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Abstract

Dielectric properties on alloy of
BaHfO; and BaTiO;

Dowon Song

Department of Physics and Astronomy
The Graduate School

Seoul National University

Si-based device technology has undergone significant reduction in size over the
past few decades, with the aim of lowering thermal heating and power
consumption. In order to decrease power consumption and thermal heating, it is
necessary to reduce the operating voltage, which can be achieved by increasing
capacitance. However, this leads to a thinner gate oxide as the device size shrinks,
resulting in increased leakage current via direct tunneling, thus limiting device
performance. To address these limitations, researchers have explored high-k
materials that can provide the required capacitance with a thicker gate oxide. High-
k dielectrics must possess high dielectric constant and high dielectric strength
under high electric field to be considered suitable for use as gate dielectric
materials in Si-based devices.

This dissertation focuses on the study of an alloy system of BaHfO; and
BaTiO; (Epitaxial BaHfiTixO; (BHTO) system) to investigate the dielectric
characteristics of the system as a high-k gate oxide. Varying the Ti ratio x from 0.2
to 0.8, we measured their dielectric constants, breakdown fields and the leakage
currents by using the Bag.osl.ao.04SnOs as the epitaxial electrodes. As the ratio of Ti
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increases, the dielectric constant undergoes a corresponding rise. The breakdown
field stayed larger than 5 MV/cm as long as x does not exceed 0.4 and the leakage
current remained low in the range of 107~10 A/cm? below the breakdown field.
The results suggest that a maximum 2-dimensional carrier density of nop = 2x10'
cm? could be modulated by the BaHfysTio4Os dielectric. An all-perovskite
transparent field effect transistor operating in an n-type accumulation mode was
fabricated, using epitaxial BaHfosTi04Os as the gate insulator. The device exhibited
Lon/Lotr Tatio higher than 107, Vs smaller than 6 V for maximum mobility, and a

subthreshold swing value of 0.2 V dec!.

For the BaHfy¢Tio4O3(BHTO) case, changed fabrication process resulted
enhanced dielectric properties. It was discovered that the dielectric constant,
breakdown field, and leakage current have values of 150, 5.0 MV/cm, and 107
A/em? at 2 MV/cm, respectively. These results suggest that the BHTO gate oxide
could modulate a 2D carrier density greater than nop = 10'* cm™. Typically, there
exists a trade-off between the dielectric constant and breakdown field, making it
difficult to modulate the two-dimensional carrier concentration of nop = 10 ¢cm™
using traditional solid-state dielectrics. An n-type accumulation mode FET and n-
type depletion-mode FET were demonstrated, which directly suppressed more than
np = 10" cm™. The large dielectric constant, high breakdown field and low
leakage current of BHTO are attributed to the nanometer scale stoichiometric
modulation of hafnium and titanium. Based on this model, the presence of hafnium
as a background material inhibits the formation of percolation paths, resulting in a
decrease in the leakage current.

However, the dielectric constant of BHTO decreases as the thickness decreases,

which is well known problem in high-k dielectric as “size effect”. This problem
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manifests itself as the unwanted small interfacial capacitance. Although the origin
of the size effect remains quite controversial, strong epitaxial bonding is thought to
be the crucial factor determining the size effect. Strong interfacial bonding between
high-k dielectric and the electrode promotes propagation of the soft phonons
responsible for the high-k to the electrode, resulting in suppression of the soft
phonons and the high-k at the interface. In order to create a boundary for such
propagation, intentionally mismatched lattice between the dielectric and the
electrode was employed, using SrRuO; as the bottom electrode and ITO as top
electrode to weaken the interfacial epitaxial bonding. We find the interfacial
capacitance value to increase by a factor of 3~5.

To further develop a high-k material, STHfO3; was investigated. The leakage
current of SrHfO; (SHO) is extremely low (<10 A/cm? at 2 MV/cm). The origin
of exceptionally low leakage current of SHO is attributed to the large bandgap (~6
eV) and large conduction band offset (~3.3 eV) between 4% BLSO and SHO. This
large conduction band offset is comparable to that of between Si and SiO,. Hence,
the electron affinity of SHO is sufficiently low (~1.2 eV) to establish a significant
conduction band offset (>1 eV) with most electrode materials. Nevertheless, the
dielectric constant of SHO is relatively modest (~30). Consequently, there is
potential for further advancements by integrating SHO with other materials such as

SrTiO; and BaTiOs, employing a similar approach as in the case of BHTO.

Keywords: BaHfO;, BaTiOs, Perovskite oxide, High-k, stoichiometric modulation,

size effect, interfacial phonon engineering. StHfO;

Student Number: 2017-23010
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IB

-2 -L (I: current, B: magnetic field, e: charge of electron, Vu: Hall
eVH eRH

voltage, Ry: Hall resistance)

Rysr — Rpy— + R34+ — R3q—
Ry = 24+ 24 ; 31+ 31 _ 4740

0.534T

"0 T T6x1019C x 4740
Growth rate of 0.4% BLSO was determined by measuring the thickness of 7000

Na2p

=7.03%x107m 2 =7.03%x 103 cm~2.
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Chapter 1. Introduction

1.1. Needs for high-k

In recent decades, Si-based technology has been miniaturized to reduce thermal

heating and power consumption. Capacitance of oxides is simply expressed as
=22 (11

where g, k, A, t are the permittivity of free space, the relative dielectric constant,
the area, the oxide thickness respectively. The area per a capacitor has been
diminished continuously by the Moore’s law of scaling [1]. This requires higher
capacitance, which can be achieved by lowering the operating voltage. However, as
the device size reduces, the gate oxide becomes thinner, resulting in increased
leakage current through direct tunneling, especially for the physical thickness of
SiO, below 1.2 nm [2]. This limits device performance and reliability. To
overcome this issue, researchers have explored high-k materials that can provide
the necessary capacitance with a thicker gate oxide. High-k dielectrics must have
both high dielectric constant and high dielectric strength under high electric field to
be suitable for use as gate dielectric materials in Si-based devices. Also, the

leakage current of the device is crucial issue for high-k dielectrics.
1.2. History of high-k

From the first invention of semiconductor-based transistor with Ge in 1947, the
advancement of electronic devices has been continued. However, the actual
significant progress occurred when the manufacturing of transistors started using
silicon (Si) and silicon-dioxide (SiO») [3]. The abundance of silicon on earth makes

the price of silicon affordable and easy formation of SiO,, which has excellent



insulating properties, is the main reason of success of Si-based industry. However,
as the scaling progresses, the issue of gate leakage through direct tunneling
intensified. To address gate leakage issues and prolong the effectiveness of SiO»-
based dielectric, the addition of nitrogen to SiO, has been implemented in the
1990’s [3,4]. The inclusion of nitrogen in SiO» enhances not only the dielectric
constant (5-7) but also functions as a more effective obstruction against boron
infiltration. This is 2" generation gate-oxide. Although SiON has undergone
significant advancements, oxynitrides still exhibit low k values, necessitating a
relatively thick layer to impede direct tunneling current. Al,O3, Y>03, La,0s, Sc,0s,
which are oxides of group II, I1I, IV and certain lanthanides including Pr,Os, Gd,Os,
and LuwO; have been suggested as possible alternatives [4]. Regrettably, these
dielectrics had a short lifespan limited by factors such as low power applications,
scalability, or severe reactions with the Si substrate. However, the issues mentioned
above are significantly less problematic for oxides and silicates of Hf and Zr.
Consequently, the selection of substitute gate dielectrics has been limited to HfO»,
ZrO», and their silicates, owing to their outstanding electrical characteristics and
high thermal resilience when in contact with Si. Regarding SiHfON and its
generation (3" generation gate-oxide), these substances have been scaled to sub-
Inm EOT values and was manufactured for the 45nm technology node, utilizing
metal-gate materials instead of the standard polysilicon gate material [3]. However,
further scaling requires high-k gate oxide with higher dielectric constants.
Designing and creating 4™ generation gate-oxide logic devices is of great interest to
engineers and physicists. For the 4™ generation gate-oxide, ternary perovskite
oxides and its alloys such as SrTiO;, (Ba,Sr)TiO; (BST) are considered as

candidates for their large dielectric constants. Commensurate crystalline oxide
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interface with silicon was reported between SrTiO; and silicon, totally avoiding the
amorphous silica (SiOx) phase, suggesting that the perovskite oxides can be

integrated with Si [5].

1.3. Comparison of high-k dielectrics

Research has explored binary oxides with a significant bandgap (E.), including
Y203 [6] and Al,O3[6,7], but their dielectric constants fall short. TiO; [6,8-11] and
Ta,Os [7,12,13] are high-k materials but are unstable on silicon [6,8,13]. On the
other hand, binary oxides such as HfO,[11,14], ZrO, [11,15] and La,0Os [7,16] are
ideal high-k materials on silicon, and commercial products employing these
materials are already available in the semiconductor market for CPU, DRAM, and
flash memory applications [2]. However, with the continued scaling down of
semiconductor devices, future applications will require high-k materials with even
greater dielectric constants and lower leakage currents.

The investigation of ternary (complex) oxide materials is another area of interest,
as their dielectric constants tend to be higher than binary oxides. Hafhium-based
materials (AHfO3;) and titanium-based materials (ATiO3) have been extensively
studied, including SrHfO3[17-19], SrTiOs3[7,20,21], and BaTiO3 [21-23]. While the
dielectric properties of StHfO; are no better than existing high-k dielectrics such as
HfO,, SrTiOs and BaTiO; have remarkably high dielectric constants. However,
their leakage current characteristics and dielectric strength are poor, making them
impractical for use in devices. Hafnium-based materials, specifically BaHfO; [24-
26], are considered promising candidates due to their thermal stability. Our group

and others have already investigated BaHfOs, a perovskite high-k oxide material



with a dielectric constant of 23-38 and a breakdown field of about 3.6 MV/cm [24].

Bandgap Esp J(A/em?) @ E
Material k V) (MV/cm) (MV/cm)
Y203 15 5.6 4 10" @ 1.9
ALOs 9 8.7 7.2 10'@ 7.2
24-
TiO» 3.5 1.4-2.5 10'@ 1
. 110
Binary
Oxide TaxOs 25 4.4 2.5-4.2 10*@ 1
HfO, 25 5.7 3.9-6.7 10*@ 5
710, 20 5-7 3.3-5.7 10*@ 5
La;Os3 27 5.5 4.2 10° @ 4
20-
SrHfOs 6 33 10*@3
35
Ternary . 100-
SrTiO3 33 1-3 10°@ 1
Oxide 300
BaTiO; 400 33 0.7 10° @ 0.5
BaHfO;  37.8 6.1 3.6 107 @3

Table 1.1 Comparison of high-k materials.
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Chapter 2. Properties of BaHf1xTixO3 (BHTO)

2.1. Research background

As I mentioned in chapter 1, BaHfO3; (BHO) is a material with high dielectric
constant (~30) and large bandgap (~6.1 eV) [1,2], which is related to high
breakdown field and low leakage current. On the other hand, BaTiO3 (BTO) is well
known ferroelectric perovskite oxide. The reason for the ferroelectric behavior of
BaTiOs; is the displacement of titanium atoms within TiO¢ octahedra [3].
Additionally, ferroelectric materials are easily influenced by external fields due to
their high polarizability, which is related to the presence of high leakage current.
The dielectric constant of BTO single crystal is 4500 at room temperature [4],
which is extremely high. However, the dielectric constant of BTO thin films
reduces to about 400 [5,6]. This is well known problem of dielectric materials,
called “size effect”. I will discuss this later. Even in BTO single crystal, the
dielectric breakdown field is 0.3~0.5 MV/cm [7], which is very low. If we combine
the two materials, BHO and BTO, there may exist an optimum ratio that maintains
a high dielectric constant, large breakdown field, and low leakage current. As the
titanium ratio increases, the dielectric constant will also increase, but the

breakdown field will decrease.
2.2. Dielectric properties of BaHf;«TixO3 (BHTO) system

The growth of all the samples took place on SrTiO; or MgO substrates, at a
temperature of 750 °C, and under an oxygen partial pressure of 100 mTorr. The

process involved using a KrF excimer laser with a wavelength of 248 nm, which
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was operated at an energy fluence of approximately 1.2-1.5 J/cm?. The material
targets for the samples were provided by Toshima Manufacturing Co. in Japan. To
create a lateral pattern, a stencil mask made of Si or stainless steel was utilized. The
electrical properties of the samples were analyzed using the Keithley 4200
semiconductor characterization system. To measure electrical properties of BaHf.
<103 dielectric, epitaxially grown 4 % La-doped BaSnOs on SrTiOs substrate was
used both as the top and the bottom electrodes in a metal-insulator-metal (MIM)
capacitor structure. BaHf.4TixO3; (~150 nm) dielectric layer was grown between
the two electrodes by sequential ablation of the two targets (BaHfOs, BaTiO;),
making sure the growth rate per a cycle does not exceed a unit cell so that Hf and
Ti atoms can be uniformly mixed in a unit cell. The area of the top 4 % La-doped
BaSnOs electrode is about 53,100 um?. By applying an AC voltage with a root-
mean-square amplitude of 30 mV, we were able to derive the parallel capacitance
(Cp) and dissipation factor (tan §) from admittance. The dielectric constants (k) of
BaHf«TixO; were then calculated using the obtained C, values. To evaluate the
breakdown field (Egp), we measured the leakage current that flowed through the

capacitors. The dielectric constants of BaHf,.4TiO3 system are shown in Figure 2.1.
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Figure 2.1 Dielectric constants of BaHfi4TixOs; system (a) BaHfysTip20s (b)
BaHfo,éTi0_403 (C) BaHf0_4Tio,603 (d) BaHfo,zTio,gos.
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As expected, the dielectric constant increases as the titanium ratio increases. The

breakdown field of BaHf|<TixO; system are shown in Figure 2.2.

(a) (b) (©) (d)
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BaHf, 3Tip 205 BaHfy5Tig 403 BaHf, 4Tip 503 BaHfy ;Tips04

Figure 2.2 Breakdown field of BaHfi.Ti\O; system (a) BaHf,3Tio203 (b)
BaHfo,GTio,403 (C) BaHf0_4Tio_6O3 (d) BaHfo_zTi0.303.

Figure 2.3 is the summary of the dielectric properties of BaHf|«TixO; films
which shows calculated dielectric constants, breakdown fields and corresponding

maximum field-induced 2D charge densities calculated by following formula as

Nop = —8""53” (2.1)

where €y, k, Egp and q are the permittivity of free space, the relative dielectric
constant, the breakdown field, elementary charge respectively. Dielectric constant
increases as the Ti ratio increases, which can be predicted considering the dielectric
constants of BaHfO; and BaTiO;. However, the breakdown field of the BaHf;.
«[1x03 dielectric does not decrease significantly until the titanium ratio reaches
50%, after which it experiences a steep decline. This rapid decrease in the
breakdown field may be attributed to the formation of conducting pathways
resulting from the networks of TiO¢ octahedra as the Ti ratio increases. Electrical
of BaHfysTio4O3 is

measurements indicate that the dielectric constant



approximately 65 to 70, while its corresponding breakdown field is about 5 MV/cm,

resulting in a potential field-induced charge density of 2x10'* cm™.
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Figure 2.3 Dielectric constants and breakdown fields of BHTO, 2-dimensional
carrier density which BHTO can modulate with various alloying ratios.

Comparison between theoretical and experimental dielectric constant are shown
in Figure 2.4. Theoretical dielectric constants were calculated by an effective
medium theory as follows.

€pHTO—1 €pHo—1 gpro—1
—_—= + 2.2
epHTO+2 fBHO epHO+2 fBTO epTO+2 ) ( )

where €710, €810, and €7 are dielectric constants of BaHf4TiO3, BaHfOs, and
BaTiOs, respectively, and fgyo, and fgro are volume fractions of BaHfOs;, and
BaTiOs, respectively. The dielectric constant of BaHfOs, ego= 37.8 [1] and that
of BaTiO3 ezro= 400 and 4000 [5,8] were used to calculate egyro. The dielectric
constants obtained from both theory and experimentation match well for titanium
ratios below 50%. However, as the proportion of titanium increases beyond this
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point, the experimental values surpass the theoretical ones. This inconsistency is
attributed to limitations in the predictive model used. Later, I will discuss this using

various model.
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Figure 2.4 Calculation of dielectric constants of BHTO as a function of the
alloying ratio calculated by effective medium theory.

To obtain the statistics for the dielectric constant and breakdown field of
BaHfo6Ti0.403, we created 18 capacitors and analyzed their electrical properties as
shown in Figure 2.5. These capacitors were all produced under identical conditions
on a single chip. The statistically averaged dielectric constant for BaHf(.6Ti0.40;3
was found to be 63.30, with most values falling between 60 and 65. The
statistically averaged breakdown field was 5.42 MV/cm, with a larger deviation
compared to the dielectric constant. This difference may be attributed to the fact

that dielectric breakdown is more dependent on local defects in each capacitor.
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Therefore, the maximum measured breakdown field, rather than the average,

represents the intrinsic dielectric strength.
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Figure 2.5 Statistical measurement data of (a) dielectric constant and (b)
breakdown field of BaHfy ¢Tio.4Os.

2.3. Structural properties of BaHfTixO3; (BHTO) system

The structural properties of BaHf.4\TixO3; were assessed using x-ray diffraction.
To begin with, a 150 nm layer of 4% La-doped BaSnOs was grown as the bottom
electrode on SrTiOs substrates, followed by epitaxial growth of a 150 nm layer of
BaHf;.«TixO3 on top of it. Reciprocal space mapping was carried out on the BaHf;.
«T1x03 (103) peaks, as displayed in Figure 2.6. It was observed that as the titanium
ratio increased, the Q. and Qy peak values also increased. Figure 2.7 indicated the
corresponding in-plane and out-of-plane lattice parameters, a and c. As the titanium
ratio increased, the lattice parameters predictably decreased, given that the cubic
BaHfO; bulk lattice parameter is a = 4.171 A [1] and the tetragonal BaTiO; bulk
lattice parameters are a = 4.000 A, ¢ =4.027 A [3]. Figure 2.6 (b) and Figure 2.7
indicated that the lattice parameters of BaHf sTio4O3 matched well with the lattice
parameters of 4% La-doped BaSnO; (a = 4.107 A, ¢ = 4.127 A), preventing the

formation of new dislocations at their interface.
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Figure 2.6 RSM of BHTO with various alloying ratios on BLSO (a) BaHfy sTio.03
(b) BaHfo‘6Tio,403 (C) BaHfo,4Ti0,603 (d) BaHfo,zTio,gO3.

420 — S
. s Bulk BaHfO,
<
< 4150 . 1
b= . -
S .
2 e
S 410] S 1
QO e
8 “‘
= 405| 1
(L]
| | . n
e a-axs Bulk BaTiO,
400+ --e- c-axis -
00 02 04 06 08 10
Ti ratio

Figure 2.7 Lattice constant derived from RSM of BHTO with various alloying
ratios on BLSO.

2.4. Optical properties of BaHf1+TixO; (BHTO) system
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The optical bandgap of BaHf.<TixO3 was determined using optical absorption
measurement in Jae Hoon Kim’s lab in Yonsei university, as shown in Figure 2.8.
To avoid substrate absorption, an MgO substrate with a BaHfO; buffer layer was
used for the growth of the BaHf\«TixO; layer. The bandgap of BaHfy3Tio203; was
measured to be 4.32 eV, which is a significant decrease in comparison to the
bandgap of BaHfOs (6.1 eV) [1] and BaTiOs (3.1 eV) [9]. Normally, the dielectric
strength of a material increases with the increase in its bandgap [10,11]. For
example, GaN has a bandgap of 3.4 eV with a breakdown field of 3.3 MV/cm,
while B-Ga,Os with a bandgap of 4.7 eV has a breakdown field of up to 8 MV/cm
[11]. The bandgap of BaHfy¢Tio4O3 was measured to be 4.21 eV, and its
breakdown field was found to be similar to that of B-Ga,O;. Therefore, considering
the correlation between bandgap and dielectric strength, BaHf(¢Tio4O3 exhibits

superior dielectric strength compared to other materials with a similar bandgap.
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Figure 2.8 The optical bandgap of BHTO. (a) BaHf(3Ti0..Os3 (b) BaHfy6Ti9403 (¢)
BaHf) 4Tio.c03 (d) BaHf2Tios0s.

2.5. Field effect transistors using BaHfo¢Tio.4O3

Figure 2.9 shows an n-type accumulation mode field effect transistor (FET)

using BaHfy¢Tio4O3 as the gate oxide. Cross-sectional schematic diagram of the
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device is shown in Figure 2.9(a). To reduce the threading dislocation density, 150
nm thick BaSnO; buffer layer was grown on a SrTiO; substrate. On top of it, 11 nm
thick 0.3 % La-doped BaSnOs; channel layer was grown using a silicon stencil
mask pattered as a line. 4 % La-doped BaSnOs was grown on it through a stainless-
steel mask as the source and the drain contacts, which defines the channel length.
Finally, using other Si masks, 163 nm thick BaHfo¢Tio.4O; gate oxide layer and 4 %
La-doped BaSnO; gate electrode was grown. Figure 2.9(b) is the microscope image
of the device. The channel width (W) of 0.3 % La-doped BaSnOj3 is 230 pm, and
the channel length (Lcn) is 60 um. The output characteristics of the device are
shown in Figure 2.9(c). The source-drain voltage (Vps) was applied up to 5 V
while the gate voltage (Vgs) varied from 7 to 0 V with the interval of 1 V. At low
Vps the source-drain current (Ip) is proportional to the Vps and, as Vps increases, Ip
becomes saturated. The transfer characteristics of the device are shown in Figure
2.9(d). Gate leakage current (Ig) and Ip was measured at Vps = 1 V while Vgs was
swept from 0 to 7 V. Ion/Ios ratio is about 107. The maximum of subthreshold swing
was evaluated from the relation S = [dlog (Ip)/dV;s]" as 0.20 V/dec. Field effect

mobility (Lgg) of the device was calculated using the relation

Lt dlp
= , (2.3
HrE <WK€0VD5> Ves (2.3)

where L, t, W and gy are the channel length, the thickness of the BaHfy¢Tio4O3

layer, the channel width, and the permittivity of the vacuum. The maximum of ugg
is about 23 cm?V-!s!. Compared to the FET with BaHfO; gate oxide [1], although
the La doping concentration is different, the Vgs required to modulate the current

amplification of 107 (+1 to +7 V vs. -7 to +18 V in case of BaHfOs) is smaller,
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which is attributed to the higher dielectric constant of BaHf, ¢Tio4O3than BaHfOs.

The subthreshold swing is also smaller than that of BaHfO3 device (0.8 V/dec) [1].
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Figure 2.9 FET made with 0.3% BLSO channel layer and BaHfy ¢Ti04O3 gate oxide.

(a) schematic of the device. (b) The top view of the device pictured by an optical
microscope. (c) The output characteristic of the device. (d) Transfer characteristics
of the device.

2.6. Conclusions

To summarize, we examined how the dielectric properties of the BaHf;«TixO;3
system vary, with the goal of combining materials with high dielectric strength and
high dielectric constant. BaHfo 6Tio4O3 had the largest field-induced charge density,
making it a potential candidate for a high-k dielectric with excellent dielectric
strength. We discovered that the BaHfoTio4O3 dielectric can modulate carrier

2

density greater than 10" cm?2. We successfully demonstrated the use of
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BaHfy6Tip4O3 as a gate oxide in n-type accumulation mode with excellent

characteristics.
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Chapter 3. Properties of BaHfo.cTio.4O3

3.1. Research background

In chapter 2, we found that the optimum ratio of BaHfi..TixOs as a high-k
dielectric is at x=0.4 in terms of potential field-induced 2-dimensional charge
density and lattice matching to 4% BLSO. In different film deposition condition,
the dielectric properties of BHTO enhanced. Sequential ablation of the two targets
(BaHfOs, BaTiO3) was changed to single ablation of a target (BaHfoTio4O3) and
the level of oxygen partial pressure during the deposition was altered from 100

mTorr to 10 mTorr, which could expect a structural difference.

3.2. Dielectric properties of BaHfo.cTi0.4O3

All material targets of BaSnOs, La-doped BaSnOs, and BaHfo¢Tio4O3 (BHTO)
were provided by Toshima Manufacturing Co. in Japan, which have a purity over
99.9%. The BHTO samples were grown on SrTiO; or MgO single-crystal
substrates at a temperature of 750°C and an oxygen partial pressure of 10 mTorr,
using a pulsed laser deposition system. A KrF excimer laser with a wavelength of
248 nm and an energy fluence of about 1.2 to 1.5 J cm™ was employed at a
repetition rate of 10 Hz. The distance between the target and substrate for BHTO
was 63 mm. La-doped BaSnQOjs layers were used as the electrode and channel layer,
respectively, and were deposited in an oxygen partial pressure of 100 mTorr at
750°C. Si or stainless-steel stencil masks were utilized to create lateral patterns.

The thickness of the films was measured using a stylus profiler (DektakXT-E,
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Bruker) or an AFM (LensAFM, Nanosurf).

The Keithley 4200 semiconductor characterization system was used to measure
the electrical properties. The admittance measurement was used to obtain the
parallel capacitance (Cp) and dissipation factor (tan 8) with an AC voltage of 30
mV and root mean square amplitude. To measure the breakdown field (Egp), the
voltage was swept while measuring the leakage current through the capacitors. In
order to assess the electrical characteristics of the BaHf(¢Tio4O3 dielectric, a 150
nm thick layer of 4% La-doped BaSnOs (referred to as 4% BLSO) was grown on
top of the dielectric. This layer had a resistivity of 150 pQl -cm and was
degenerately doped [1]. The structure was created in the form of a mesa-like
capacitor, with a 4% BLSO layer acting as the bottom electrode and the
BaHfy6Ti0403 layer being 200 nm thick. The thickness of BHTO was verified
using Kiessig fringes obtained from x-ray diffraction, as depicted in Figure 3.1 and
table 3.1. The top electrode made of 4% La-doped BaSnO; has a area of
approximately 53,100 pm?, with a diameter of approximately 260 um. The
dielectric constants of BaHfy¢Ti04O3 were calculated using the measured parallel
capacitance (Cp), which is presented in Figure 3.2(a) and 3.2(b) along with the
capacitance-frequency and current-voltage characteristics. Figure 3.2(c) depicts the
DC field dependence of the capacitance, which shows a similarity to those
observed in BTO or SrTiO; [2,3]. The hardening of the soft phonons is the main
cause of the DC field dependence of the dielectric constant in titanates [4,5]. Due
to the significant bias dependence of the dielectric constant, the "effective"
dielectric constant in a device is reduced, with an average dielectric constant

ranging from zero to a finite bias. Figure 3.3 presents the band offset estimation
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and corresponding band diagrams through Fowler-Nordheim tunneling analysis of
the leakage current at high bias. The band offset between the BaSnO; and BHTO is

in the range of 0.9~1.4 eV due to uncentainty in the effective mass of BHTO.
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Figure 3.1 X-ray diffraction measurement of BHTO capacitor and Kiessig fringes
of BHTO peak. (a), (b), (c) X-ray diffraction data of BHTO MIM capacitor and
Kiessig fringes of BHTO peak. (d) Linear scale plot of Kiessig fringes of BHTO
peak. (e) Baseline of the curve. (f) Subtraction of baseline, smoothing function for
finding Kiessig fringe peaks.
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Choice of angles n d (nm)

04, 05, 05 944 196.3
0,, 03, 0, 964 200.3
03, 0,4, 05 970 201.3
04, 05, 03,0, 962 200.1
0,, 03, 04, 05 957 198.8
04, 05, 03,0, 05 958 199.3

Table 3.1 Calculated thickness of BHTO with different set of angles from Kiessig
fringes. From the Bragg’s law, 2dsinf = nA, thickness of film d is calculated for
each 0, which corresponds to n, n+1%, n+2% --- peak. Integer n is determined for
the minimum standard deviation of the calculated thicknesses. From the smoothing
function of subtracted intensity, the 26 angles of Kiessig fringes are determined to
20,=43.4748°, 20,=43.5216°, 205;=43.5716°, 26,=43.6164°, 205=43.6660°
respectively (A = 0.15406 nm).
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Figure 3.2 Dielectric properties of BHTO. (a) Frequency-dependent capacitance
curve of a BaHfy6Tio4O3 metal-insulator-metal device. The inset shows the layer
structure of the device. STO, SrTiOs. (b) Leakage current density as a function of
electric field of the BaHfy¢Tio4O3 device in (a). (¢) Electric field dependence of
dielectric constant measured at 1 kHz with an AC bias of 30 mV.
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Figure 3.3 Fowler-Nordheim analysis and comparison of band diagrams. (a) J-E
characteristic of BHTO capacitor. (b) In(J E?) vs E*! curve for Fowler-Nordheim

3
analysis of leakage current using the following relation, ] o E2exp (%).
The uncertainty in the effective mass of BHTO generates the range of the barrier
height from 1.0 eV (m*~0.6 m.) to 0.5 eV (m*~6.0 m.). Adding the Fermi level of
0.4 eV above the conduction band minimum, the band offset between the BSO and

BHTO is in the range of 0.9~1.4 eV. (c) Comparison of band diagram for Si, BSO,
BHTO.
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In order to gather statistics of the dielectric properties of BaHfy¢Tio4O3, we
created 21 capacitors arranged in a 3X7 grid on a single chip. The results of these
tests are presented in Figure 3.4. The average dielectric constant of BaHfy ¢Tio 403
was calculated to be around 150, based on statistical analysis of the capacitor
properties. Most of the dielectric constants measured fell within the range of 145 to

155, which is more than twice the reported value of 65 [6].

10 Egp = 3.20+1.52 MV/cm

Counts
w

|
160 1 2 3 4 5 6 7
Egp(MV/cm)

k =149.6+3.58
Ll

140 145 150 155

Dielectric Constant

Figure 3.4 Statistical measurement data of 21 MIM devices. (a) Dielectric constant.

(b) Breakdown field of BaHf( ¢Ti040s3. The symbol + denotes standard deviations.

Effective medium theories can be used to calculate theoretical dielectric
constants [7]. Table 3.2 presents a few exemplary calculations, where the dielectric
constants of BaHf1<TixO3;, BHO, and BTO are represented by €suro, €sro, and &gro,
respectively. The volume fractions of BHO and BTO, denoted by fguo and fgro,
respectively, are set to 0.6 and 0.4. Using classical effective medium theory and the
reported dielectric constants of BHO and BTO, which range from 37.8 to 200-600,

the effective medium theory produces a range of 56.6 to 61.5 for the dielectric

. A2 of &



constants of BaHfyTio4O3. These values are significantly lower than our
experimental results. Even if we utilize the high dielectric constant of single-crystal
BTO, which is approximately 4000, the resulting calculated value of 63.9 is not
significantly different. In the Maxwell-Garnett approximation, which proposes the
presence of solid nanospheres within a host material, the calculated dielectric
constant of BHTO is consistently lower than the experimental values, regardless of
the dielectric constant of BTO. This is likely due to the model's limitation, which is

only valid when the volume fraction of nanospheres is relatively low (<0.1).

Calculation Formul Calculated
Model uia £pHo  £BTO EBHTO
200 56.6
€ -1 £ -1

Effective = fano 400 60.2

medium. BHTO BH(‘)SBTO 4
approximation + fBTOﬁ 600 61.5

BTO
4000 63.9
200 72.7
Né?xwetltl- EBHTO — €BHO _ f €BT0 — €BHO 378 400 875
amer gpnro + 2&pw0 0 €gr0 + 28810 7
approximation 600 94.4
4000 110.0
200 81.5
f €BHO — €BHTO
BHO . 1 oa
Epro + 2¢ 400 118.8
Bmggemgn BHO BHTO E5r0 — Enm0
approximation + faro I Pa— 600 150.5
=0

4000 552.1

Table 3.2 Calculated dielectric constant of BHTO from different kinds of
approximations. fao=0.6 and fzro=0.4 were used.

However, using the Bruggeman approximation, in which host and guest materials

are indistinguishable and the system is completely random, the calculated dielectric
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constant accurately predicts the experimental dielectric constant of 150 when the

dielectric constant of BTO is assumed to be 600.

The breakdown field of BaHfy6Ti0403 has a statistically averaged value of 3.2
MV cm!, and its deviation is significantly greater than that of the dielectric
constant. This is likely because the dielectric breakdown is more dependent on the
local defects in each capacitor. Therefore, in terms of the breakdown field, the
maximum measured value, rather than the average, would be a more appropriate
representation of the intrinsic dielectric strength. Some capacitors showed a
breakdown field exceeding 5.0 MV cm™!. Several representative current density—
electric field characteristics are shown in the Figure 3.5. The dielectric properties
of BaHfj¢Tio 403 indicate that a maximum field-induced charge density exceeding
10'* ¢cm™ can be achieved at 2 MV cm™!, with a corresponding leakage current
density of 10 A cm 2. This means that in a 1-um? sized device, the leakage current
would be around 1072 A. Despite the DC field dependence of the dielectric, the

field-induced charge density still exceeds 10'* cm 2.

10
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Figure 3.5 [-V characteristics of several BaHfysTi04O3 capacitors. The current
measurement in (b) is limited by the compliance current, and the Egp is located
between 5.11 MV cm! and 6 MV cm’. Every measurement is performed for
voltage sweep mode.
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Figure 3.6 Comparison of dielectric constant, breakdown field of dielectric
materials including well-known high-k materials. Each colored lines denotes
maximum field-induced charge densities. Black dashed lines and gray dashed-
dotted lines are theoretical and experimental McPherson dielectric constant—
breakdown field relations, respectively.

Figure 3.6 displays a comparison of dielectric materials, their dielectric constants,
and breakdown fields, while additional data on various binary and ternary
dielectrics can be found in Table 1.1. The figure includes the maximum two-
dimensional charge density curve that can be modulated by dielectrics, which is
directly proportional to the product of the breakdown field and dielectric constant.
Theoretical and experimental curves generated by the McPherson model [8] are
also presented, with the equations Egp = 35.3 (k) *** and Egp = 29.9 (k) *® (for
theoretical and experimental, respectively). BaHf,.6Ti04O3 dielectric has a dielectric
constant of around 150, and its breakdown field is approximately 5 MV ¢m™!

b
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resulting in a maximum field-induced charge density of about 4x10'" ¢cm™. It's

important to note that the maximum electric field in devices is typically limited by

the leakage current constraint, depending on device geometry. Nevertheless, the

values of BaHfy¢Tio4O3 are far superior to those of known dielectrics on the

McPherson curve, and no other dielectrics have characteristics comparable to

BaHfo,sTiOAO;.

3.3. Field

effect transistors

modulation beyond 10 ¢cm™
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Figure 3.7 FET in an n-type accumulation mode made with 0.1% BLSO channel
layer and BaHf;6Tio4O3 gate oxide. (a) Schematic of the device. (b) The top view
of the device pictured by an optical microscope. Gray dotted lines are plotted to
illustrate each deposited layer. The channel width (W) of 0.1% La-doped BaSnO;
is 140 um, and the channel length (L) is 60 um. (c) The output characteristic of
the device. (d) Transfer characteristics of the device. Source-drain current is plotted
in a full green line, leakage current is plotted in a dashed green line. Calculated
field-effect mobility is shown in blue circle scatter plot. Black dashed line shows
maximum subthreshold swing (SS) of the device.
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Figure 3.7 displays an n-type accumulation mode FET utilizing BaHf) ¢Ti04O3 as
the gate oxide. The device's cross-sectional schematic diagram is illustrated in
Figure 3.7(a). To decrease the threading dislocation density, a 150-nm-thick
BaSnOs buffer layer was grown on a SrTiOj; substrate. Subsequently, a 26-nm-thick
0.1% La-doped BaSnO; channel layer was grown on top of it using a
micromachined silicon stencil mask patterned as a line. A 4% La-doped BaSnOs3
was grown on it via a stainless-steel mask as the source and the drain contacts,
which defines the channel length. Lastly, using other Si masks, a 100-nm-thick
BaHfy6Tio4O; gate oxide layer and 4% La-doped BaSnO; gate electrode were
grown. The device's microscope image is shown in Figure 3.7(b). The channel
width (W) of 0.1% La-doped BaSnOs is 140 pm, and the channel length (L) is
60 pm. Figure 3.8 displays more detailed geometry of the device. The output
characteristics of the device are presented in Figure 3.7(c). The device was
operated at a source-drain voltage (Vps) of up to 3 V, while the gate voltage (Vas)
was varied from 7 to 0 V with the interval of 1 V. The drain current (Ip) is
proportional to the Vps at low Vps, and as Vps increases, Ip becomes saturated. The
transfer characteristics of the device are shown in Figure 3,7(d), where the gate
leakage current (Ig) and Ip were measured at Vps = 0.1 V, while Vgs was swept
from 0 to 7 V. The I/l ratio is approximately 107. The subthreshold swing value
was calculated using the relation S = [ 9 log (Ip)/ @ Vas] ! as 0.14 V decade ™. The
device's field-effect mobility (ure) was calculated using the relation for the linear

region

L alp ) Lt ( alp )
IJ'FE,lln WCoxVDs (6VGS WxegVps GVGS (3 )

where L, W, Co, t, and g, are the channel length, the channel width, the
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capacitance per unit area of the BaHfysTio4Os layer, the thickness of the
BaHfo6Ti04O3 layer, and the permittivity of the vacuum, respectively. The
saturation region (Vps = 5 V) linear plot of \/E versus Vgs in Figure 3.9 is used to
determine the threshold voltage (Vr) of the device, which is found to be 3.6 and 4.0
V for the increasing and decreasing Vgs, respectively. The maximum field-effect
mobility (ure) is calculated to be about 30 cm? V! 57!, using the average Cox at low
bias (k ~ 120 near 0.5 MV cm!). Compared to the FET with BHO gate oxide,
which has a different La doping concentration, the Vgs required to modulate the
current amplification of 107 (+3 to +7 V) is smaller (-7 to +18 V in the case of
BHO [9]), which is attributed to the higher dielectric constant of BaHf(¢Tio4Os3
than BHO. Additionally, the subthreshold swing value is smaller than that of the

BHO device, which is 0.8 V decade .

Figure 3.8 Detailed geometry for the channel length and width and the gate length
for the accumulation mode FET.

29



1.2x10”

1.0x107

8.0x10°

6.0x10°

0.5, 405
Iy, " (A)

40x10°

2.0x10

01234567

Vg (V)

Figure 3.9 \/E vs Vgs plot in linear scale for determining threshold voltage (Vr) of
device.

Efforts have been made to modulate the carrier density beyond 10'* cm™ using
solid-state oxides with high dielectric constant, such as BaTiO3 and SrTiO;[10-12].
A recent report described depletion mode field effect transistors using BaTiO; as
the gate dielectric [10], but the device's capacity to modulate charge density was
limited to only 5.7x10" cm™. At Vs = -6 V, the off-state gate leakage current was
11.0 mA mm™', equivalent to 1.72x10° A cm™ at -3 MV cm!, which is too high for
practical applications. Devices based on SrTiO; were able to modulate carrier
density above 1x10" cm? [11,12]. One type of device, SrTiOs/GdTiO;
heterostructure field effect transistors, could modulate the interfacial two-

dimensional electron gas (2DEG) by 1.1x10'* ¢cm™ [11]. However, this device was
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not able to fully pinch off the channel. Another device, the SrTiOs-based MESFET,
could modulate the charge density to 1.62x10'* ¢cm™ [12]. Nevertheless, this device
also exhibited high off-state leakage current of about 0.1 mA mm™ at 1.875 MV
cm’!, which is also too high and probably responsible for the low on/off ratio of

only 107, although the exact dimensions of the device are not disclosed.

To provide a direct demonstration of charge modulation exceeding 10'* cm?,

we produced depletion mode field effect transistors (FETs) using a 33 nm thick
channel layer composed of 0.4% La-doped BaSnOs. The thickness of the 0.4%

BLSO layer was verified using an AFM thickness profile, shown in Figure 3.10.

50 T ¥ T 1 &
—— Thickness profile of 0.4% BLSO channel

40} -

Thickness (nm)

20

Position (um)

Figure 3.10 Thickness profile of 0.4% BLSO channel by AFM measurement.

A separate Hall measurement presented in Figure 3.11 revealed that 20 nm thick
films composed of 0.4% La-doped BaSnOs had a 2D carrier density of 7.03x10"
cm. Therefore, we can estimate that the 33 nm thick channel used in the FETs had

i 3 A= o st w



a 2D carrier density of approximately 1.16x10'* cm™.
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Figure 3.11 Hall measurement of a 20 nm thick 0.4% La-doped BSO film. (A)
Schematic of the film. (B) Geometry of 4-probe Hall measurement. (C) Hall
resistance of both diagonals. Hall resistance and voltage was determined by
averaging both diagonals with magnetic field of £5.34 kG. 2-dimensional carrier

concentration was calculated by following equation.
Nyp = 5 = % (I: current, B: magnetic field, e: charge of electron, Vu: Hall
H H
voltage, Ry: Hall resistance)
R —Ryy_+R — R3q_
Ry = 24+ 24 - 31+ 31 _ 4740,

Nyp = 05347 =7.03x 107 m™2 = 7.03 x 10'3 cm™?
T 16x10719C x 4740 - '
Growth rate of 0.4% BLSO was determined by measuring the thickness of 7000
laser shots deposited film as 156 nm. The 20 nm thick film used for Hall

measurement was deposited by 897 laser shots.
The corresponding mobility value calculated from the sheet resistance 3,036 Q of
the film is 29.23 cm?V-s.

Figure 3.12(a) displays a schematic of the device's cross-section. To establish the
channel width, a 140 pum silicon stencil mask was employed. Following the
deposition of the buffer and channel layers, a 4% La-doped BaSnOs; channel

contact layer was added using a stainless-steel mask to establish the average 130
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pm channel length. Next, a 200 nm thick BaHfo6Tio4O3 gate oxide was deposited
using a silicon stencil mask. To create the gate length of 80 um, a 4% La-doped
BaSnO; gate electrode layer was deposited using a silicon stencil mask. The
detailed geometry of the device is shown in Figure 3.13. Figure 3.12(b) displays a
microscope image of the device, while its output characteristic is shown in Figure
3.12(c). The device's source-drain voltage (Vps) was applied up to 25 V, and the
gate voltage (Vgs) varied from 0 to -40 V with a 5 V interval. At low Vps, the drain
current (Ip) is linearly proportional to the Vps, and as Vps increases, Ip becomes
saturated, which is a typical characteristic of an n-type FET. The transfer

characteristics of the device are shown in Figure 3.12(d). Gate leakage current (Ig)
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Figure 3.12 FET in an n-type depletion mode made with 0.4 % La-doped BSO
channel layer and Hfy¢Tio4O3 gate oxide. (a) Schematic of the device. (b) The top
view of the device pictured by an optical microscope. Gray dotted lines are plotted
to illustrate each deposited layer. The channel width (W) of 0.4% La-doped
BaSnO; is 140 pum, and the average channel length (L) is 130 um. (c) The output
characteristic of the device. (d) Transfer characteristics of the device. Source-drain
current is plotted in a full green line, leakage current is plotted in a dashed green
line. Calculated field-effect mobility is shown in blue circle scatter plot.
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and Ip was measured at Vps = 1 V while Vgs was swept from 0 to -45 V. Lon/Logr
ratio is about 10%, limited by relatively high off-state Ip due to the high Is. Field
effect mobility (urg) of the device was calculated using relation (3.1). The Cox
value in the device was determined by measurement, as depicted in Figure 3.14,
and was utilized in the calculation. The highest value of field effect mobility (pirE)
was found to be approximately 15-25 cm? V! 57!, The channel of 0.4% La-doped
BaSnOs was depleted to the point where the drain current (Ip) was limited by the
gate leakage current (Ig). Based on the leakage current density of 10* A cm™ at 2
MV c¢m! in Fig. 3.2, it can be predicted that if the device is scaled down to a 0.1
um length and 10 pm width channel, the leakage current will decrease to 1071 A at
2 MV cm!. This would fulfill the requirements of field effect devices that need an
on-current of greater than 1 mA um™ and off-current of 102 A. Direct modulation
of carrier density over 10 cm™ was realized using solid-state gate oxide, which
has not been realized to date. The C-V measurement of the device in Fig. 3.14

confirms the modulation of 1.07%10" ¢cm™.

Figure 3.13 Detailed geometry for the channel width and length and the gate
length of the depletion mode FET.
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Figure 3.14 Capacitance of a BHTO depletion mode FET with 0.4% BLSO
channel (A) Capacitance-frequency curve of depletion mode FET with zero dc bias
and 30 mV ac bias. (B) C-V curve of depletion mode FET. Using the average
capacitance of 51 pF over the gate bias range (—38 to 0 V), the calculated 2D
density is 1.07x10' c¢cm™, taking into account the area of 140 um X 80 pum. The
DC bias during the C-V measurement was stopped at -30 V due to the limit by the
measurement equipment (Keithley 4200).

3.4. Structural properties of BaHfo.6Ti0.4O3

3.4.1 Scanning Transmission Electron Microscope (STEM) of
BaHfo.6Ti0.4O3

To explore the structural properties, measurements were conducted using a
Scanning Transmission Electron Microscope (STEM) by Dr. Myoungho Jeong in
Samsung Advanced Institute of Technology (SAIT). The sample of the BHTO
films, oriented in the [100] direction, for cross-sectional imaging were prepared by
the Ga ion beam milling using focused ion beam (FIB, Thermofisher Scientific,
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Helios5 HX) at an acceleration voltage of 15kV. A further 1kV Ga ion beam
milling was conducted to eliminate the surface damages of the sample. Scanning
Transmission Electron Microscope (STEM) and Electron Energy Loss
Spectroscopy (EELS) analysis were performed on an aberration-corrected STEM
(Thermofisher Scientific, Titan Cubed 60-300) equipped with EELS (Gatan,
Quantum ERS 966), operating at 300kV with a semi-convergence angle of
26.5mrad. The High Angle and Low Angle Annular Dark Field (HAADF/LAADF)
STEM images were acquired with detector angle ranges 40-200 and 25-47 mrad,
respectively. EELS-SI (spectrum imaging) were recorded with the energy range of
200-2248 eV to detect the Ti L2,3, O-K, Ba M4,5, and Hf M4,5 with an energy
resolution of ~0.9 eV. The dwell time per pixel and dispersion were 0.02 sec and

1eV/ch, respectively.

Figure 3.15(a) displays a high-angle annular dark field-scanning transmission
electron microscope (HAADF-STEM) image of BaHfy¢Tio4Os at different
magnifications, while Figure 3.15(b) shows a low-angle annular dark field-
scanning transmission electron microscope (LAADF-STEM) image of the same
area of the film. In the LAADF-STEM image, which is known to be more sensitive
to local strain [13], atomic contrast is clearly visible, unlike the HAADF-STEM
image of BaHfy¢Tio4Os. The bright regions in the LAADF-STEM image are
thought to correspond to areas rich in titanium. To verify the stoichiometric
modulation, we conducted electron energy loss spectroscopy (EELS) on the film to
distinguish the atomic arrangement of BaHfo¢Ti940O3, as demonstrated in Figure
3.16(a). By mapping Ti atom, we found that the arrangement of Ti atoms is

comparable to the LAADF-STEM image, indicating clustering of Ti-rich regions at
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a scale of 2 nm. The distribution of Hf in the film complements that of Ti because
when the mapping images of Ti and Hf are superimposed, the resulting image is
very similar to that of Ba, which is evenly distributed throughout. EELS line scan
profiles, shown in Figure 3.16(b) and (c), confirm the chemical heterogeneity of Hf
and Ti atoms. As anticipated in a chemically modulated system, the intensities of

the two atoms in the line scan profiles are complementary to each other.

Figure 3.15 STEM image of BaHf;sTi040Os. (a) HAADF-STEM of various
magnification scales. (b) LAADF-STEM of various magnification scales.
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Figure 3.16 EELS of BHTO. (a) EELS element mapping image of BaHfoTio.4Os.

(b) Region of EELS line scan. Red arrows denote scan directions. (c) Line profile

of Ti and Hf elements.
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3.4.2 High-resolution X-ray diffraction (HRXRD) of BaHfo.cTi0.4O3

To further confirm the chemical heterogeneity of Hf and Ti atoms, we measured
structural property of BaHfosTio4O3; by x-ray diffraction measurement. The high
quality of the films was confirmed by D8 Discover high-resolution diffractometer
(Bruker), operated at 40 kV and 60 mA with Cu Ko (A = 1.5406 A) radiation. The
first step in the process involved growing a degenerately doped layer of 4% La-

doped BaSnOs; as the bottom electrode on SrTiOs substrates. A layer of

BaHfo6Ti0.403, approximately 200 nm thick, was then epitaxially grown on top of it.
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Figure 3.17 RSM of BHTO. (a) Reciprocal space mapping (RSM) of
BaHf;6Ti0403 (103) peak. (b) (002) peaks and corresponding rocking curves. Black
dotted lines are rocking curve scan regions. Detailed rocking curves and full width
half maximums (FWHM) are presented in Figure 3.18.

Reciprocal space mapping (RSM) measurements were conducted on the (103) and
(002) peaks of the BaHfy ¢Ti0.403 layer, as illustrated in Figure 3.17. The (103) peak

of BaHfy6Ti0.40s3, depicted in Figure 3.17(a), has in-plane and out-of-plane lattice
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parameters of 4.096 A and 4.158 A, respectively. Although the in-plane lattice
value is close to the expected value based on the cubic BaHfOs bulk lattice
parameter of a =4.171 A and the tetragonal BaTiOs bulk lattice parameters of a =
4.000 A and ¢ = 4.027 A, it does not appear to be pinned with that of the
underlying La-doped BaSnOs;. The in-plane and out-of-plane lattice parameters
indicate that the BaHfy¢Tio4Os3 film is grown as tetragonal structure, which can
contribute to the large dielectric constant. The (002) peaks RSM, illustrated in
Figure 3.17(b), revealed a small, isolated peak of BaTiO3 with a corresponding out-
of-plane lattice parameter of ¢ = 4.013 A. This provides direct evidence of
clustering in the Ti-rich region. However, no peaks of BaHfO; were detected.
Figure 3.18 displays detailed rocking curves of the film. The full width half
maximums (FWHMs) for the 4% BLSO layer and the BaHfy6Tio4O3 layer are
0.028 and 0.036, respectively, which is close to that of the SrTiOs single crystal

substrate (0.023). However, the FWHM of the BTO peak is 0.286. Thus, only the
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Figure 3.18 Rocking curves of BaHfoeTi04Os capacitor from XRD
measurements.

BTO peak has much broader FWHM, not coherent with other peaks, which
indicates nano-scale clustering of the material. This can explain why the in-plane

lattice constant is not pinned, despite the average lattice constants of La-doped
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BaSnO; and BaHfj ¢Tio 403 having a mismatch of less than 0.5%.

3.5 Optical bandgap of BaHfo.Ti0.4O3
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Figure 3.19 Optical band gap of BaHfosTi0o4Os. Bandgap fitting is performed
assuming direct bandgap.

We measured the optical absorption of samples by using a grating spectrometer
(Cary 5000, Bruker) over 200 - 2000 nm (0.6 - 6.2 e¢V) at Jac Hoon Kim’s lab in
Yonsei University. The spectrometer has a quartz iodine (QI) lamp light source for
2000 - 350 nm and a deuterium UV lamp light source for below 350 nm. Samples
are mounted on a holder with a 3 mm diameter hole. Absorbance is calculated as
the minus logarithm of the transmittance and absorption coefficient « is calculated
by accounting for the sample thickness. About 200 nm thick BaHf,6Tio4O5 layer
was grown on MgO substrate (E; ~ 8 eV) to prevent absorption by the substrate.
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We removed the substrate absorption by measuring MgO substrate’s optical
absorption separately and subtracting absorbance of the two samples. From the
optical absorption measurement, we plotted the Tauc’s plot of (ahw)? vs (hw),
where a denotes absorption coefficient, assuming a direct bandgap. The optical
bandgap of BaHfy¢Ti0.403, which is the minimum energy required for an electron to
transition from the valence band to the conduction band, was determined to be 4.4
eV through optical absorption measurement as shown in Figure 3.19. This value
suggests that the material could sustain a dielectric breakdown field of 5.0 MV cm’!
if the breakdown field is indeed limited by the bandgap, as stated in [14]. However,
defect states that function as leakage current paths usually exist within the bandgap

in practical cases, and they decrease the breakdown field.

3.6. Percolation path formation model

The reason behind the BaHfy¢Tio4Os3 dielectric possessing a high dielectric
constant, high breakdown field, and a moderately high bandgap can be explained as
follows. The combination of a high dielectric strength background material rich in
Hf, and the inclusion of high dielectric constant material rich in Ti, results in a
material with a large average polarization when an external electric field is applied,
which leads to a high dielectric constant. Additionally, the high dielectric strength
background prevents the formation of a conductive percolation path, which in turn
reduces the leakage current and increases the breakdown field. Therefore, by
properly combining materials with high dielectric strength and high dielectric

constant, both electrical properties can be optimized as illustrated in Figure 3.20.
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Figure 3.20 Percolation path formation model in heterogeneous BaHfysTi0.4O;3
system. In Ti-rich regions, defects are more easily generated compared to Hf-rich
regions when electric field is applied, forming the conductive regions. Continuous
overlap of conductive region results in formation of a percolating path, finally
leading to a large leakage current and the dielectric breakdown which involves
irreversible damage to the dielectric layer.

3.7. Conclusion

We conducted research on BaHfyTi0.4O3, which is a combination of a high
dielectric strength material and a material with a high dielectric constant, to
investigate its dielectric properties. Our findings showed that carrier density
exceeding 10'* cm™ can be controlled using BaHfy6Tio4Os dielectric. The key

factor in achieving excellent dielectric properties lies in the nanometer-scale

stoichiometric modulation of the high dielectric strength background material and
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the high dielectric constant material inclusion. We demonstrate the n-type
accumulation mode and n-type depletion mode FETs using BaHfy¢Tio4O3 gate
oxide with excellent FET characteristics, which has been unattainable via other

conventional dielectrics.
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Chapter 4. Size effect of BaHf) ¢Tio.4«O3 (BHTO)
4.1. Research background

The well-known issue with high-k dielectrics is their dielectric constant
decreasing as the dielectric thickness reduces. This occurrence has been observed
in various high-k dielectrics such as Pb(Zr,Ti)Os (PZT) [1,2] and (Ba,Sr)TiO3; (BST)
[3]. This is so-called “size effect of dielectric”. The cause of this phenomenon is
related to the interfacial capacitance with low permittivity generated between the
dielectric and electrodes as illustrated in Figure 4.1, although the origin of this will
be addressed later. If the interfacial layer is formed between dielectric and

electrodes, then the measured capacitance can be expressed as

L -1 41 @

Cmeasured Cinterfacial Chuik

If we assume that the thickness and dielectric constant of interfacial layer are
independent of dielectric thickness, that is Cinerfacial”’ 1S constant, the measured
dielectric constant is decreased when the dielectric thickness decreases. From the
Chneasured”' Vs dielectric thickness plot, the y-intercept is the Cinerfacia”! and the slope is

related to the bulk dielectric constant.

Electrode
Interfacial layer — low k
Dielectric —— highk
Interfacial layer — low k
Electrode

Figure 4.1 Interfacial low-k capacitance model between dielectric and electrodes.
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4.2. Origins of size effect

The origin of size effect is investigated by many researchers for several decades.
Nevertheless, there is still intense debate regarding the source or cause of this
phenomenon. L. J. Sinnamon et al. argued that the size effect is due to growth
induced defects, strains, and grain boundaries according to their experimental
findings [4]. However, Li et al.'s experimental and theoretical results indicated that
even in high-quality interfaces with extremely low defect density, there exist
interfacial layers [5]. Their findings showed that there was no interdiffusion
between BTO and Pt, nor oxidation of Pt. In C. Zhou and M. Newns’ study on
SrTiOs dielectric film, they discovered the existence of an inherent dead layer on
the surface [6]. This layer greatly decreases the effective dielectric constant from
their Thomas theory study. Through the application of ab initio calculations,
Stengel and Spaldin verified the presence of a layer with low permittivity in
nanoscale capacitors made of SrRuOs/SrTiO3/SrRuO; [7]. Based on their
theoretical findings, it appears that the impact of the dead layer is a characteristic
that is inherent and inevitable in the interface between dielectric and metal. They
argued that the incomplete screening at the electrode is the origin of interfacial
capacitance, which is intrinsic effect. However, in experiments, so called size-
effect-free dielectric is reported. For instance, Kim et al. reported that there is no
interfacial capacitance observed in ultrathin SrRuO3/BaTiOs/SrRuO; ferroelectric
capacitors [8]. Also, in c-axis-oriented bismuth layer-structured dielectric, which
can be expressed as (Bi202)*"(Am1BmOsm1)*, the dielectric constants are
independent of film thickness, indicating that there is no size effect [9,10]. L.-W.

Chang et al. demonstrated that an inherent interfacial layer is present even in single
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crystal lamellae of SrTiO; capacitors with Pt electrodes, while it does not exist in
that of BaTiO; capacitors with Pt electrode even in films as thin as ~75 nm [11].
Thus, it appears that there is a contradiction between the results obtained from the
theoretical and experimental investigations. Moreover, there are instances where
the outcomes of experiments performed by various groups differ, even when
utilizing the same combination of electrode and dielectric materials for the
capacitor structure. Stengel. et al. found that the interfacial layer is intrinsic effect,
but specific combination of electrode and dielectric materials can minimize the
effect by local density approximation of density-functional theory [12].
Furthermore, as weaker as the bonding between electrode and dielectric materials,
interfacial layer effect is diminished, because ionic displacement at the interface
affects dielectric response. They also found that termination surface is related to the
interfacial capacitance. Q. Yang et al. also showed that polarization behavior is
strongly dependent on the termination layer of perovskite oxide at the interface
[13]. Moreover, the insertion of a suitable buffer layer between the ferroelectric and
electrodes would remove the effect of the interfacial layer, according to their
calculations. Despite numerous investigations on the interfacial layer, there is still a
deficiency in possessing a comprehensive and profound comprehension of this

issue.

As stated previously, there are a few systems in which dielectrics that are free
from the size effect have been reported. First, the layered perovskite with
Aurivillius phase is one of the size-effect-free dielectrics such as SrBisTisO;s,
SrBixTa;O0y [9,10]. In these kinds of material, the pseudo-perovskite block is

incorporated between Bi»O, layers, forming van der Waals bonding between the
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Bi,O, layers and pseudo-perovskite block. The other system is the perovskite
nanosheets exfoliated from Dion-Jacobson layered perovskites such as Ca;Nb3Oio,
Sr:Nb3Oio[14-17]. In this case, the van der Waals bonding is also formed between
the perovskite nanosheets and electrodes, which is thought to be relatively weak
bonding. What is interesting is that in 700 °C annealed perovskite nanosheet
system, interfacial layer was formed, suggesting that the bonding had become more
robust as a result of being annealed at high temperature [15]. Therefore, at this
stage, weak bonding between electrode and dielectric is thought to be the crucial

factor determining size effect.

4.3. Soft phonon propagation

In perovskite, the frequency of soft phonon mode strongly contributes to the
permittivity and cooperative dielectric interactions occur only through the
continuous connectivity of -B-O-B- bonds in ABO; perovskite layer [18]. The
meaning of “soft” phonon mode is the lowest-frequency optical mode. The lattice
dynamical properties in the thin films should play a key role in reduction of the
dielectric constant. A. A. Sirenko et al. found that the dramatic reduction of
dielectric constant in SrTiOj3 thin films compared to that of single crystal is closely
related to the hardening of soft phonon modes [19]. It was discovered that the
eigenfrequency of the soft phonon mode experiences an increase in thin films of
SrTiO; compared to that of a single crystal in bulk form. The Lyddane-Sachs-Teller
(LST) relation for a crystal with N infrared-active optical modes is given as follow,

which is relation between phonon frequencies and static dielectric constant.
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€(0), €(™) , w; , wr are the static dielectric constant, high frequency dielectric
constant, frequency of longitudinal optical phonon modes, transverse optical
phonon modes respectively. From the LST relation, the ratio of dielectric constant

between bulk and thin film is given as follow.
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Therefore, the soft phonon mode is crucial factor determining the dielectric
properties. The dielectric properties do not solely depend on the soft phonon
frequency, but also on the soft phonon density. In particular, the behavior of
phonons near the interface becomes a crucial factor in considering the size effect.
When there is a strong bond between the dielectric and electrodes, with close
contact, the soft phonons in the high-k dielectric can propagate through the

electrodes. As a result, the soft phonon density near the interfaces reduces, similar

High-k dielectric Electrode

_ Strong interfacial bonding
(Coherent epitaxy)

Soft phonon density

_ Weak interfacial bonding
(Incoherent epitaxy)

Distance

Figure 4.2 Soft phonon density propagation model depending on interfacial
bonding.
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to the thermal boundary resistance [20]. However, if the bonding between dielectric
and electrodes is weak, there would be also weak phonon coupling near the

interface, as illustrated in Figure 4.2.

4.4. Thickness dependence of dielectric constant of BHTO

Similar to other high-k dielectrics, reducing the thickness of the dielectric causes

a decrease in the dielectric constant of BHTO as in Figure 4.3.
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Figure 4.3 Thickness dependent dielectric constant of BHTO.

The additional x-axis in the Figure 4.3 describes the equivalent oxide thickness

(EOT) of BHTO when assuming the dielectric constant of BHTO is 150 regardless
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of dielectric thickness. In order to estimate the interfacial capacitance, inverse of
capacitance per area vs thickness of BHTO plot is in Figure 4.4. It is worth

mentioning that the plot is linearly fitted, indicating that a constant interfacial

capacitance exists regardless of the thickness of the film.
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Figure 4.4 Inverse capacitance per area of BHTO depending on the dielectric
thickness.

The interfacial capacitance of BHTO is equivalent to that of a 1 nm thin low-k
layer with a dielectric constant of 3.6, which is measured to be 3.19x10° F/cm?.

From the slope of the plot, bulk dielectric constant of BHTO is calculated as 186.

In order to confirm that the interfacial capacitance observed in BHTO capacitors

with 4% BLSO electrodes is a characteristic inherent to BHTO, capacitors made of
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Bao.15Sr0.3sHfO3 (BSHO) with 4% BLSO electrodes were created for the purpose
of comparison. Similar to BHTO, the lattice constant of BSHO is closely matched
to the 4% BLSO electrodes, even though the dielectric constant of BSHO is small
(~30) compared to BHTO. The thickness dependent dielectric constant and inverse

capacitance per area depending on dielectric thickness of BSHO is in Figure 4.5.

Top elec./Di(:il:cctric/Bottom é;l;e(rs:::) di(]j:g(ri c
: constant (&p)

BLSO/BaHf, Ti ,0,/BLSO 3.19 x 107 186
BLSO/Ba, ,Sr, , .HfO,/BLSO 2.56 x 1076 38.4
Auw/PbZr, ,Ti, ,.O./PU/Ti 1.53x 1075 1066
Pt/(Ba,Sr)TiO,/Pt 2.80x 1075 602
Pt/(Ba,Sr)TiO,/Pt 441 %1073 668
Pt/(Ba,Sr)TiO,/Pt 5.41 x 107° 675
IrO,/(Ba,Sr)TiO,/IrO, 6.67 X 1074 458
SrRuO,/Ba .Sr,,TiO,/SrRuO, 1x107* 6700
Pt/Ba, Sr, . TiO,/StRuO;, 2x107° 5700
Au/Ba, Sr, [TiO,/SrRuO, 2.01x10°° 1000
Au/Ba, Sr, TiO,/(La,Sr)CoO, 1.70 X 107° 380
Auw/Ba St | TiO,/Pt 2.21x10°° 1141

Table 4.1 Comparison of interfacial capacitance in various dielectric [1,3,21-23].

The interfacial capacitance of BHSO with 4% BLSO electrodes is estimated to be
2.56x10°% F/cm?, which is similar to that of BHTO with 4% BLSO electrodes.
Therefore, it is believed that the interfacial capacitance is not an intrinsic property
of the material. Comparison of the interfacial capacitance with other reported value
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is in table 4.1. The interfacial capacitance between 4% BLSO electrodes and
BHTO is either comparable or less than that of other systems, which means that the

interfacial capacitance effect is large in epitaxially lattice matched system.
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Figure 4.5 (a) Thickness dependent dielectric constant of BSHO (b) Inverse
capacitance per area of BSHO depending on the dielectric thickness.

Note that the capacitance for area of 1 nm SiO; is 3.45x10¢ F/cm?. In a series
configuration of capacitors, the total capacitance cannot surpass the value of the
smallest individual capacitance. Therefore, interfacial capacitance higher than the

value is required for EOT below 1 nm.

4.5. Effect of top ITO electrode on interfacial capacitance
In order to verify the impact of strong epitaxial bonding on interfacial
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capacitance, the top electrode is substituted with amorphous indium tin oxide (ITO),
which does not create epitaxial bonding as in Figure 4.6. The top electrode
replacement does not affect the epitaxy of BHTO dielectrics. The comparison of
dielectric constant depending on dielectric thickness with different top electrodes
and interfacial capacitance is shown in Figure 4.7. The interfacial capacitance of
BHTO capacitors with top ITO electrode is fitted to be 4.88x10° F/cm?, which is
about 1.5 times enhancement compared to that of top 4% BLSO electrode.
Therefore, the interfacial phonon is only weakly coupled due to the weak bonding

between BHTO and ITO, which results in an increase in the interfacial capacitance.

v 4% BLSO v ITO

STO sub. STO sub.

Figure 4.6 Schematic of BHTO MIM capacitors. Top electrode is replaced to ITO.
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4.6. Effect of bottom SrRuQO; electrode on interfacial

capacitance

The interfacial capacitance of BHTO capacitors with top ITO electrode is
enhanced about 1.5 times, however, this still requires improvement for BHTO of
EOT below 1 nm. To enhance interfacial capacitance effect, both the top and
bottom interfaces need to be designed and optimized. Using ITO as the bottom
electrode would impede the epitaxy of BHTO dielectric since the amorphous nature
of the ITO electrode prevents it. Thus, an epitaxial electrode is necessary to ensure
that the epitaxy of BHTO dielectric is not obstructed. In order to avoid a strong
bond between BHTO and the electrode, it is necessary to intentionally use
conducting perovskite oxide with a lattice mismatch. The perovskite StRuO; (SRO)
can be a good candidate due to its high electric conductivity [24] and large lattice
mismatch to BHTO [25]. The value of the pseudo-cubic lattice constant of SrRuO3
is apc = 3.93 A. This means that there is a mismatch of approximately 4% between
the in-plane lattice of SrRuOs and that of BHTO. The SRO/BHTO/ITO capacitors
show significant variations in their dielectric constant when compared to the 4%
BLSO/BHTO/ITO capacitors. Therefore, the interfacial capacitance of
SRO/BHTO/ITO capacitors depends on the data selections. Figure 4.8 displays the
outcomes obtained by utilizing mean values of dielectric constants. The interfacial
capacitance of SRO/BHTO/ITO is 8.48 x 10 F/cm?, which is about 3 times
enhancement compared to 4% BLSO/BHTO/4% BLSO capacitors. Nevertheless,
the inclination of the graph is altered, indicating a modification in the bulk
dielectric constant. The calculated bulk dielectric constant for SRO/BHTO/ITO is

determined to be 318.
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ITO electrodes. (a) Average dielectric constants (b) Interfacial capacitance when
using average dielectric constants.

Figure 4.9 depicts a slightly distinct graph when employing the greatest values
of dielectric constants. The interfacial capacitance of SRO/BHTO/ITO capacitors is
1.68 x 10° F/cm?, which is about 5 times enhancement compared to 4%
BLSO/BHTO/4% BLSO capacitors. However, the calculated bulk dielectric
constant from the slope is determined to be 320, which is similar value when
employed average dielectric constants. The increase in bulk dielectric constants is
thought to be due to the compressive strains between SRO and BHTO, resulting in
increased tetragonality. To verify this, reciprocal space mapping (RSM) was
conducted to measure the in-plane and out-of-plane lattice parameters in Figure
4.10. The tetragonality (c/a) of BHTO is 1.0295 on SRO electrode, which is
slightly larger than that of BHTO (1.013) on 4% BLSO electrode. The heightened
tetragonality has the potential to impact the dielectric constant in the c-axis

direction.
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4.7. Conclusion

The key to enhance interfacial capacitance is weaken the interfacial bonding so
that the soft phonon does not propagate to the electrodes. This is confirmed by
replacement of electrodes, top ITO electrodes and bottom SRO electrodes. When
the top ITO electrodes are used, the interfacial capacitance is boosted by 1.5 times.
If both the bottom SRO electrodes and the top ITO electrodes are utilized, the
interfacial capacitance is enhanced by a factor ranging from 3 to 5. Consequently,
the enhancement factor for SRO alone is approximately 2 to 3. However, the
dielectric constant of BHTO in its bulk form is also heightened as a result of the
increase in tetragonality, brought on by the compressive strain generated by SRO.
Nevertheless, the interfacial capacitance is improved regardless of the bulk
dielectric constant. It is worth noting that intentionally mismatched epitaxial
growth results in undesired defects, which in turn deteriorate the properties of the
leakage current. Therefore, additional measures are necessary to mitigate the issue

of leakage current that stems from suboptimal epitaxy.
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Chapter 5. Properties of STHfOs
5.1. Research background

As CMOS integrated circuit technology advances, the power consumption
increases with the higher integration density. To decrease power consumption, the
operating voltage needs to be lowered, which necessitates a thinner gate oxide.
However, as the gate oxide thickness decreases to a few nm, tunneling leakage
current becomes unavoidable. Consequently, high-k gate oxide needs to be
developed to address this issue. Device power consumption can be classified into
two types: static and dynamic power consumption [1]. When the device geometries
become smaller, the static power consumption becomes more significant, and it is
closely linked to the leakage current in the devices [1-4]. As device sizes decrease,
the off-state leakage current becomes increasingly important for device reliability,
as the on-state currents also decrease. High-k dielectrics are needed to overcome
the leakage current issue with silicon oxides [5-7]. Ideal high-k materials should
have a large dielectric constant, low leakage current, and a large breakdown field.
In particular, for the high-k dielectric to have low leakage current, it must have a
large bandgap (>5 eV), a large conduction band offset (>1 eV), and a low density
of defect states within the bandgap that could create a conduction path [8,9].

Extensive research has been conducted on perovskite materials due to their
intriguing properties, including superconductivity, ferroelectricity, and the 2-
dimensional electron gas (2DEG) [10-17]. In particular, perovskite oxide materials
like titanates and hafnates are being investigated as high-k materials [18-41].
SrTiO; and BaTiOs titanates have a significant dielectric permittivity but with the

drawbacks of a small bandgap and large leakage current [18-21]. In contrast, there
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is growing interest in perovskite hafnates as a material with robust dielectric
properties. Despite having moderately high dielectric constants compared to
titanates, hafnates like SrHfO; (SHO) and BaHfO; (BHO) have a large bandgap
and robust dielectric strength [22-41].

SrHfO; has been studied as a high-k perovskite gate oxide, as well as a
ferroelectric and piezoelectric oxide [25-41]. Over a decade ago, a 4.2 nm-thick
epitaxial SHO dielectric was successfully grown on Si using molecular beam
epitaxy (MBE) [26,28]. This dielectric demonstrated excellent properties, including
an equivalent oxide thickness (EOT) below 1 nm and low leakage current density
of 10% A cm™ at 2 MV cm!. Other research groups have also studied SHO as a
dielectric with low leakage current and evaluated its potential as a high-k dielectric
[31,32,37]. Additionally, a recent report found that the metastable P4mm phase of
SHO shows a piezoelectric response [39]. Recently, researchers investigated an
alloy system Pb;«SriHfO3;, which combines antiferroelectric PbHfO3 and
paraelectric StHfO3 to improve dielectric strength and capacitive energy storage
density [40].

Unlike the cubic BHO [30], SHO is known to have five polymorphs:
orthorhombic (Pnma), orthorhombic (Cmcm), tetragonal (/4/mcm), tetragonal
(P4mm), and cubic (Pm3m) [35,39]. The subtle variations in the rotation and tilt of
the HfOs octahedra discriminate the polymorphs and the energy differences of
them seem to be small [42], since the formation of polymorphs in epitaxial SHO
thin films depends on both the epitaxial strain and the stoichiometric variations.
Therefore, optimizing the growth condition of SHO is important for electronic

device applications which take advantage of its strong dielectric properties.
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5.2. Dielectric properties of STHfO3

In order to determine the dielectric characteristics of the SrHfO; (SHO)
dielectric, a conducting layer of 4% La-doped BaSnO; (4% BLSO) with a
thickness of 150 nm was grown epitaxially on a single crystal SrTiO; (001)
substrate as the bottom electrode. Subsequently 50-nm-thick SHO dielectric layer
was epitaxially deposited, and circular electrodes made of 4% BLSO were placed
on top of the SHO layer, creating metal-insulator-metal (MIM) capacitors. The
diagram of the devices is presented in the inset of Figure 5.1 (a). The top
electrode's size is approximately 53,100 um?, with a diameter of roughly 260 um.
Figure 5.1 (a) and (b) illustrate the capacitance-frequency and current density-
electric field characteristic curves of a 50-nm-thick SHO capacitor (grown in 30
mTorr). The dielectric constants (k) of the SHO capacitors were estimated from the
measured parallel capacitance (C,). Figure 5.2 depicts the DC field dependency of
the SHO's dielectric constant, which indicates a minimal influence. The
performance of the SrHfO; capacitor is impressive when it comes to the behavior
of the leakage current density. It is particularly noteworthy that even when the
electric field is near the dielectric breakdown point, the leakage density level
remains below 10 A cm™. In order to obtain a more accurate measurement of the
extremely small leakage current in the low field region, a slow and quiet mode was
employed. The results showed that at 2 MV ¢cm™, the leakage current was less than
4 pA, which corresponds to less than 10 A cm™, as shown in Figure 5.3. Given the
size of our capacitors, which is hundreds of pm and much larger than the length
scale of current semiconducting devices, the low leakage current level is even more

noteworthy. If the geometry of the devices is scaled down, this level of leakage
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current could be further reduced.
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Figure 5.1 Dielectric properties of SrHfOs. (a) Frequency-dependent capacitance
curve of SHO capacitors deposited in 30 mTorr. The inset shows the structure of
SrHfO3; metal-insulator-metal (MIM) capacitors. 4% BLSO are used as bottom and
top electrodes. (b) Leakage current density (J) — Electric field (E) characteristic of
SHO capacitors deposited in 30 mTorr. Black dotted line represents the breakdown
field.
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constant on DC electric field was not observed, implying SHO is linear dielectric
material.
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Figure 5.3 Leakage current density vs. electric field measured in two different
modes. In a slow and quiet mode, the tens of pA current level dropped to a few pA.

In order to confirm how the growth conditions affect the dielectric properties of
SHO capacitors, we created additional capacitors using various oxygen partial
pressures. The current density-electric field characteristic curves for these devices
are displayed in Figure 5.4. A comparison of the dielectric constant, breakdown
field, and leakage current density at 2 MV cm-1 for the SHO capacitors deposited

in different oxygen partial pressures is presented in Figure 5.5
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The dielectric breakdown field is influenced by external factors such as local
defects, resulting in a greater variation than the dielectric constant which must be
statistically considered [43]. The error bars in Figure 5.5 represent the maximum
and minimum values of breakdown fields. The SHO capacitors exhibit a relatively
minor dependence on the oxygen partial pressure when it comes to their dielectric
constants. However, the dielectric constant of SHO grown in 30 mTorr reaches a
maximum value of 32. Nonetheless, the device's leakage current density displays a
distinct minimum at 30 mTorr, indicating that the density of defects within the
SHO's bandgap is at a minimum during growth at this pressure. Since conduction
through defect states dominates the leakage current in the field range away from
the dielectric breakdown field, this suggests that the defect state's concentration is

minimal at 30 mTorr.

In order to evaluate the extremely low leakage current density, the current
density-electric field characteristic curve of SHO was analyzed using Fowler-
Nordheim (FN) tunneling analysis in the vicinity of the breakdown field. The
results were compared to other high-k perovskite dielectrics, such as BaHfO3
(BHO) [24], LaScOs (LSO) [17], and LalnOs; (LIO) [44], as displayed in Figure
5.6(a). The strong linear correlation between In(J E?) and E! for SHO in the high
field range confirms that FN tunneling is the primary conduction mechanism in this
region close to the breakdown field. As for the 4% BLSO which is heavily doped,
its fermi level is estimated to be 0.47 eV above the conduction band minimum
using the following formula:

2
h?(3n2n)3

m
2mprs0

(5.1)

EF,BLSO - ECBM,BSO =
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where Ef p1so, Ecpmpso. 1 and mp;so are the fermi level of 4% BLSO, the
conduction band minimum energy level of BSO, the carrier concentration of 4 X
10% c¢m?, and the effective mass of 4% BLSO of 0.42m, [45], respectively. Based
on the FN tunneling analysis, the conduction band offset (CB offset) between SHO
and BSO was found to be 3.3 eV, a significantly high value. The theoretical
prediction by Bjaalie et al. also estimated the CB offset between SHO and BSO to
be 3.27 eV [46], which closely agrees with our calculation. This CB offset is
comparable to the value between Si and SiO,, which is 3.2 eV according to
previous studies [7]. In Figure 5.6(b), the band alignment of various materials is
compared. Compared to other dielectrics, the conduction band offset between SHO
and BSO is 2-3 times greater, which is considered to be the primary reason for the
low leakage current density observed. In our previous publication [43], we noted
that the electron affinity of Si is comparable to the work function of 4% BLSO,
which is approximately 4 eV. Therefore, a large conduction band offset of about 2.8
eV is expected between silicon and SHO, resulting in very low leakage current, as
reported in experiments [26-28]. To maintain a very low defect-assisted tunneling
current, along with the significant conduction band offset, it is essential that there
are minimal defect states present inside the bandgap that could create a conduction
path. Figure 5.7 shows the optical band gap of SHO thin films grown on MgO (001)
substrate. Tauc's plot was employed to estimate both the direct and indirect band
gap of SHO. The low leakage current density is attributed to the broad optical band
of SHO, which is approximately 6 eV. Figure 5.8 illustrates the relationship
between the leakage current density and dielectric constant of various oxides,
including SHO, as presented in several publications [17-19,24,44,47-54]. It

highlights the exceptional potential of SHO as a dielectric material in
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semiconductor devices.
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Figure 5.6 Analysis of Fowler-Nordheim tunneling and comparison of band levels.
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of the photon energy from (a) 6.0 to 6.5 eV and (b) 5.0 to 6.5 eV, respectively. The
colored dotted lines in the inset show extrapolation of the linear part. In the case of
SHO thin films deposited in 30 mTorr, direct band gap and indirect band gap are
estimated to be 6.25 eV and 5.85 eV, respectively.
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Figure 5.8 Comparison of leakage current density for binary and ternary gate
oxides. High-k SrHfOs perovskite dielectric has ultra-low leakage current density
(<10 A cm™? at 2 MV cm™) compared to other oxides.

5.3. Field-effect transistor using SrHfO; dielectric

In order to verify the low leakage current in a field effect device, an n-type field-

effect transistor (FET) was fabricated using SHO as the gate oxide, lightly doped

BSO as the channel, and degenerately doped BSO as the electrodes. A schematic of

the device is shown in Figure 5.9(a). To minimize the threading dislocations
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resulting from the lattice mismatch between the channel and the substrate, a 150-
nm-thick BSO buffer layer was deposited before the channel deposition. A 20-nm-
thick 0.3% BLSO channel layer was then grown on top of it, using a line patterned
silicon stencil mask. In order to create a channel length of 60 um, a stainless stencil
mask was used to deposit 4% BLSO as the source and drain electrodes. Finally, a
100-nm-thick SHO gate oxide and 4% BLSO gate electrodes with a length of 70
um were added. An optical microscope image of the device is shown in Figure
5.9(b). The epitaxial growth of the FET was confirmed using high-resolution X-ray
diffraction, which is displayed in Figure 5.10. The device's output characteristics,
which exhibit standard n-type field-effect transistor behavior, are presented in
Figure 5.9(c). The Vps was swept from 0 V to 15 V, while Vgs was applied from 0
V to 18 V with a 2 V interval. The device's transfer characteristics in the saturation
region are displayed in Figure 5.9(d), which was verified by the output
characteristics. The device has an on-off ratio of approximately 10® and a
maximum mobility of around 80 cm? V! s, The field-effect device exhibits a
leakage current of 10! A at 2 MV e¢m™!, which corresponds to a leakage current
density of 107 A cm?, similar to the values measured in capacitor structures.
However, it is expected that the small 10 pA leakage current measured in normal
mode will decrease when measured more precisely in quiet mode. The transfer
curve of the device shows a very small clockwise hysteresis, indicating that the
charge trap densities that cause the hysteresis are indeed small in the SHO gate
oxide. Once more, this finding aligns with the low defect density and low leakage
current within the SHO gate oxide's bandgap. Figure 5.11 presents the In® vs. Vgs

plot of the device, which is used to extrapolate the threshold voltage.

71



4% BLSO
gate contact

source-drain contact

4% BLSO

0.3% BLSO
channel

(c)

35

Iy (MA)

)

Ves=0Vio 18V

Step=2V

5 10 15 20

Vos (V)

(d)
10"
107
10%
10

10

Io. [l (A)

108

10°

1010

10-11 :

10-12

10

107

Iop/log ~ 10°
—1lp  Vpg=15V
gl

HrE

036 9121518

Vs (V)

Figure 5.9 FET in an n-type accumulation mode made with 0.3% La-doped
BaSnO; channel layer and SrHfOs; gate oxide. (a) A schematic of the device. (b)
The top view of the device pictured by an optical microscope. White dotted lines
are plotted to illustrate each deposited layer. The channel length (L) of 0.3% La-
doped BaSnOs is 60 pum, and the average channel width (W) is 140 um. The gate
length (L) is 70 pm. (c, d) The output and transfer characteristic of the device,
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curves for FET with SHO gate oxide deposited in 30 mTorr.
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5.4. Structural properties of SrHfO3

To investigate the outstanding dielectric properties of SHO grown using pulsed
laser deposition (PLD) at an oxygen partial pressure of 30 mTorr, we conducted
reciprocal space mapping (RSM) measurements around the (013) plane on SHO
capacitors deposited at 1, 10, 30, and 100 mTorr. The RSM data is presented in
Figure 5.12(a), and it was observed that the values of Qx corresponding to the
diffraction peaks for SHO and 4% BLSO are nearly identical, indicating that SHO
dielectrics grow coherently on 4% BLSO. The dimensions of the in-plane and out-
of-plane lattice and the unit cell volume of SHO are displayed in Figure 5.12(b). As

the oxygen partial pressure increases, the in-plane lattice constant becomes larger,
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while the out-of-plane lattice constant becomes smaller, whereas the unit cell
volume (Vunitcent = (aip)* X aop) barely changes. The SHO dielectrics deposited under
various oxygen pressures have a unit cell volume ranging from 68.6 to 69.0 A3
This value is a bit smaller than the unit cell volume of the Pm3m cubic phase (Vunit

cell, bulk = 69.6 A%) [35].
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Figure 5.12 Reciprocal space mapping (RSM) measurement. (a) RSM (013)
images for SHO capacitors deposited in 1, 10, 30, and 100 mTorr. The red, green,
and black dotted lines represent the peak position for SHO, 4% BLSO, and STO,
respectively. (b) The in-plane (ajp), out-of-plane lattice constant (a.p), and unit cell
volume (Vunit cet) for SHO calculated from the RSMs.

To gain a better understanding of the phase of SHO dielectrics grown in 30
mTorr, we conducted a reciprocal space mapping (RSM) of the (013) plane by
rotating the substrate clockwise at angles of 0°, 90°, 180°, and 270° (refer to Figure
5.13). The Q, values of the SHO peak positions in Figure 5.13(a) are consistent
with each other, indicating that the in-plane symmetry of the SHO dielectric grown
in 30 mTorr is fourfold. Thus, it can be deduced that the form of the SHO
dielectric's polymorph grown in a 30 mTorr environment is either tetragonal or
cubic under tensile strain, which leads to a marginally larger in-plane lattice

constant (aj = 4.100 A) compared to the out-of-plane lattice constant (ar, = 4.092
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A). As the peak positions of SHO and 4% BLSO were quite similar, investigating
the influence of oxygen partial pressures on the structural characteristics of SHO
presents a challenge. Afterward, we prepared thin films of SHO by depositing them
directly on SrTiOs (STO) (001) substrate using various oxygen partial pressures.
The thickness of the films ranged between 45 and 55 nm, and this was verified
using X-ray reflectivity (XRR) measurement, which can be seen in Figure 5.14. We
conducted RSM measurement around the (013) plane using SHO thin films that
were deposited in 1, 10, 30, and 100 mTorr, as displayed in Figure 5.15(a). In
contrast to SHO dielectrics grown on 4% BLSO, the growth of SHO thin films on
the STO substrate is not coherent due to the significant mismatch in lattice (~4.5%)
between SHO and the STO substrate. Despite all the films having similar thickness,
the SHO film deposited in 30 mTorr exhibits a well-defined peak intensity and
shape compared to other films. The changes in the in-plane, out-of-plane lattice
constants, and unit cell volume with increasing oxygen partial pressure are similar
to those observed in SHO grown on 4% BLSO, and these results are summarized in

Figure 5.15(b).
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Figure 5.13 RSM (013) measurement for SHO capacitors deposited in 30 mTorr.
(a) The RSM (013) images measured by rotating the devices 0°, 90°, 180°, and 270°
from the left. (b) The in-plane, out-of-plane and unit cell volume of SHO calculated
from the RSM (013) images.
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Figure 5.14 X-ray reflectivity (XRR) measurement for SHO thin films. The
experimental data of SHO thin films grown at 1, 10, 20, 30, 50, and 100 mTorr.
The thickness of the films is calculated from the critical angle and fringes. All films
have a thickness in the range of 45-55 nm.
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Figure 5.15 Reciprocal space mapping (RSM) measurement. (a) RSM (013)
images for SHO thin films deposited in 1, 10, 30, and 100 mTorr on STO substrates.
(b) The in-plane (aiy), out-of-plane lattice constant (a.p), and unit cell volume (Vunit
cet) for SHO calculated from the RSMs.
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The 6-20 scans and rocking curves for SHO films fabricated under varying
oxygen partial pressures are illustrated in Figure 5.16(a). The 20 peak position of
SHO shifts towards the left as the oxygen partial pressure drops. The out-of-plane
lattice constants obtained from the (002) Bragg peaks of SHO films are presented
in Figure 5.16(b), indicating that the out-of-plane lattice constants decrease as the
oxygen partial pressure increases. The lattice constant of all films exceeds that of
bulk SHO possessing the Pnma orthorhombic phase with an a,. of approximately
4.087 A [35]. Given the lattice mismatch between SHO and the STO substrate
(~4.5%), the out-of-plane lattice constant of SHO films should be greater than that
of bulk SHO due to the compressive in-plane strain. With an increase in oxygen
partial pressure, the relatively lighter Sr ions with a molecular mass of 87.62 scatter
more than the Hf ions with a molecular mass of 178.486, leading to suppressed
stoichiometry of Sr in comparison to Hf. Hence, the Hf-ratio in SHO films
becomes enriched as the oxygen partial pressure increases, and the lattice constant
decreases due to the presence of increasing Hf*" ions with an ionic radius smaller

than Sr?* ions.

The variation in the cation stoichiometry due to the oxygen partial pressures was
validated by X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES), as demonstrated in Figure 5.17,
which encompasses the XPS spectra. Additionally, we fabricated SHO thin films
by altering the growth temperature and energy fluence while maintaining a constant
oxygen partial pressure of 30 mTorr. The out-of-plane lattice constant is not
considerably affected by the growth temperature and energy fluence. However, the

crystallinity of the films deteriorates below the growth temperature of 750 °C, as

7



indicated in Figure 5.18.
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Figure 5.16 X-ray diffraction measurement. (a) 6—20 scan and rocking curves for
SrHfO; thin films grown in various oxygen partial pressures. The energy fluence
and growth temperature are fixed at 1.3 J cm? and 750 °C, respectively. Black
dotted line represents the 20 peak position of STO. (b) The out-of-plane lattice
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Figure 5.17 (a, b) The XPS spectra of Sr 3d and Hf 4f region for SHO thin films
deposited in various oxygen partial pressures. (c) Cation stoichiometric ratio in
SHO thin films grown in different oxygen partial pressures is calculated from the
XPS spectra. The compositional ratios are obtained by integrating the area of Sr 3d
and Hf 4f core levels and dividing the area into relative sensitivity factors (RSF) to
scale the peak areas. (d) Cation stoichiometric ratio in SHO thin films grown on
MgO (001) substrate is obtained through ICP-AES measurements.
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fixed at 30 mTorr. Black dotted line represents the 26 peak position of STO. Red
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The rocking curves of the SHO films grown in 20, 30, 50, and 100 mTorr are
made up of narrow (yellow) and broad (black) components. In contrast, other SHO
films grown in lower pressure have only a broad component, as displayed in Figure
5.19. Rocking curves that consist of two components are often observed in
epitaxial films [55]. Typically, the narrow components in films are related to long-
range correlation and arise when the films are partially strain-relaxed or grown
coherently on a substrate. In contrast, broad components are associated with defect-
related short-range disorder and are present when the films are partially or fully
strain-relaxed on a substrate [56,57]. In Figure 5.16(c), the ratios of the narrow
component intensity to the broad component intensity (Zurrow/Isroad) are shown. The
ratios decrease at oxygen partial pressures higher or lower than 30 mTorr. For SHO
films deposited in 1 and 10 mTorr, there is only a broad component, indicating that
there are notable short-range structural disorders. The largest intensity ratio of the
narrow component is observed in the SHO film deposited in 30 mTorr, indicating
that it has the least defects, which is consistent with its excellent dielectric
properties. Figure 5.20 displays the result of the 20 peak deconvolution for SHO
films grown in 1, 10, 30, and 100 mTorr. The 26 peak of SHO films grown in
oxygen partial pressure lower than 30 mTorr becomes asymmetric and can be
deconvoluted into two Voigt functions, indicating that there are disordered domains
with slightly different out-of-plane lattice constant. The lattice constant and
crystallinity of the SHO films are significantly affected by the oxygen partial
pressure as determined by the XRD measurement. The SHO film deposited in 30
mTorr has a well-shaped, symmetric 20 peak, as well as Kiessig fringes on both
sides of the peak, and the appropriate lattice constant. These features suggest that it

has the highest crystallinity and was grown under the optimal growth conditions.
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Figure 5.19 Deconvolution of rocking curves for SHO (002). (a—f) The rocking
curves for SHO thin films on STO substrate grown in 1, 10, 20, 30, 50 and 100
mTorr, respectively. Black and yellow lines show the results of deconvolution of
rocking curves for SHO (002) by using Voigt functions with broad and narrow
linewidth, respectively.

81



1 mTorr 10 mTorr 30 mTorr 100 mTorr

10°
— Experimental data — Experimental data — Experimental data — Experimental data
— Peak 1 — Peak 1 — Peak 1 —Peak 1
— Peak 2 — Peak 2
—_ 104 L Sum of peaks L Sum of peaks | L
=
@
~—
2 10° 3
()]
c
[J]
<
— 102 L
101 I 1 I

4542 43 44 45

26 (°) 26 (°) 28 (°) 26 (°)
Figure 5.20 The results of deconvolution of the 20 peak for SHO by using the
Voigt functions (black and red line). Symmetric 26 peak for SHO deposited in 30
and 100 mTorr is fitted by only one Voigt function, whereas asymmetric one is
deconvoluted into two Voigt functions.

The scanning transmission electron microscopy (STEM) analysis was used to
examine the microstructures of the SHO film that was produced under 30 mTorr.
The STEM images of the film in cross-section demonstrate that the thickness of the
SHO film is approximately 50 nm and it is uniform in the Figure 5.21(a). A high-
angle annular dark-field (HAADF)-STEM image shows vertical contrasts that
originate from threading dislocations and propagate from the STO-BLSO interface
through the film. Threading dislocations that extend up to the SHO region are
observed, and the mid-angle annular dark-field (MAADF)-STEM image of the
region exhibits bright contrast at the STO-BLSO interface, as well as the threading
dislocations due to the local strain fields around them. However, the BLSO-SHO
interface does not exhibit any visible strain contrast. The atomic-resolution
HAADF-STEM image of the BLSO-SHO interface shows the epitaxial growth of

SHO on BLSO, and the interface roughness is measured to be between 1 and 2 nm.

The STEM images of the SHO region reveal non-uniform contrasts with visible
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dark patches. In Figure 5.21(b), the energy dispersive X-ray (EDX) elemental maps
of the SHO region indicate local non-stoichiometry, with the dark patches
(indicated by yellow arrows) containing lower Sr content. These dark patches are
attributed to non-stoichiometric and amorphous regions within the SHO film, as
evidenced by their amorphous textures in the HAADF- and bright-field (BF)-
STEM images, as shown in Figure 5.21(c). The presence of small grains with a
diameter of less than 20 nm, misoriented from the matrix crystal, is also observed
(indicated by yellow arrows). The presence of such defects is consistent with the
non-vanishing broad component observed in the X-ray rocking curves presented in
Figure 5.16(a), even under the optimal deposition condition of 30 mTorr pressure.
We suspect that SHO films grown under various conditions may have different
levels of disorder, such as variations in the size and density of grains, dislocations,
and other factors, which could influence the material's dielectric properties and
device performance. While a comparative microstructure analysis would be
necessary to understand the relationship between structure and properties, the study
would require a careful approach and a reliable quantification method. Therefore,

we leave this task for future research.
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Figure 5.21 (a) Cross-sectional STEM images of the SHO capacitors grown in 30
mTorr. Magnified HAADF-STEM image of the SHO-BLSO interface (yellow box)
is presented at the bottom. The interface is indicated with the dashed line. (b)
EDX elemental maps (in atomic percentage) of the SHO film. Color codes: Sr-blue,
Ba-green, Hf-red, and Sn-magenta. Sr-deficient regions are marked with yellow
arrows. (c) HAADF- and BF-STEM images of the SHO film showing misoriented
grains (yellow arrows) and amorphous regions (green arrows).

5.5. Future work

Compared to BaHfOs, the electron affinity of SrHfO; is so small that it can
create large conduction barrier when in contact with electrodes. As a result, by
combining SrHfO; and BaTiOs, similar to the analogy with BHTO, we can
generate more optimized dielectric properties. Instead of BaTiOs, SrTiOs could also
be considered as a material with a high dielectric constant. However, when
compared to BaTiO;, the dielectric constant of SrTiO; is relatively smaller.
Therefore, BaTiO; is more suitable for the development of high-k materials.
Exploring the (Sr, Ba)(Hf, Ti)Os system holds great potential for advancing high-k
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material development.

5.6. Conclusion

In summary, we conducted research on the high-k SHO dielectric with an ultra-
low leakage current density. Through the analysis of optical spectra and Fowler-
Nordheim tunneling, we attribute the remarkably low leakage current density of
SHO dielectric to the large optical band gap of SHO and the large conduction band
offset between BSO and SHO. Additionally, we investigated the structural
properties of SHO deposited in various oxygen pressures using high-resolution
XRD measurements to understand the origin of the superior low leakage current.
The optimized SHO dielectric has few defect states within the wide band gap,
which is also responsible for the superior low leakage current density. Furthermore,
we demonstrated the use of the n-type accumulation mode FET with StHfOs gate
oxide, which exhibits high mobility (pre~ 80 cm? V! s) and low leakage current
density (107 A cm? at 2 MV cm™). The excellent dielectric properties of SHO,
particularly its low leakage current density, suggest that it has great potential for
future electronics applications. Epitaxial SHO could play an important role, similar
to SiO; in Si-based devices, in integrating other multi-functional perovskite oxides

with Si.
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