 3.5 e, for the FET with Y: Ta,Os monolayer gate dielectrics, /p showed
linear performance at low positive Vp, while a clear saturation is observed at high Vp.
On the other hand, for the parylene-C monolayer case (shown in Fig. 3.5 a), the required
operating voltage was about 78 V to reach an on-state /p of 200 nA (Vp =5 V), owing to
the low relative dielectric constant of parylene-C. Moreover, the operating gate voltage
of the KTaO; FETs with 70-nm-thick parylene-C (Fig. 3.5 b) as the inserted hybrid gate

insulator was approximately 20V at the same on-state /p, which is larger than the
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previously reported result (4V on Al,O3;/KTaOs [25]). We further decreased the
thickness of the parylene-C to 40nm and 10nm while fixing the overall dielectric
thickness, as depicted in Figure 3.5 ¢ and d. Consequently, the operating voltage
required to trigger a drain-source current of 200 nA was reduced to 14V and 9V,
respectively. The operating voltage of the 10-nm-thick parylene-C FET was similarly as
low as that of the Ta;Os monolayer one (Fig. 3.5 ¢). In addition, for the three devices
with different thicknesses of hybrid gate dielectrics, the operating voltages in the linear
region (Vp=1V, Ip=50nA) are approximately 9 V (Fig. 3.5 d), 14 V (Fig. 3.5 ¢), and
20V (Fig. 3.5 b), respectively. Since Alp was considered to be similar for the three FETs
in the linear regime, Alp was proportional to the induced carrier concentration An,
which is equal to the product of the capacitance and operating voltage. Thereby, the
operating voltages results were found to be consistent with the trend of the capacitance
for the three FETs, which are validated to be 54 nF/cmz, 36 nF/cmz, and 28 nF/cmz,
respectively. These results suggested that the presence of the hybrid gate insulator was
fully in accordance with the series model for the device, and thus made it possible to

reduce the operating gate voltage by decreasing the parylene-C thickness.
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gate insulators.
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3.3.3 Conclusion

In summary, we have fabricated the hybrid gate insulator consisted of inorganic

high-k material Ta,Os and organic polymer parylene-C, and illustrated high capability

and connection mode of the hybrid gate insulator by application in transition metal

oxide KTaOs. According to the comparison of hybrid gate insulator-gated device with

Ta;Os monolayer insulator one, the dominant contributing factor of organic polymer

parylene-C was investigated and parylene-C was indicated to suppress the channel

surface damage effectively. Simultaneously, we have demonstrated the feasibility of

lowing operating voltage via controlling the thickness of parylene-C in hybrid gate

dielectrics FETs. The demonstrated step is critical towards practical applications, since

the fabricated hybrid gate dielectrics structure can be integrated with various channel

oxides and to facilitate the understanding of physical properties at low temperature for

strongly correlated oxides.
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CHAPTER 4

Electrostatic carrier doping in VO,
thin film channels
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4.1 Introduction

As mentioned in chapter 2, study on electrostatic carrier doping utilizing a
field-effect transistor structure (FET) has developed a new branch to probe underlying
physics in condensed matter physics in the last decade. A unique feature of this
approach is to supply a continuous carrier doping without introducing any disorders and
impurities. Much effort has been attempted and obtained nontrivial phenomenon in
strongly correlated materials, from the initial stage Ba,Las«CusOs 3.y [1], LaMnOs [2]
to recent SrRuO; [3], MoS, [4], and so on. Vanadium dioxide (VO,) as a prospective
candidate, which possesses a dramatic resistance change from the insulating monoclinic
phase to the metallic rutile phase at Ty=340 K, has attracted considerable attention. Its
original mechanism of metal-insulator transition (MIT) has still under intense debate
[5-8]. Pure electrostatic doping approach hence would provide an avenue to clarify the
physics of VO, without inducing any impurity originating from chemical reaction to
structure variation. However, so far few reports have focused on VO,-based FETs
stemmed mainly from the gate dielectrics for FETs. For instance, the conventional gate
schemes, like Si0; [9], Al,O3[10], and HfO, [11], were susceptible to atomic mixture at
interface or the defects of channel surface induced in the conventional fabrication

process. Meanwhile, recent researches of MIT induced in VO, by electric double layer
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transistor (EDLT) have been demonstrated to tailor giant sheet carrier density approach
to 10'* cm 2 [12-14], while open question about the existence of chemical reaction still
remains. Therefore, it is necessary to employ a robust dielectric for gate layer, in order
to not only lower the interface trap density, but also trigger huge sheet carrier density. In
this chapter, I attempted to trigger carrier transfer modulation in VO, thin films by
hybrid gate dielectric-gated FETs, excluding the impacts of joule-heating effect and

chemical reaction.
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4.2 Characterization of VO, thin films

4.2.1 Substrate treatment

In this research, high quality VO, thin films were epitaxial deposited on rutile
TiO; (001) single crystal substrates by pulsed laser deposition method (ArF excimer
laser, A=193 nm). The substrate temperature was kept around 450°C in an oxygen flow
of 1 Pa. The reason for choosing TiO, (001) substrate is that the MIT temperature of
VO, films grown on TiO, (001) substrate was reported close to RT, and the abruptness
of MIT was higher than that deposited on other substrates, i.e. Al,O3 (0001) [15], n-type
doped Si (001) [16]. Although a tensile stress along a-axis of VO, films was yielded due
to the lattice mismatch (0.86%) with TiO, (001), as summarized in Table 4.1, the value
of lattice mismatch was further smaller than that with sapphire substrate (4.49%) [17].
X-ray diffraction revealed high quality and c-axis crystallographic orientation of VO,
thin film [18], as shown in Figure 4.1. Inset showed a cross-sectional high-resolution

transmission electron microscopy (HR-TEM) image of VO,/TiO, hetero-interface.

Table 4.1. Lattice parameters of rutile VO, and TiO, are presented.

0 0.4593 0.4593 0.2959
0 0.4554 0.4554 0.2856
0.856 0.856 3.606
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Figure 4.1 X-ray diffraction pattern for an epitaxial VO, thin film deposited on TiO,

(001) single crystal substrates.

The surface treatment of single crystal TiO, (001) substrate was performed by

rapid thermal annealing (RTA) at 700°C for 1 hour in oxygen ambient to obtain the

atomically flat steps and terrace surface. The atomic force microscopy (AFM) images of

TiO, (001) surface after different temperature thermal treatments were depicted in

Figure 4.2. And Figure 4.3 exhibited the temperature dependent resistance for prepared

VO, film samples with different TiO, surface treatment temperatures. The results

further indicated the optimum annealing temperature was 700°C.
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Figure 4.2 AFM images (1x1 pm?) of the surface morphology for thermal treated TiO,
(001) substrate under different temperatures. (a) as-polished; (b) 700°C; (¢) 800°C; (d)
900°C. And 700°C was demonstrated as the optimum temperature to form step and

terrace structure and eliminate the surface contamination.

107 - ——as polished

10

Resistance ({2)

2

| 1 | L | L | ) | L |
280 290 300 310 320 330
Temperature (K)

Figure 4.3 Temperature dependent resistance for VO, thin films deposited on TiO, (001)
substrate thermal treated by different annealing temperatures.
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4.2.2 Effect of film thickness on metal-insulator transition

Primarily, the effect of film thickness on temperature dependence of resistance

(R-T) was investigated. Figure 4.4 described R-T curve for inconsistent thickness varied

from 5 nm to 20 nm of VO, films deposited on TiO, substrates annealed at 700°C. To

our knowledge, VO, films over 20 nm thick would contain cracks, as reported in Ref.

19. The sample with 5-nm-thick showed sluggish MIT; contrarily the most abrupt MIT

occurs in the 20-nm-thick one, which was considered that the electrical properties were

influenced by the crystallinity [20]. This result suggested 20-nm-thick VO, film in

present research owns the best crystallinity; hence such a thickness of film with 20 nm

was fabricated in the following experiments.

107 e ghm
+13m1

a 106_ —— 20 nm B
A
% 10°F -
+—
% 10*L
[

10°

10?

| L 1 L | L |
280 300 320 340
Temperature (K)

Figure 4.4 Temperature dependence of resistance for different thick VO, thin films

deposited on TiO, (001) substrate under the same surface treatment.
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4.3 Electrical transport properties of VO,-based FETs

A FET has been fabricated with VO, as active channel layer. Pt (20 nm)/Cr (5
nm) was deposited on prepared epitaxial VO, thin film using stencil mask by e-beam
deposition as source/drain contacts. Parylene-C and Ta,Os doped with Y,0; 10 at%
were grown by chemical vapor deposition and rf-sputtering method in succession. A
20-nm-thick Au was evaporated to serve as the gate electrode, on which Pt wires were
placed using Au paste. Figure 4.5 a and b displayed cross-sectional scanning electron
microscope (SEM) image and schematic structure of VO, film-based FET, respectively.
The channel size was 200 pm in length and 400 um in width, respectively. All electrical
experiments were performed under dark condition and nitrogen atmosphere using

Peltier-controlled stage to eliminate the effects of photo conductivity and humidity [21].

b
Au
Y: Ta,05 218 nm Y:Ta,0;
Parylene 100 nm Parylene-C
VO, 20nm -VOZ (00 1-)

TiO,(001) substrate TiO, (001) substrate

100 nm

Figure 4.5 (a) Cross-sectional scanning electron microscope (SEM) image of
hybrid-gated device; (b) Cross-section schematic of VO, film device structure with

hybrid gate insulator.
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4.3.1 Reversible and prompt resistance modulation

We firstly investigated the resistance behavior to a varying square-shaped gate
bias Vg near metal-insulator transition temperature Ty As depicted in Figure 4.6 a-e,
the device exhibited excellent reproducibility of rapid resistance responses to the gate
bias from 300 K to 320 K at source-drain voltage /'p=0.1 V. In the insulating regime,
there was an abrupt decrease in resistance under positive gate voltage. The resistance
variation degree was increased with adding positive gate voltage. We note that the gate
dielectric has never broken until 30 V, as evidenced through low ratio of the gate current
I to the source-drain current /p. Contrasting to the slow hysteretic response in EDLT
(The change in conductance was no obvious change at scan rates equal to or faster than
3.3 mV/sec) [22], the abrupt resistance modulation was instantly switched following
within 50-millisecond-interval corresponding to 600 V/sec at various temperatures.

These results enable us to conclude this modulation attribute to pure electrostatic effect.
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Figure 4.6 (a-e) Temperature-dependent resistance modulation based on gate bias near

transition temperature Ty at 300K, 305K, 310K, 315K and 320K.

To accurately investigate the relationship between AR/R.¢ and temperature,
change rates in resistance AR/R , =(R_, -R ;)/R ; x100% calculated from two
borderline points of switching-on and switching-off indicated by arrows were
summarized in Figure 4.7 according to above results, as a function of temperature at
varied gate voltage V. The resistance modulation efficiency was found to be increased
with the rise of temperature at first, and reached the maximum near certain temperature.
Eventually, with entering the metallic state the variation degenerated even almost

disappeared. The maximum resistance change was considered to appear near phase
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transition temperature Tyy (310.8 K), which can be identified by the minima of

temperature derivative of resistance logarithm d(InR)/dT as shown in the insert of

Figure 4.7.
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Figure 4.7 Change ratios in resistance against temperature at varied gate voltage Vg,
which illustrated the maximum AR/Rys appears in the vicinity of Tyy. Black squares,
blue triangles, green circles, pink inverted triangles, and red diamonds were recorded
the gate voltage ranging from 10 V to 30 V with 10V interval. Inset gave the transition
temperature Ty identified by the minima of temperature derivative of resistance

logarithm.

4.3.2 Low consumption & high modulation in hybrid-gated

device

As a frame of reference, we also fabricated only parylene-C monolayer gate

dielectric onto VO, channel layer with the similar thickness (—~350 nm) to hybrid one.
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Likewise rapid switching performance was also achieved, and the maximum of AR/Rg
was about 0.15%. Figure 4.8 depicted the comparison of AR/R.¢ to operating gate
voltages Vs for hybrid gate dielectric/VO, FET and parylene-C monolayer one.
Contrasting to monolayer device, hybrid gate device showed approximately 7 folds
higher resistance modulation ratio (0.55% for hybrid FET; while 0.08% for monolayer
one) under the same operating gate voltage (V=30 V) at 305 K. The tendency is also an
important evidence of electrostatic field-induced carrier transport model. That is to say,
the resistance modulation efficiency would rise with increasing sheet carrier density via
enhancing capacitance of hybrid gate insulator that we measured, and the MIT would
yield when the crucial carrier density is broken through finally. The resistance
modulation efficiency was well corresponded to the transconductance g;,, which shown
ol, W

=—~C V., . Here, W and L are the width and
oV, L sHEVD

in the following equation: g =

length of the channel, ugg is the field-effect mobility, C;is the capacitance per unit area

E.E ) ) ) )
represented as C. =-"%"t where ¢ is the relative dielectric constant. It was hence

: t

considered that less carrier transport modulation triggered by parylene-C gate insulator

than that by hybrid one (&~8.19) as mainly attributed to low relative dielectric constant

of parylene-C (¢~3.25). It was noted that the actual relative dielectric constants for both

dielectrics were extracted from the capacitance per unit area C indicated in Figure 4.8,
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which was measured through Au/gate-insulator/Pt/Ti/MgO (001) capacitance structure.

Additionally, from the point of view of applications, hybrid gate insulator demonstrated

a route to fabricating fast switch with low gate bias.

0.8 B Y:Ta,0s/Parylene-C
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~~ —
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Figure 4.8 Comparison of the resistance modulation ratio to applied gate voltages in

VO,-based FETs with hybrid gate dielectrics and parylene-C monolayer one.

On the theoretical side, sheet carrier density ngheer, Which defined by the

formula: » =%, has been considered to be a crucial parameter for MIT in
e

sheet
correlated metal oxides, where e is the unit of electric charge. Figure 4.9 displayed
AR/Rqs as a function of induced sheet carrier density ngheer for VO, FETs with four

different dielectrics [10] [23]. Among these studies on reversible and rapid resistance

modulation for VO,-based devices, our result of hybrid gate insulator (depicted in red
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solid square) was distinct from the others at room temperature, as the highest resistance
percentage with ngpee; (~4 X 10" cm_z). It is noteworthy that, for the case of SiO, one
plotted in a green solid square, despite nger exceeded 10" cm_z, AR/Ror (~0.3%) was
below the value of hybrid one. It was estimated that hybrid gate insulator caused a

substantial modulation of carrier density by field effect.

0.8F

atRT
~ 0.6} - [this work]
Q_\t B Hybrid "
50.4L
5 B ALO. [10] S10, [23].
<102+

B Parykne [ vork]

Ly o o 1
0 5 10 15
A Bgpeer (X 10" cm™)

Figure 4.9 A plot of studies on VO,-based FETs with various gate dielectrics so far,
using the parameters of resistance modulation ratio and sheet carrier density. The red
and blue solid square represented hybrid gate FET and parylene monolayer-gated FET
in this work; the black one depicted as Al,O; back-gated FET from Ref. 10; the green

square showed the value for SiO,-gated FET [23].
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4.3.4 Hole-electron asymmetric tuning by electric field

Taking advantage of systematic modulation using parylene-C monolayer and
hybrid gated-FETs, furthermore, we demonstrated the pronounced shifts of Ty by gate
bias for both devices, as shown in Figure 4.10. Correspondingly, under Angee=1 x 10"
cm °, the average reduction in Ty was approximately ~1.4 K in both gate insulators.
Twi was illustrated to be extremely sensitive to positive gate bias as shown on the right
panel, which was corresponded to electron doping. Contrarily, the left regime related to
hole doping, causes only a slight decline of Tyy. Such a significant hole-electron
asymmetry associated with the suppression of Ty was also found in cation substitute
VO, bulk system. Low valent elements substitution for V*', i.e., Mg™" [24], A" [25],
Fe*™ [26], corresponding to hole doping, reduces Ty tardily; while the pentavalent or
hexavalent dopants, i.e., WO [27], Mo®" [28], Nb°* [29], related to electron doping,
introduce abrupt decrease of Tyy. In bulk substitution system, it is difficult to separate
chemical pressure effect and carrier doping effect. Asymmetric modulation observed in
a FET will be an important insight to evaluate carrier doping effect in Mott FET device.

Further study would be focused on the origin of this asymmetric system in future.
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Figure 4.10 An asymmetric hole/electron carrier modulation in VO, FETs with hybrid

and parylene-C monolayer dielectric. The inset depicts the obvious transition

temperature shifts of VO, against the gate bias. Open and closed symbols represent

negative and positive gate bias, respectively. Black solid dots display the values at V=0

V; red triangles, yellow squares, green inverted triangles, blue diamonds, navy crosses

were plotted under an applied gate bias stress of =20V, =30V, =40V, 50 V and 60

V, respectively.
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4.4 Conclusion

In conclusion, reversible and fast resistance switching was achieved via
effective electrostatic tuning in VO,-based FETs with hybrid gate insulator, which was
considered to effectively reduce interface defects and promote sheet carrier density.
The maximum resistance modulation in the insulating regime was verified to appear
near Tyy. A pronounced shift of phase transition temperature induced by gate bias was
demonstrated, and another fascinating behavior on an unequal drop in Ty by
hole-electron modulation was observed. Such an asymmetric carrier modulation
related to the suppression of Ty triggered by field was found to coincide with that by
chemical doping. The results in this part provide a possibility for clarifying the origin
of metal-insulator transition in VO, through electrostatic field-induced transport
modulation. Simultaneously, our findings pave a way for application of oxide thin

films-based switch devices with RT control.
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Enhancement of correlated
electron mobility by electrostatic
carrier modulation in VO,
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5.1 Introduction

As one of the most representative transition metal oxides with correlated
electrons, vanadium dioxide VO, has been much attracted attention because of its
intriguing properties, for instance, showing obvious resistivity change approximately
five orders of magnitude with metal-insulator transition accompanied with a structural
transition from low temperature insulating monoclinic phase to high temperature
metallic rutile phase, distinct optical property contrast between insulating and metallic
phases, and so on [1-3]. Particularly, due to its MIT near to room temperature, its
application for implementing electrical switching, such as so-called Mott FETs, has
been an attractive issue from last decade [4-6]. Nevertheless, in the few reports on VO,
thin films-based FETs with a solid gate insulator so far, the resistivity modulation has
been quite low value (<0.6%) (~5% in slow switching ones) [7-10]. Many efforts have
been attempted to enhance the resistance modulation, which have been mainly tried by
inducing giant carrier density due to higher electric field by taking advantage of a high
gate dielectric. However, to date, only ionic liquids [11-12] could trigger as high as 10"
cm * sheet carrier density, whereas a slow and irreversible resistance modulation has

been reported indicating the presence of chemical reaction in electric double

layer-transistors (EDLTs). As a new approach, nanostructure channels, instead of thin
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film channels, would be promising because the sensitivity of MIT is intensively

responsive to the size that are comparable scale with electronic phase domains,

appearing in a drastic resistance jump due to electronic avalanche effects [13-14].

In this chapter, we report enhancement of on/off ratio in VO, nanowire-based

FETs [15-18], prepared by a ultra-violet nanoimprint photolithography (UV-NIL)

technique combined with photolithography method. In contrast to thin film channels,

nanowire channels have a superior sensitivity in transport modulation, approximately

ten folds higher resistance change than that in thin film channels. As a gate material,

high-k inorganics Ta,Os/organic polymer parylene-C hybrid gate insulator has been

adapted to reduce interface defects and keep a high dielectric constant [19-20].

Moreover, we demonstrate the enhanced resistance modulation is owing to

logarithmically increased mobility for nanowire-based devices, which was interpreted

qualitatively on the basis of strongly correlated electron picture [21].
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5.2 Synthesis and properties of nanowires

Various synthetic methods for VO, nanowires have been reported, including
vapor-liquid solid (VLS) [22-23], chemical vapor deposition (CVD) [24], and solution
approach [25]. However, the obstacle for using the nanowires synthesized by these
approaches to devices application is the random dispersion and embedding into
substrate. Much complex steps related to strip and assemble individual nanowire from
the origin substrate have to be carried out. Nanoimprint photolithography (NIL)
simplifies the fabrication process and regularly arranges the samples on the substrate
with high production. As described in chapter 2, high quality VO, nanowires (~ 200 on
one chip) with the width of 100-300 nm were synthesized over large area by NIL
followed by fabrication of epitaxial VO, thin films, which were grown on TiO, (001)
single crystal substrates by pulsed laser deposition (PLD) using ArF excimer laser at
450°C under an oxygen pressure of 1.0 Pa. Herein, the oxygen reactive ion etching (RIE)
was performed with a power of 50 W, a pressure of 4 Pa, a flow of 70 sccm for 150 sec
to remove the residue resist in the compressed regions. Subsequently, SF¢ gas was
utilized for VO, etching (60 W, 1.0 Pa, 10 sccm, and 10 sec). Scanning electron
microscope (SEM) was used to confirm the morphology nanowires with high precision,

as described in Figure 5.1.
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Figure 5.1 A typical morphology of VO, nanowire with 120-nm-width.

Temperature dependent resistance measurement was performed to investigate
the MIT behavior of the nanowires, as plotted in Figure 5.2. An abrupt MIT without
multistep was achieved in all nanowires of different widths, which suggests a high

sensitivity of MIT respected to small local variations in temperature for the nanowires.
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Figure 5.2 R (T) curve for 160-nm-width VO, nanowire.
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5.3 Enhancement of transport modulation in VO,

nanowire-based FETs

In this part, we fabricated two types of FET devices, film channel and nanowire
channel ones. The film-based FETs were synthesized according to procedures last
chapter mentioned. A FET electrodes pattern was directly fabricated onto epitaxial
grown VO, (001) channel surface through 10 um thick stainless steel stencil masks.
However, this facile approach by stencil mask is restricted in hundreds of microns
because of the strict mask alignment technique. For nanowire-based devices,
conventional photolithography method substitutes the stencil mask to form the standard
three-terminal electrodes pattern. Pt (20 nm)/Cr (5 nm) was sputtered spaced by 2 pum as
source-drain contacts; hybrid gate insulator consisted of high-k oxide Ta,Os and organic
polymer material parylene-C was fabricated subsequently. A 50-nm-thick Au film was
deposited by e-beam evaporation as gate electrode. All electrical measurements were
performed by an apparatus set up with source-measure unit (2635A, 236, Keithley),
within which the attachment Peltier-based stage is responsible to temperature control.

Nitrogen gas was supplied to prevent VO, surface from humidity [26-27].
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5.3.1 High remarkable resistance change in nanowire

channels

The as-fabricated FET exhibited a sharp drop in resistance and the hysteresis
during heating and cooling process, plotted in Figure 5.3 a, relative to somewhat
gradual change for film-based devices in Figure 5.3 b. The main parameters of this
device were listed as follows: the width of VO, nanowire was 100 nm; the thickness of

parylene-C was 80 nm; and the overlay Y: Ta,Os was of 250-nm-thick.
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Figure 5.3 (a) and (b) Temperature dependent resistance change for 100-nm-width VO,
nanowire and thin film channel, respectively. Inset of Figure 5.3 (a) Optical image of

VO, nanowire devices.

To investigate the switching dynamics, the resistance was measured by

applying a variety of gate bias (0~3=30 V with the internal of 5 V) as a function of time

near metal-insulator transition temperature Tyy. Since the resistance of VO, nanowire
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was very sensitive to temperature, a small source-drain voltage Vp=1 V was employed,

to hinder possible Joule heating induced by current flowing through nanowire. Each

resistance response cycle was observed to follow the trend of gate bias variation,

including two processes: a prompt change for initial application of gate bias; a drastic

recovery for elimination of operating gate bias. Moreover, the resistance showed an

abrupt drop by positive gate voltage; in vise versa, there was a sharp rise in resistance as

negative gate bias applied. That is, consistent with previous film-based devices,

reversible and prompt resistance response to gate bias was achieved in VO, nanowire

channel from 280 K to 295 K. On the other hand, the resistance almost unchanged with

the variation of gate bias in metallic state (T=300 K). All the data were depicted in

Figure 5.4 a-e. It was noted that the leakage current through gate insulator was so small

that it can be negligible, and the devices has unbroken until 30 V operating gate bias.

For the purpose of comparison to film-based devices, we also fabricated VO, film-based

FET with the similar thickness of gate insulator. Figure 5.5 a-f exhibit gate bias

dependent resistance modulations for thin film-based device. Notably, difference

between nanowire and thin film-based devices is in magnitude of resistance modulation

by gate bias.
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Figure 5.4 (a-e) Response of resistance to gate biases from 280K to 300K for VO,

nanowire device.

Figure 5.5 (a-f) Gate dependent resistance modulations in VO, thin film channel.
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5.3.2 The observation of the maximum resistance modulation
near phase transition temperature
Regarding the resistance response to the gate bias, the efficiency of resistance

.. A Ron—R .
modulation is defined as the formula: - R = m;{ 911 % 100%. In nanowire-based FET,
off off

the value of resistance change ratio gradually increased from 280 K to 295 K, which is

close to the phase transition temperature at each given gate bias, and suddenly became

almost zero at 300 K in metallic state as shown in Figure 5.6. Therefore, the maximum

of resistance modulation efficiency is close to 8.58% for V5=%30V, in vicinity of phase

transition temperature at 295 K. The result for film-based devices described in Figure

5.7 has the same tendency. However, the ratio was less than 0.61%. Furthermore, with

increasing the gate bias, the resistance modulation efficiency increased linearly in

insulating state.

Figure 5.8 illustrated the absolute value of resistance modulation efficiencies as

a function of gate bias for both devices near phase transition temperature. The resistance

modulation ratio in nanowire channel indicated more sensitive against increasing Vg

than that in film ones, and the ratio in resistance modulation in nanowire-based FETs

was over 10 times as high, compared with that in the film-based ones.
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Figure 5.6 Resistance variation efficiency as a function of temperatures

applied in VO, nanowire channel.

at gate bias

| ' ' | :Mi_ '
02 Ve oLyl |
30V -—-::lf::"’[j:l\
—_ L 25V = e ]
X 0 20V IEEEEIEEEEE:Fl%E;i}\
5 1 W gmEmpreaN
S ot P
902 25v Peo g | Mo -
I‘DI /1
04 30V D“-nu_ﬁ_ﬁﬂ : :
el ol ‘
] ) | 1 | ! | !
290 300 310 320

Temperature [K]

330

Figure 5.7 Resistance modulation ratios against temperatures for VO, thin film-based

device.

80



= or u | NW—ll)ased FEr | | | atlTMI_

S @ FIlM-based FET

& n

o 4 " .

a \. //

< | . m B

(] 2_ AN ,” _

= )

s | " ow

2 " .

T 0f €000 00T
-40 -20 0 20 40

Vo [V]

Figure 5.8 Comparison of absolute resistance modulation ratio between nanowire and

thin film based-FETs.

5.3.3 Analysis of the origin for enhancement of resistance

variation

To clarify the origin of the enhanced resistance modulation in the
nanowire-based FETs, we analyzed the electric field distribution for thin film and
nanowire channel using simulation based on a Finite Element Method (FEM) Amaze
(Advanced Science Laboratory, Inc.), as described in Figure 5.9, resulting the difference.
The electric field was uniformly distributed on the surface of thin film channel. On the
contrary, the field distribution on nanowire channel exhibited arc shape, and the
prevailing field was converged on the edge parts. The electric field value for the edge
parts of nanowire channel was enhanced by 1.5 folds towards that of thin film case (in

Fig. 5.9 b). However, this estimation cannot explain the experimental result of 10 folds
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higher ratio in resistance modulation nanowire-based FETs. Thereby it was suggested

that the dominant factor for enhanced resistance modulation is not the number of carrier

accumulation due to the electric field distribution.

Thin film
Au gate electrode

Y: Ta,0.

\J -

TiO, (001) substrate

Ti0, (001} substrate

Nanowire
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Tid,;(001) substrate
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Figure 5.9 (a) and (b) describe the electric field strength distribution in nanowire and

thin film channels, respectively.

Generally, the resistance modulation efficiency was well corresponded to the

trans-conductance g,, defined as Eq. (1)

_ dlp

m= 5y
G VDp=const.

w
= C; TV ito. (1)

where C; is the capacitance of gate insulator per unit area, W and L are the width and
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length of the channel, u, is the Hall mobility. It is noted that here Vp is further less
than V. Thereby, to give the reasonable explanation of the enhancement in resistance
modulation for nanowire channel, we evaluated the field effect mobility upgp according

to Eq. (2) and summarized in Figure 5.10.
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Figure 5.10 (a) A plot of field effect mobility against gate bias for nanowire and film
based-FET devices; (b) Amplification image for films’ case, which remained constant

with the addition of gate bias approach to the Hall mobility value as insulating state.

A slight raise of mobility against gate bias was acquired in film-based devices,
approximately retaining the constant value close to the Hall effect measurement result in
the insulating state (~0.0024 cm?/Vs), as showed in Figure 5.11. The relative low
mobility was considered to induce quite low values in resistance modulation similar to

the report in Ref. 28. In contrast to the thin film channels, the nanowire-based FET
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displayed a drastic increase of mobility with addition of gate bias, and reached
approximately 0.5 cm?/Vs at V=30 V, approaching to the Hall effect measurement
value reported as metallic state in rutile phase (~0.4 cm?/Vs). These results indicate that
mobility enhancement is important factor for the origin of the enhanced resistance

modulation for nanowire channel.
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Figure 5.11 Hall electron mobility measured as a function of temperature. The electron
mobility increased almost 2 orders of magnitude from insulating state to metallic state.
It was noted that electron is confirmed as the major carrier consistent with the recent

report [29].

Usually, the electric field-effect would only induce carrier concentration
modulation for conventional semiconductors; it would yet tailor not only the carrier
density but also change the mobility for correlated oxides. To confirm the above
statement, we attempted to deduce the relationship between the mobility and induced

carrier concentration. According to Brinkman-Rice (BR) picture [21, 30] based on the
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Gutzwiller variational theory [31], the effective mass of a quasiparticle m* was

expressed by the following Eq. (3)

m 1
o 3)
Cc

where Ugsr is the effective energy, Uc is the critical on-site Coulomb interaction.

. . (e)? p2?e? e? .
Further replacing the parameters with Ugrr = — = Uc = — according to the

extended BR picture [32]. Eq. (3) would be transferred to Eq. (4)

= 4)

m 1-p*

It was noted that the measured charge (e) is represented as pe, indicating the
average charge acting at the system, that is, an effective charge per site. Hence, the band
filling factor p directly impacts on the effective mass in Eq. (4). The effective mobility

e(t)

u* can be derived by m* = Assuming (T) is a constant against carrier

modulation, Eq. (4) is described as follow:

wo_m _ 4 _ _ nO—An4
=2 =9 p_1(n0) (5)
Where ny is the initial carrier density without Vg and An is the density of accumulation
carrier by applying V. Thus the band filling can be represented as (ny — An)/ n,.
Thereby, we can draw the p vs u* curves of Eq. (5) as p, is a fitting parameter in the

inset of Figure 5.12 indicating p vs u*. Although the stronger field in the edge parts (1.5

folds stronger) of nanowire-based devices produces small change in carrier density An,
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the effective mobility would yield biquadratic enhancement. Therefore, the enhanced

mobility in the edge parts of nanowire-based FETs is a main trigger for 10 folds

enhancement of resistive switching ratio compared with that in thin film-based FETs.

The experimental Hall and electric field mobility were plotted in the inset,

approximately following the calculated dot curve in the BR picture. In correlated

materials, modulation of mobility due to small change of carrier density would be a

crucial parameter contributing to the large resistance modulation.

/

m Hall
mobility

Figure 5.12 The correlation of the effective mobility and band filling. Focused regime
showed the effective mobility versus the band filling. The experimental results were
plotted as red squares, orange square exhibited the hall mobility of insulating state, and

the dash line gave the curve fitting according to Brinkman-Rice picture.
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5.4 Conclusion

In summary, a superior sensitivity in resistance modulation was realized
through decreasing channel scale down to nanometer scale size (100 nm) in VO,
nanowire-based FETs devices synthesized by a nanoimprint lithography technique, with
hybrid gate insulator for the first time. Moreover, I found the maximum resistance
modulation efficiency in the vicinity of transition temperature. On the basis of electric
field distribution simulation and Brinkman-Rice picture representing mobility
enhancement by small band filling variation, I newly proposed that the enhancement in
resistance modulation for nanowire channel was primary due to the logarithmic
like-increment of mobility on the edge parts of nanowire-based devices, and found this
proposed model will explain experimental results. These results open an insight into
probe the underlying properties for strongly correlated oxides, and provide possibility

for exploiting nano-devices for high performance next generation electronics.
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CHAPTER 6

Summary and prospect
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In this thesis, I investigated the electrical transport modulation in correlated

oxide VO, employing hybrid gate insulator composed of inorganic high-k material

Ta,0Os and organic polymer material parylene-C.

Chapter 3 has devoted to fabricate the hybrid gate insulator, and achieved

relative high effective dielectric constant via the verification of series connection mode.

According to the practical application into band semiconductor KTaOs, the as-fabricated

hybrid gate insulator was illustrated to provide excellent hetero-interface due to

protection of parylene-C and giant carrier density for sufficient electrostatic modulation

owing to contribution of high-k oxide Ta,Os layer. In addition, such a hybrid gate

insulator was suggested to supply the low operating gate voltage through the thickness

adjustment of two layers.

Following, I have tailored the transport properties in VO, thin film channel

taking advantage of this hybrid gate insulator in chapter 4. A reversible and prompt

resistance variation was switched by gate bias, which indicated the transport properties

were attributed to pure electrostatic effect excluding oxygen migration, chemical

reaction or joule heating. Moreover, the maximum resistance modulation was observed

in the vicinity of transition temperature approximately 0.6%, which was five-fold higher

than that of parylene-C monolayer-gated FETs. It was well explained by the promoted
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sheet carrier density induced by electric field.

In chapter 5, I have further enhanced the sensitivity in resistance through

decreasing the channel scale to nanometer in VO, active channel. In addition, I have

realized the enhancement of maximum resistance variation (8.58%) near transition

temperature, which was over ten-fold larger than films’ case. On the basis of electric

field distribution simulation and BR picture, we firstly proposed that the enhancement

of mobility was the predominant factor for the enhanced in resistance modulation in

strongly correlated system.

Through systematical investigations on electrical transport properties of

correlated oxide VO, thin films and nanowires, I have constantly enhanced the

resistance modulation, and achieved the highest value in the all-solid-gated FETs so far

as plotted in Figure 6.1. Moreover, I have demonstrated the significance of a

solid-gate-insulator to induce electrostatic transport modulation for strongly correlated

system and supplying possibility for exploiting low-dimensional devices for next

generation electronics.
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Figure 6.1 A list of studies on VO,-based FETs with various gate dielectrics so far,
using the parameters of resistance modulation ratio and sheet carrier density. The pink

arrow indicated the enhanced progress in resistance variation in this Ph.D. research.

For now, our illustration of the characteristics related to nanoscale VO,
definitely provides an avenue for probing underlying nature, further research in this
regime is expected to give an explicit answer for the controversy between Peierls and
Mott-Hubbard MIT. As mentioned above, the future directions of this theme can be
separated to two: One is to further induce carrier density up to critical value to realize

MIT behavior through the thickness control of hybrid gate insulator; The other one is to
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scale down the size of nanowire to domain size, taking advantage of which would

drastically raise the resistance modulation beyond the limitation of the Moore’s Law in

size and conventional semiconductor theory. My achievement in this thesis would be the

important foundation towards these prospective to clarify the nature of correlated

system and broaden the practical application in electronic devices.
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