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Abstract
Wide band gap semiconductors, including GaN, SiC and Ga2O3, are considered as the
substrate for next generation power conversion devices. In order to improve the power
conversion efficiency, an epitaxial MgxCa1-xO gate dielectric deposited by atomic layer
deposition (ALD) is developed in this work. The epitaxial relationship between the
MgxCa1-xO film and three substrates are studied with TEM and XRD. The low defects
interface of MgxCa1-xO/GaN is confirmed with high temperature capacitance-voltage
study. The relationship between band offset and interfacial defects has been established
with La2O3/GaAs as an example. Two record breaking high electron mobility transistors
(HEMT) with epitaxial MgxCa1-xO as an oxide have been developed. Additionally, a high
on/off (1011) enhancement mode HEMT device is developed with a combination of
epitaxial MgxCa1-xO dielectric and Fin-FET structure.
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Chapter 1 Introduction
1.1 Overview of Epitaxy

The word “epitaxy” means that the crystallographic order of the film is significantly
influenced by the substrate as a result of some degree of matching between the two along
the interface.1 The Greek roots “epi-”, meaning “above”, and “-taxis”, meaning “an
ordered manner”. This phenomenon was initially discovered by mineralogists that two
different natural crystal species could grow together with some definite and unique
orientations. The first successful attempt to reproduce this effect was reported by
Frankenheim in 1836 with an epitaxial growth of sodium nitrate on calcite.2 The term
“epitaxy” was invented by Royer in 1928. After extensive and systematic studies of a
wide variety of overgrowths with the newly discovered X-ray diffraction (XRD), Royer
generalized a few rules for epitaxy. One of the most important rules is that the epitaxial
growth requires the parallel lattice planes of the two crystals have similar in-plane
structures and close lattice spacings.3An empirical limit of the lattice mismatch is 15% at
that time. From then on, more and more advances in this field resulted from the
application of new technologies. The fast development of low energy electron diffraction
(LEED) and high energy electron diffraction (HEED) in 1930s enabled the study of
epitaxial thin film orientation and the nucleation process on crystal surface. In 1950s,
transmission electron microscopy (TEM) provided a completely new impetus. It revealed
the internal structure of a complete film and made it possible to identify individual lattice
defects.4

1

Early epitaxial growth was achieved by liquid phase crystal growth from saturated
solutions. This method is neither versatile nor controllable. Electrodeposition is one of
the most widely used thin film deposition method but its epitaxial application is limited to
a few metal and metal alloy films. Another important method is liquid phase epitaxy
(LPE). In a LPE process, a thin single-crystal film can be grown from a very dilute
molten solution on a single crystal substrate. LPE is advantageous in growing thicker
than 1µm semiconductor films with relatively low melting point. Sputtering is a very
convenient technology for thin film deposition that covers both conductive and insulating
materials. Many epitaxial films are prepared with this technique but an annealing process
is usually required to improve the quality. In 1960s, the development of molecular beam
epitaxy (MBE) enabled the research of hetero-junction semiconductor devices including
the double-heterostructure laser, high electron mobility transistor, etc. MBE is generally
considered advantageous for growing epitaxial thin films with high quality at low
temperature. But the ultrahigh vacuum requirement and sophisticated setup prevent the
application of MBE in industry. In terms of commercial applications, MOCVD is the
most successful epitaxial thin film growth method. It enables the epitaxial growth of GaN
which is an essential material for blue light-emitting diode (LED).

Compared with polycrystalline films, epitaxial films have at least four advantages: (1)
grain boundary free structure, (2) control of crystallographic orientation, (3) reduction of
interfacial defects, 5 and (4) potential for atomically smooth growth. 1 Initially most of the
research interests were focusing on epitaxial semiconductor films such as GaN, GaAs,
SixGe1-x, etc. Recently the interest has also extended to epitaxial oxide materials.
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Epitaxial MgxCa1-xO and La2O3 thin films grown on a variety substrates are investigated
in this thesis.

1.2 Epitaxial atomic layer deposition

Atomic layer deposition (ALD), also known as atomic layer epitaxy (ALE) earlier, is an
advanced thin film deposition technique for various applications both in research and
industry. Since films deposited with ALD commonly are polycrystalline or amorphous,
the acronym “ALE” has also been given to a new technique called “atomic layer etching”.
6,7

A typical ALD deposition consists of four steps, as shown in Figure 1.1.

Figure 1.1. ALD deposition mechanism using Al2O3 deposition with tri-methyl
aluminum (TMA) and water precursors as an example. (1) Dosing TMA onto the
substrate surface and reacting with the surface terminating -OH groups; (2)
purging away the by product (CH4 in this case) and the excessive TMA precursor;
(3) dosing water vapor as the co-precursor to react with the Al-CH3 terminated
surface to form an Al-OH terminated surface; (4) purging away the excessive water
vapor and byproduct (CH4 in this case).
3

Ideally, step (1) and step (3) are self-limiting reactions so that together with purging steps
(2) and (4), only one monolayer (or less) of material can be grown in each cycle. Such
saturation steps in each cycle of growth guarantees the ultra-high conformity and
smoothness of the film deposited by ALD. Since the single crystal form of a film has the
lowest energy, the atoms have the tendency to rearrange into an epitaxial form during the
film growth.2 In ALD process, the layer-by-layer growth mode provides enough time for
such rearrangement. Therefore, under suitable growth temperature and growing on lattice
matched substrate, epitaxial film can be grown with ALD method.

Initially the research interest was focusing on depositing II-VI and III-V semiconductor
materials. Despite the high epitaxy quality of the films, these technologies were not
widely adopted. Because the thickness requirement of semiconductor materials is in the
scale of microns, the low deposition rate of ALD could not meet the high throughput
production requirement.

The interest in ALD has surged with the demand for high-k dielectrics due the high
leakage current of small size SiO2 based gates. Previously thermally grown thin SiO2
layers were employed as the gate oxide for Si devices. After forty years of dimension
shrinking of transistor size as predicted by Moore’s Law, the physical thickness of SiO2
was reduced to less than 1nm. Replacing SiO2 (k=3.9) with higher dielectric constant
materials (k>10) can effectively solve this problem. In 2007, Intel had released a new
generation of integrated circuits with thin film HfO2 as gate oxide with a dielectric
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constant around 30.8 This technology enabled the miniaturization down to 7nm channel
length in logic devices.

1.3 Wide bandgap semiconductors

The wide implementation of solar energy and fast development of electrical vehicles both
require more efficient power conversion devices such as DC-AC inverters and DC-DC
converters. The circuits accomplishing such conversion utilize switching techniques
based on transistors. There are four key requirements for power transistors: (1) high
blocking voltage, (2) high power efficiency, (3) high switching speed, and (4) normally
off switches.9

Currently, Si-based power devices could not meet these demands due to the small band
gap (1.1 eV) and low breakdown field of Si.9 As shown in Table 3.1, semiconductors
such as GaN, SiC and Ga2O3 has much larger bandgaps than Si. Therefore the
corresponding breakdown field is much higher.
The blocking voltage corresponds to the highest voltage that a transistor can withstand
under OFF mode. In a planar transistor device, the relationship between blocking voltage
and the breakdown field can be shown as:
𝛆𝑺 𝑬𝒄𝒓 𝟐
𝑽𝑩 =
𝟐𝒒𝑵𝑫

5

Table 3.1. Basic properties of Si and wide bandgap semiconductors. 10
* Mobility for HEMT device.
Properties
Si
GaN
4H-SiC
Ga2O3
Bandgap (eV)

1.12

3.49

3

4.9

Breakdown field (MV/cm)

0.3

3.5

3

15

700

200

3.5

0.13

2

Electron mobility (300K, cm /V ·s)

900
1400
*2000

Thermal conductivity (W/cm ·K)

1.5

1.7

where VB is the blocking voltage, Ecr is the breakdown field, ND is the n-type doping
concentration, ε𝑆 is the permittivity of semiconductor and q is the electron charge.11 As
shown in Table 3.1, the breakdown field of GaN and SiC are 10 times higher than Si, thus
the blocking voltages of these wide bandgap semiconductors are more than 100 times
higher than the corresponding Si devices. Based on the blocking voltage relationship, Si
devices are only suitable for applications below 600 V, which cannot meet the
requirement for many high-power applications such as electric vehicles or photovoltaic
energy supply.

The power loss of a MOSFET can be classified into two categories: (1) dynamic loss, due
to the charging and discharging of switching and, (2) static loss, due to gate leakage, ONmode resistance and OFF-mode source and drain leakage. In a high voltage operation
case, the dynamic loss can be expressed as:
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𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝑓𝐶𝑜𝑢𝑡 𝑉 2
where f is the frequency of operation, Cout is the output capacitance and V is the voltage.
Therefore, the higher frequency and higher operating voltage would result with higher
dynamic loss. On the other hand, a smaller channel size will also increase the output
capacitance which in turns will increase the dynamic loss. As for static loss, the ON
resistance loss usually is the dominating factor. The ON resistance of a transistor
operating under highest voltage can be expressed as:
4𝑉𝐵2
𝑅 =
3
𝜀𝑆 𝜇𝑛 𝐸𝑐𝑟
where 𝜀𝑆 is the permittivity of semiconductor, 𝜇𝑛 is the electron mobility and Ecr is the
breakdown field. Since the Ecr of wide bandgap semiconductors are significantly higher
than Si, thus the ON resistances of the corresponding transistors are substantially lower
than Si devices. Typically the ON resistance of GaN and SiC devices can be three orders
of magnitude lower than Si.

A power device with higher switching speed can enable the use of smaller inductors and
transformers, which can reduce the overall cost. In order to achieve higher switching
speed, bipolar transistor should be replaced with MOSFET. Moreover, employing
semiconductor with higher carrier mobility can further increase the switching speed. As
shown in Table 3.1, the electron mobility of all the intrinsic wide bandgap
semiconductors are lower than Si. However, a GaN based HEMT MOSFET device can
achieve a much higher electron mobility than Si.

7

All wide bandgap semiconductors can be fabricated into normally off MOSFETs.
However, the traditional design of GaN HEMT device is normally on, which does not
fulfill the requirement of a reliable power device. Recently there are several novel
HEMT device designs that can achieve normally off operation at a cost of performance
including F- ion implantation, gate recess and utilization of p-type GaN gates.12,13
Although some progress has been made, the lack of a suitable dielectric materials
prevents the enhancement mode operation from industrial applications.

Although ALD HfO2/Si achieved a low defect level interface, very few the high-k
dielectrics on wide bandgap semiconductors substrates demonstrated similar high quality
interfacial properties. This is because the amorphous dielectric materials usually cannot
passivate all the dangling bonds on the surface of these substrates. One possible solution
to this challenge is to deposit epitaxial thin dielectric films with good lattice match with
the substrate so that most dangling bonds can be elliminated. Among all the epitaxial
deposition methods, ALD is the most promising one for achieving a thin epitaxial
dielectric layer on wide bandgap materials.

Another challenge for achieving high quality gate oxide for wide bandgap semiconductor
is the band offset requirement. To prevent current leakage through gate, both conduction
band and valence band offset should be above 1eV. Thus, the band gap of the dielectric
material should be larger than 5~6 eV as well as having suitable band alignment to meet
this requirement.
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MgO and CaO both have large bandgaps (7.8eV14 and 7.1eV15) as well as high dielectric
constants (~10)16. They have been regarded as promising dielectric candidate for power
devices with wide bandgap semiconductors. Moreover, near epitaxial growth of MgO and
CaO on GaN and SiC has been demonstrated previously and a suitable band offset has
been reported.14,17–20 However, due to the large lattice mismatch between the oxides and
the substrates, high interfacial quality has not been achieved with this combination
previously.

According to Vegard’s Law,21 the mixture of CaO and MgO can achieve a lattice match
with GaN and SiC. As shown in Table 1.2, Mg0.47Ca0.53O should have a lattice match
with GaN while Mg0.76Ca0.24O has a lattice match with SiC. Therefore, with the correct
ratio between Mg and Ca content in this oxide alloy, a perfect lattice matched dielectric
can be achieved on both GaN and SiC substrates.

Table 1.2. Lattice mismatch of MgxCa1-xO, GaN and SiC. The lattice constant of
MgxCa1-xO is calculated with Vegard’s Law.
Lattice (A)
Δ (%)GaN
Δ (%)SiC
GaN(a)*√2
SiC(a)*√2
MgO
CaO
Mg0.47Ca0.53O
Mg0.76Ca0.24O

4.523
4.350
4.203
4.811
4.523
4.350

0
-3.8
-7.1
6.4
0
-

1.4 Thesis outline

9

4.0
0
-3.4
10.6
0

The thesis is organized in the following way:


Chapter 1 reviews the background of epitaxial growth, ALD technology and the
application of wide bandgap semiconductors.



Chapter 2 investigates the ALD growth condition of MgxCa1-xO. The optimal
growth condition is achieved by tuning the temperature to prevent hydroxyl and
carbon residue. No phase separation can be observed within the composition
range studied.



Chapter 3 studied the epitaxial relationship between MgxCa1-xO and three
semiconductors substrates. High quality epitaxy can be achieved on GaN and SiC.



Chapter 4 discussed the relationship between band offset and interfacial quality.
Band offsets of La2O3/GaAs and MgxCa1-xO/GaN were investigated.



Chapter 5 demonstrated low defects level interface and HEMT device
applications of epitaxial MgxCa1-xO/GaN.



Chapter 6 Epitaxial MgxCa1-xO /GaN and La2O3/GaAs finfet device applications.
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Chapter 2 ALD growth of MgxCa1-xO

2.1 Introduction

As discussed in Chapter 1.3, a mixture of MgO and CaO can achieve lattice match with
GaN and SiC. Although MgO and CaO are immiscible thermodynamically below
2000oC, MgxCa1-xO film has been achieved with e-beam evaporation(EE) 1–3 and
4

molecular beam epitaxy (MBE). However, the surface of EE deposited MgxCa1-xO film
is very rough which cannot be used for dielectric applications while the MBE method is
not compatible with industrial production due to its high vacuum requirement. CVD has
been employed to deposit a variety of films for different applications but the thickness
control in nanometer range is very challenging.5 ALD method is advantageous in
achieving well controlled smooth film and the low vacuum requirement guaranteed its
mass production feasibility. Moreover, the typically lower deposition temperature of
ALD can prevent the alloy film from phase separation.

In this chapter, MgO and CaO ALD deposition processes with new amidinate precursors
were developed. An optimal condition for ALD MgxCa1-xO is determined by tuning the
deposition temperature to prevent hydroxyl and carbon residues from forming. The
relationship between composition and dosing ratio is revealed by Rutherford
Backscattering Spectroscopy(RBS).
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2.2 MgO and CaO growth

Although ALD processes of MgO and CaO had been developed separately, the
deposition conditions of the two films are not compatible with each other. CaO
deposition requires a much higher temperature to prevent carbon and hydroxyl group
incorporation in the film while MgO typically was deposited at a lower temperature.
Since MgxCa1-xO is thermodynamically unstable, a lower deposition temperature
(<400oC) is desirable for high quality, uniform films. Therefore, new ALD precursors
and processes should be developed for MgO and CaO.

2.2.1 MgO deposition study

ALD MgO has been achieved with a variety of precursors for different applications.6
Mg(C2H5)2 and H2O were first employed for ALD MgO at above 600oC.7 The
commercially available Mg(Cp)2 and similar precursors can react with H2O at lower
temperatures but the films are usually amorphous below 400oC.8–10 Amidinate based
precursors are known for high thermal stability and high reactivity with water. The high
thermal stability can reduce carbon contamination from side reactions and the high
reactivity can reduce the residue hydroxyl groups and improve the crystallinity at lower
deposition temperature.11 In this study, bis(N,N’-di-sec-butylacetamidinato)magnesium
(Figure 2.1) and H2O are used for MgO deposition.12
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Figure 2.1 Structures of bis(N,N’-di-sec-butylacetamidinato)magnesium

The precursor was kept in a sealed bubbler at 110oC, and is delivered into the reaction
chamber with controlled volumes of N2 carrier gas. The growth rates of MgO at different
substrate temperatures are summarized in Figure 2.2. The growth rate is obtained by the
X-ray reflectivity (XRR) measured thickness divided by total ALD cycles. A growth rate
between 0.67~0.5 Å per cycle has been achieved ranging from 140oC to 320oC. The
growth rate slightly decreases with increasing substrate temperature. The large ALD
window confirmed the high reactivity and thermal stability of this precursor.

Figure 2.2. MgO growth rate vs substrate temperature.
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Mg(OH)2 is thermodynamically stable at room temperature. The Gibbs free energy of
MgO + H2O  Mg(OH)2 is -48.4 kJ/mol at room temperature. Mg(OH)2 will thermally
decompose into MgO and H2O vapor at above 330oC. This temperature should be even
lower under vacuum condition. Therefore, the reactivity of the Mg precursor should be
high enough to deplete the hydroxyl groups after each H2O dose to prevent Mg(OH)2
formation at low deposition temperature. Figure 2.3 summarized the FTIR spectrum of
MgO deposited at different temperatures. The absence of OH stretching at around 3700
cm-1 indicates that there is no detectable hydroxyl group in a wide temperature range.

Figure 2.2. IR spectrum of MgO film deposited at different temperatures. The
vertical dashed line labels the typical OH stretching peak position in Mg(OH)2.13

Figure 2.3 summarizes the X-ray photoelectron spectrum fine scan of Mg 2s and O 1s
binding energy peaks. Since MgO is insulating, binding energies may shift within 1eV
during the sputtering process. The positions of Mg 2p peaks in different samples are
ranging from 49.6 eV to 50.3 eV. The well-defined Gaussian peaks of Mg 2p indicate
that there is no metallic Mg in the film. This is consistent with pure MgO XPS.10 The O
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1s peaks are ranging from 530.5 eV to 530.9 eV and in good consistency with MgO. The
absence of OH peak at around 533 eV confirmed that all the films are hydroxyl group
free. On the other hand, the carbon peaks are almost undetectable in XPS, which indicate
that the carbon contamination is below 1%.

Figure 2.3. XPS spectra of MgO film. (a) Mg2p scan. (b) O1s scan

To confirm the crystallinity of ALD MgO, a thin film was deposited on Si3N4 membrane
at 190oC and examined in TEM. In Figure 2.4, the high resolution image shows the well
crystallized grains. The grain sizes are around 10nm which is similar to the film thickness.
The well-defined rings in the diffraction pattern of Figure 2.4 (b) also confirmed the high
crystallinity of MgO film at such a low deposition temperature. A cross sectional TEM
study of MgO/GaN(0001) shows that poly crystalline MgO is achieved on GaN substrate.
In Figure 2.4 (c), two layers of MgO film are visible. On possible reason is that there is a
large tensile strength between MgO and GaN near the interface thus the lattice of MgO is
changed. This is confirmed by the diffraction pattern in Figure 2.4 (d) in which the
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splitting of MgO spots clearly indicate that there are two types film crystals with different
lattice parameters. The closer-to-interface MgO layer has stress while the top layer is
relaxed.

Figure 2.4. TEM of MgO. (a) HR-TEM image of 10 nm MgO film on SiNx
membrane covered by 5nm amorphous Al2O3. (b) Diffraction pattern with single
crystalline Si(220) as reference. (c) HR-TEM cross section of MgO/GaN(0001). (d)
Diffraction pattern of (c).

2.2.3 CaO deposition study with acetamidinate precursor
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Previously pure CaO film has been achieved by post annealing ALD CaCO3 film from
calcium β-diketonate, CO2 and ozone precursors.14 This process is not capable of
achieving alloy with MgO. CaO film from direct ALD reaction has been reported using
Ca(1,2,4-tri-isopropylcyclopentadienyl)2 and H2O as precursors.15 However, due to the
relatively low reactivity of the Ca precursor and the high hygroscopy of CaO, the
resulting film contains a considerable amount of hydroxyl groups and carbon
contamination. Therefore this process is not ideal for high quality epitaxial MgxCa1-xO
deposition as well.

To achieve a high crystallinity, high purity CaO ALD process, a high water reactivity and
low carbon contamination Ca precursor is needed. Amidinate ligand based precursors
usually have higher reactivity with water due to the high strain four membered ring
structure. Comparing with the oxygen-metal bond, the weaker nitrogen-metal bond also
makes the ligand easier to leave and therefore results in less carbon contamination. In this
and next section, the ALD CaO deposition processes with these two different Ca
amidinate precursors developed in our group are studied.16

Acetamidinate Ca precursor has been reported to be stable at high temperature (above
300C), and relatively high volatility. The ALD of CaO was carried out in a home-built
reactor, with bis(N,N’-diisopropylacetamidinato)calcium(II) dimer and H2O as the
precursors. The Ca precursor was placed in a glass bubbler kept in a heated oven at
140°C. The deposition temperature varied from 220 °C to 340 °C. The film thickness was
characterized by XRR. The temperature dependence of the growth rate was also
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measured as shown in Figure 2.6. The growth rate increases from 0.4 Å/cyc to 0.75 Å/cyc
with substrate temperature increases from 220oC to 310oC. Then the growth rate
decreases to 0.6 Å at 325oC and 340oC. The decrease of growth rate above 310oC
indicates a potential thermal decomposition on the substrate.

Figure 2.5. Bis(N,N’-diisopropylacetamidinato)calcium(II) dimer.

Figure 2.6. CaO growth rate at different substrate temperatures.
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FTIR is employed to check whether Ca(OH)2 is formed in the ALD CaO film. Figure 2.7
summarizes the IR reflectance spectrum ranging from 3200 cm-1 to 4000 cm-1 of CaO
films deposited at different temperatures. The CaO films are 20nm thick with a 5nm
amorphous ALD Al2O3 protection layer. The expected OH group stretching absorption
only showed in the sample prepared at 230oC. This indicates that the acetamidinate Ca
precursor is not reactive enough to deplete the excessive hydroxyl groups below 230oC.
The adsorption position is accord with OH peak in pure Ca(OH)2 film.17

Figure 2.7. IR spectrum of CaO film deposited at different substrate temperatures.
The dashed red line indicates the expected OH group stretching adsorption.

Although the IR spectrum is sensitive to hydroxyl groups, the small thickness of thins
CaO films may decrease the sensitivity of this method. Moreover, IR spectrum is not
suitable for quantifying the composition of CaO film in this case. Therefore, XPS is
employed to further study the temperature dependence of the film composition. Figure
2.8 (a) shows the carbon content of CaO films deposited at different temperatures
measured by XPS. It shows that carbon contamination starts to increase above 310oC
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which indicates the precursor starts to decompose beyond this temperature. At 340oC, the
carbon contamination increases to 3 at%. Therefore, the deposition temperature should
not exceed 310oC. Figure 2.8 (b) shows the O1s scan of three CaO samples deposited at
different temperatures. The main peak around 529.1 eV is from pure CaO.18 Since Al2O3
is employed as a protection layer, an O1s peak of Al2O3 showed up at 530.3eV
potentially due to either preferential etching or re-deposition during the sputtering.19 The
peak of hydroxyl group should be about 3eV shifted to higher binding energy, in this case
is 532.1eV(labeled with blue dashed line). According to the deconvolution result, about
17% and 10% oxygen atoms are from OH groups in samples deposited at 253oC and
290oC. This peak is not visible at 310oC deposition temperature. Thus a deposition
temperature above 310oC is necessary to completely remove the OH residues.

Figure 2.8. Temperature dependence of CaO film composition characterized by XPS.
(a) Carbon content in CaO film at different deposition temperatures based on C1s
peak area. (b) O1s scan of CaO films deposited at different temperatures.
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Figure 2.9. TEM of ALD CaO film. (a) Diffraction pattern of CaO deposited at
273oC. (b) HR-TEM image of CaO deposited at 310oC. (c) Diffraction pattern of
CaO deposited at 300oC. (d) HR-TEM image of CaO deposited at 310oC. (e)
Diffraction pattern of CaO/GaN cross section. (f) HR-TEM of CaO/GaN cross
section.
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TEM is employed to check the crystallinity of the CaO films. Similar to the TEM for
MgO film, a thin layer of CaO film deposited on Si3N4 is covered with protective Al2O3
film. Two samples deposited at 310 and 273 are prepared. As shown in Figure 2.9, the
film deposited at 273oC does not show clear features of crystal grains in the HR image
and the diffraction pattern is blurred. Because the Ca(OH)2 crystal has a hexagonal
structure, it may prevent the crystallization of rocksalt CaO. On the other hand, the film
deposited at 310oC shows very well crystallized grains in the HR image and well defined
rings in diffraction. This result indicates that eliminating OH residue is critical to achieve
well crystallized CaO films. The formation Gibbs energy of Ca(OH)2 from CaO and H2O
at room temperature is 66.3kJ/mol and the decomposition temperature is as high as 512oC
at atmospheric pressure.20 Therefore, the absence of OH group at higher temperature is
mainly due to the completion of the ALD reaction instead of thermal decomposition of
Ca(OH)2. Cross sectional TEM shows the CaO film deposited on GaN under 313oC is
highly textured with some extend of lattice strain. In Figure 2.9 (e), the diffraction spot
from CaO (111) and (200) are in line shape instead of distinct spot, indicating there is a
gradient of strain from bottom to top. This is different with the case of MgO/GaN in
which strained and relaxed layers are distinctive.

2.2.4 CaO growth study with formamidinate precursor

In the previous section, an acetamidinate Ca precursor has shown its potential in forming
crystalline CaO film at 310oC deposition temperature. A lower deposition temperature
may result in OH residue which prevents the film from crystallization. This is because the
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reactivity of acetamidinate precursor at low temperature is not high enough to deplete the
hydroxyl groups. On the other hand, if a Ca precursor with higher reactivity with water, a
lower deposition temperature may be achieved without OH residue. Bis(N,N’diisopropylformamidinato)calcium(II) developed by our group is known to be more
reactive than its acetamidinate counterpart so that a lower deposition temperature can be
achived.16 Moreover, this formamidinate precursor is a liquid above 110oC, therefore
provides much more stable area of evaporation during operation.

Figure 2.10. Structure of bis(N,N’-diisopropylformamidinato)calcium(II)

The growth rate of CaO film with formamidinate precursor was studied by depositing the
film on Si thermal oxide substrate and the thickness was measured by XRR. The results
are summarized in Figure 2.11. The growth rate increase consistently with the increasing
temperature. At 340oC, the growth rate even reached 2 Å/cyc. This is more than a mono
layer of CaO which indicates that a CVD mode of growth may be reached and the
precursor may be decomposed on the substrate.
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Figure 2.11. CaO growth rate under different substrate temperature.

In Figure 2.12 (a), the carbon content measured by XPS shows that this precursor starts to
decompose at around 250oC. Such decomposition temperature is lower than the acetamidinate precursor. Figure 2.12 (b) confirmed that the OH residue in film deposited at
160oC is very low; only 2% of oxygen in the film is in the form of OH. The well
crystallized grains in the HR-TEM image and distinct ring features in the diffraction
pattern also confirmed the high crystallinity of the film. Therefore, we confirmed the
original hypothesis that a higher reactivity Ca precursor can generate well crystallized
CaO film at a lower temperature.
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Figure 2.12. Temperature dependence of CaO film composition characterized by
XPS. (a) Carbon content in CaO film at different deposition temperatures based on
C1s peak area. (b) O1s scan of CaO films deposited at different temperatures.

Figure 2.13. TEM of CaO film deposited at 160oC with form amidinate Ca
precursor. (a) diffraction pattern. (b) High resolution image.
2.3 MgxCa1-xO deposition study
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MgxCa1-xO thin film has been used as a cathode luminescence material in the plasma
display panel industry.2,21 The growth method, optical and structural properties of this
materials have been discussed in several publications. 3,22 Previously the studies were
focusing on EE and MBE prepared MgxCa1-xO films. As discussed before, these
deposition methods are either incapable of high quality film growth or incompatible with
mass production, thus they cannot fulfill requirement of high-k deposition for high power
electronics. In previous sections we have already demonstrated that high quality MgO
and CaO can be achieved by scalable ALD processes. This section will be dedicated to
the ALD growth study and properties of MgxCa1-xO films.
In the previous sections, MgO and CaO deposition conditions have been studied and the
optimal conditions for achieving low contamination, high crystallinity film has been
determined for each precursors. Comparing the two Ca precursors, although
formamidinate precursor exhibits higher reactivity and lower deposition temperature, the
CVD-like growth behavior may reduce the conformity of the film. Therefore in order to
guarantee the reproducibility and scalability of ALD MgxCa1-xO deposition, we picked
acetamidinate Ca precursor for studying the growth behavior of this alloy.
MgxCa1-xO is grown by alternating the ALD CaO cycles and MgO cycles at different
dosing ratios. Table 2.1 summarizes the average growth rates and compositions at three
different dosing ratios as well as pure MgO and CaO. The average growth rate of
MgxCa1-xO does not follow a linear combination of MgO and CaO growth rates. On the
other hand, the Mg composition in 1:2 and 1:1 dosing ratio samples are higher than the
dosing ratio, indicating that there is a synergy between CaO and MgO cycles. One
explanation is that during CaO cycle, much more OH groups are formed since CaO has a
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high hygroscopy. In pure CaO deposition, such excessive OH groups can be depleted by
the next cycle of Ca precursor dose. In the MgxCa1-xO, if the next step is Mg precursor
dose, such excessive OH groups will react with more Mg precursors and therefore result
in higher Mg content in the film.
Table 2.1. Summary of ALD growth rates, compositions and lattice constants of
different MgxCa1-xO films. The composition was measured by Rutherford back
scattering (RBS). Lattice constants of MgxCa1-xO (222) were measured by HRXRD.
MgO and CaO (222) lattice constants were from Crystallography Open Database.
Dosing ratio
Mg:Ca
CaO
1:3
1:2
1:1
MgO

Average
growth rate
(Å/cycle)
0.75
0.5
0.5
0.6
0.5

Composition
CaO
Mg0.25Ca0.75O
Mg0.51Ca0.49O
Mg0.72Ca0.28O
MgO

An XPS study was conducted to confirm the uniformity of MgxCa1-xO film. In Figure
2.14, the absence of Ga and N signals from substrate in Mg0.25Ca0.75O/GaN indicates that
the surface of GaN is fully covered by MgxCa1-xO film. Since the penetration depth of
XPS and the film thickness in this case were both about 10 nm, any missing areas of the
film would result in detectable substrate signals. Therefore, the absence of substrate
signal indicates that the film is uniformly covering the GaN surface.
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Figure 2.14 XPS spectrum of bare GaN (green) and Mg0.25Ca0.75O(10nm)/GaN (red).

MgxCa1-xO alloy is thermodynamically unstable below its melting point (2370oC).23 This
is because of the large difference in ionic radius between Mg and Ca species.24 However,
MgxCa1-xO film has been reported to be kinetically stable until 800oC.25 In EE deposited
MgxCa1-xO films, phase separated MgO and CaO species could be found. Therefore, it is
very important to confirm the uniformity of ALD deposited MgxCa1-xO film. In this study,
TEM is employed to check the film uniformity. Figure 2.15 demonstrates the HR-TEM
image and diffraction patterns of three MgxCa1-xO films with different compositions
deposited on Si3N4 grid. The HR image with visible lattice and grains shows that the film
is well crystallized. The diffraction patterns exhibit rocksalt patterns. The absence of
MgO and CaO diffraction patterns confirmed the homogeneity of this film and also
confirmed that ALD process can achieve a metastable MgxCa1-xO alloy film.
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Figure 2.15. (a) Top view of Mg0.25Ca0.75O/Si3N4 membrane. (b) Top view of
Mg0.51Ca0.49O/Si3N4 membrane. (c) Mg0.72Ca0.28O/Si3N4 membrane. (d) Diffraction
pattern of Mg0.25Ca0.75O. (e) Diffraction pattern of Mg0.51Ca0.49O. (f) Diffraction
pattern of Mg0.72Ca0.28O.

Atomic Force Microscopy (AFM) was employed to examine the roughness of the
MgxCa1-xO film. The AFM study was done with an Asylum MFP-3D AFM System. The
similar RMS values (Figure 2.16) obtained from before and after the deposition indicate
that the film has a very good thickness uniformity and very low roughness.
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Figure 2.16. (a) Bare epi-grown GaN surface, RMS = 0.37 nm; (b)
Al2O3(5nm)/Mg0.25Ca0.75O(10nm)/GaN surface, RMS = 0.47 nm
2.4 Summary
In this chapter, a ALD MgxCa1-xO deposition recipe has been developed. The optimal
deposition condition is determined by studying the ALD growth behavior of MgO and
CaO with three new amidinate based precursors. XPS and IR shows that OH residue and
C residue may appear at too low and too high deposition temperature respectively.
Therefore a 310oC substrate temperature wass selected and the resulting MgxCa1-xO
shows high conformity and crystallinity.
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Chapter 3 MgxCa1-xO Epitaxial Growth

3.1 Introduction

The key challenge in wide bandgap semiconductor devices is the lack of suitable
dielectric material that can both reduce the gate leakage and the interfacial defects. The
interface between GaN and its native oxide (Ga2O3) has a large interfacial trap density
which prevents high efficiency modulation. Many alternative dielectrics, such as HfO2,1
Al2O3,2 SiO2,3 Sc2O3,4 etc, have been employed as dielectrics on GaN in various studies.
However, GaN devices with a low defect interface and high quality dielectric have not
been achieved with any material. SiC can form a native oxide (SiO2) with acceptable
interfacial property, but such low dielectric constant (3.9) of SiO2 limits the maximum
safe operating field and does not make use of the high breakdown field of SiC. 5 As for
Ga2O3, very few dielectric materials had been proposed to achieve a high quality
interface with low leakage.

Recently, our group demonstrated that ALD can grow lanthanum oxide epitaxially on
gallium arsenide (GaAs) (111)A surfaces, and that the density of interfacial defects is
remarkably low.6 It demonstrated that with a lattice matched epitaxial gate dielectric
material, a low defect density interface can be achieved. Moreover, since there are no
grain boundaries to serve as the leakage path ways, gate leakage loss can also be reduced.
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Although the (0001) surface of GaN and SiC have an atomic structure similar to the
(111)A surface of GaAs, it is more challenging to apply the same strategy to GaN due to
the lack of any lattice matched oxide. We have also reported ALD-Sc2O3 growth on
AlGaN/GaN based HEMT devices.4 Due to the large lattice mismatch between Sc2O3
and the substrate (~9%), epitaxial growth could not be achieved. As for Ga2O3, the (-201)
surface of the monoclinic structure is very similar to GaN (0001). Therefore, a lattice
matched epitaxial dielectric for GaN may also be able to applied on Ga2O3.

MgO and CaO, both have relatively high dielectric constants (MgO 9.8, CaO 11.8) and
large band gaps (both 7~8 eV), and thus might be suitable gate oxides for wide bandgap
semiconductors. Moreover, as shown in Table 3.2, the GaN and SiC lattice sizes lie
between those of the MgO and CaO lattices. Therefore, by tuning the composition of
MgxCa1-xO, a lattice match with GaN and SiC substrates can be achieved. Hellman et al.7
demonstrated that epitaxial MgxCa1-xO can be grown by molecular beam epitaxy (MBE)
on MgO substrates. Later, Paisley et al.8 and Ren et al.9 reported that epitaxial
Mg0.5Ca0.5O can be grown on GaN with the same method. Epitaxial Mg0.75Ca0.25O grown
by MBE on SiC has been reported as an alternative dielectric oxide.10 Measurements on
HEMTs with MBE-fabricated MgCaO insulators showed improved gate-lag.11 However,
MBE is not applicable to large substrates needed for cost-effective industrial processing.
Thus a more scalable and lower cost method to deposit epitaxial MgxCa1-xO is highly
desirable.
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According to Vegard’s Law12, a 47% Mg and 53% Ca oxide mixture can achieve a
lattice match on GaN with an epitaxy relation of (111)MgxCa1-xO//(0001)GaN. Similarly, a
76% Mg and 24% Ca oxide mixture can achieve a lattice match with SiC with an epitaxy
relation of (111)MgxCa1-xO//(0001)SiC (Table 3.1).

3.2 MgxCa1-xO epitaxy on GaN

3.2.1 Epitaxial growth and substrate roughness

In the previous chapter, we discussed the ALD deposition processes of MgxCa1-xO. The
deposition on amorphous SiO2 has shown that the dosing ratio of Mg:Ca should be 1:2 or
1:3 to achieve lattice match with GaN. Two different GaN substrates were selected to test
the epitaxial growth: (1) single crystalline GaN, (2) MOCVD grown epi GaN on sapphire.
Prior deposition, a 5min UV-Ozone treatment is performed to remove the adsorbed
organic contaminations. Then the substrate is immersed with BOE (1:6) for 30s followed
by 20min soaking in 20% ammonium hydroxide solution to remove native oxide.

As shown in Figure 3.1 (e) and (f), the single crystalline GaN substrate has a rougher
surface with as large as 8nm fluctuation in surface height, while the epi GaN substrate
has less than 1nm fluctuation. The AFM image from the single crystal GaN (Figure 3.1
(c)) indicates that the roughness is primarily due to the final polishing process since the
scratches are all in line shape. In 2D XRD analysis, an arc shape is indicating a
polycrystalline structure while a spot is indicating a single crystalline structure. In Figure
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3.1 (a) and (d), the brightest spot is the single crystalline GaN (0004) diffraction. The
long arc in image (a) is indicating the Mg0.25Ca0.75O grown on the rougher GaN substrate
is polycrystalline. On the other hand, the very short and bright line segment in image (d)
indicates the Mg0.25Ca0.75O grown on the smoother GaN substrate (Figure 3.1 (d)) is
epitaxial. Therefore, a smooth substrate surface is critical to achieve a high quality
epitaxial film.

Figure 3.1. Relationship between GaN roughness and Mg0.25Ca0.75O epitaxial quality.
(a) 2D XRD of GaN (0004) single crystal substrate peak and Mg0.25Ca0.75O (222)
peak; (b) AFM of bare single crystal GaN substrate; (c) Line scan in figure (b); (d)
2D XRD of GaN (0004) epi-grown on sapphire substrate peak and Mg0.25Ca0.75O
(222) peak; (e) AFM of epi-grown GaN on sapphire substrate.; (f) Line scan of
figure (e).

3.2.2 XRD characterization
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In order to study the lattice mismatch between MgxCa1-xO films and GaN substrates,
coupled 2θ-ω HRXRD scans were employed. Both GaN(0004) and MgxCa1-xO(222)
peaks are seen in all three samples (Figure 3.2 (a)). The absence of MgO and CaO peaks
indicates that phase separation into the two binaries has not occurred. The MgxCa1xO(222)

peak shifts to lower 2θ position as the Ca content increases. Both measured

lattice constants and the calculated lattice constants based on Vegard’s Law are plotted in
Figure 3.2 (b). Assuming a fully relaxed hetero-epitaxial relation at the interface and
considering the epitaxial relationship between the film and the substrate, the out-of-plane
lattice mismatch can be defined as: (aMgCaO(222)-aGaN(0004))/ aGaN(0004).6 The mismatch is 1.2% for Mg0.72Ca0.28O, +2.4% Mg0.51Ca0.49O and +3.1% for Mg0.25Ca0.75O. The full
width of half maximum (FWHM) of the rocking curve is one indicator of the epitaxy
quality. Figure 3.3 summarizes the rocking curves of all three MgxCa1-xO/GaN samples at
their MgxCa1-xO (222) peak. The FWHM results show that although Mg0.72Ca0.28O has
the smallest lattice mismatch with GaN substrate, the epitaxy quality is not as good as the
other two. The 0.2o and 0.19o FWHM of Mg0.25Ca0.75O and Mg0.51Ca0.49O confirmed their
high epitaxial quality.
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Figure 3.2 Lattice constant study by HRXRD. (a) HRXRD study of MgxCa1-xO/GaN
film. The black vertical line is the peak position of GaN(0004) diffraction. The
dashed lines represent the peak positions of the MgxCa1-xO (222) diffractions.
Intensities are in a log scale; (b) Vegard’s Law predicted lattice constant vs XRD
measured polycrystalline MgxCa1-xO (222) lattice constants. The green dashed line is
the lattice constant that matches the GaN(0004) lattice.

Figure 3.3. Rocking curves MgxCa1-xO/GaN.
As shown in Figure 3.4, there are two possible in-plane orientations in MgxCa1-xO/GaN.
Type A orientation is equivalent to the 60o rotated type B orientation. Each of them has
three-fold rotation symmetry. Thus if there is only one orientation exit in the film, the
rotational symmetry should be three-fold while in the case of a mixture of the two, there
should be a six-fold symmetry. By tilting the psi angle of the XRD stage to favor a lattice
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direction that is not parallel with GaN (0001), a phi scan can show the rotation symmetry
of the epitaxial film. In this case, MgxCa1-xO (311) lattice diffraction is selected for the
phi scan. The Psi angle is set as 29.50o, 2theta is 66.54o and omega is 3.77o. As shown in
Figure 3.5, a six-fold symmetry is shown in the phi scan and this is an indication that
both in-plane orientations exist in the Mg0.25Ca0.75O/GaN structure.

Figure 3.4. Schematic of possible orientations of MgxCa1-xO (111) on GaN (0001). (a)
All Mg atoms overlaying with substrate N atoms and the upper layer O and lower
layer Ga are not stacking on each other. (b) All Mg atoms overlaying with substrate
N atoms and the upper layer O are overlapping with lower layer Ga.

Figure 3.5. Phi scan of Mg0.25Ca0.75O/GaN(0001).
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3.2.3 TEM cross section characterization

One powerful method to examine the epitaxial film quality is cross-sectional TEM
imaging. Figure 3.6 summarizes the cross-section TEM images of three different MgxCa1xO/GaN

samples. Since GaN and MgxCa1-xO have different crystal structures, their lattice

patterns in TEM are different. The GaN region shows a distinctive three atomic line
periodicity pattern in the vertical direction while MgxCa1-xO does not have this feature.
All three samples show sharp interfaces without any interfacial layer. The nearly perfect
single crystal lattices in Figure 3.6 (a) and (b) confirms the high quality of epitaxy of
Mg0.25Ca0.75O and Mg0.51Ca0.49O on GaN. On the other hand, the grain boundaries in
Figure 3.6 (c) indicate that a highly textured Mg0.72Ca0.28O film is formed on GaN. The
well-defined film spots in the diffraction pattern (Figure 3.6 (d), (e) and (f)) also
confirmed the high quality of epitaxial Mg0.25Ca0.75O and Mg0.51Ca0.49O films while the
Mg0.72Ca0.28O film has some textured features. Moreover, from the diffraction pattern, the
zone axis of the GaN substrate in these TEM images is [11-20], while the film zone axis
is [011]. Therefore, the epitaxial relation between the film and substrate is (111)×[0-11]
MgxCa1-xO //GaN(0001)×[11-20].
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Figure 3.6. Cross-sectional TEM of MgxCa1-xO films grown on GaN(0001) surface. (a)
Mg0.25Ca0.75O/GaN; (b) Mg0.51Ca0.49O/GaN; (c) Mg0.72Ca0.28O/GaN; (d) Diffraction pattern of
Mg0.25Ca0.75O/GaN; (e) Diffraction pattern of Mg0.51Ca0.49O/GaN; (f) Mg0.72Ca0.28O/GaN.
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Table 3.1. FFT study of cross section TEM images.
Fast Fourier Transform (FFT) analysis is employed to study the in-plane lattice mismatch.
As shown in Table 3.1. By measuring the lateral distance of corresponding spots in the
FFT images with a pixel as a unit, the in-plane lattice mismatch can be calculated with
(Lsub-Lfilm)/Lfilm. The error range of in-plane mismatch from FFT is about ±1% due to the
limited image resolution. The results show that the in-plane mismatch is in good
agreement with the out-of-plane mismatch.

3.2.4. Summary

In summary of the above structural characterizations, MgxCa1-xO films deposited by ALD
were proved to be epitaxial on GaN by both TEM and XRD. Cross sectional TEM
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revealed near perfect epitaxy of Mg0.51Ca0.49O and Mg0.25Ca0.75O on GaN. However,
although a smaller lattice mismatch was found in Mg0.72Ca0.28O/GaN, the epitaxy was not
as perfect as for the other two compositions. Therefore lattice mismatch might not be the
only parameter affecting the quality of epitaxy.

3.3 MgxCa1-xO Epitaxy on SiC

SiC is another promising candidate for next generation wide bandgap semiconductor
devices. SiC has more than 200 polytypes. Among them, 4H-SiC is currently preferred
for power electronics due to its larger bandgap and higher intrinsic carrier mobility. 13
Traditionally, the SiO2 dielectric on SiC devices is prepared by oxidizing the SiC
substrate under an oxygen atmosphere. Despite the convenience of this process, the lower
dielectric constant of SiO2 limits the potential of miniaturization of power devices.
Therefore, a high-k dielectric is highly desirable for SiC power devices. As demonstrated
in the previous section, epitaxial MgxCa1-xO is a suitable dielectric candidate for GaN
devices. Since both 4H-SiC and GaN has the similar hexagonal structure on their (0001)
surfaces and close lattice parameters, epitaxial MgxCa1-xO can also be achieved on SiC. F.
Ren et al. 10 has demonstrated the epitaxial MgxCa1-xO growth on SiC with an MBE
technique. However, MBE is not compatible with the high throughput production in
industry due to its requirement of high vacuum. Thus an ALD epitaxial MgxCa1-xO
deposition on SiC would be highly valuable in developing SiC power devices.
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Figure 3.7. Comparing SiC (0004) lattice with MgxCa1-xO (222) lattice. It shows that
the Mg0.72Ca0.28O has the smallest lattice mismatch with SiC.
As shown in Figure 3.7 (b), the SiC lattice lies within the range of MgO and CaO.
Therefore, it is possible to achieve a lattice match between MgxCa1-xO by tuning the ratio
of Mg and Ca content. The ALD MgxCa1-xO deposition was performed with the
conditions described in Chapter 2. The pretreatment of the substrate includes a 5min UVozone and 30s BOE etch to remove the organic contaminants and surface oxide. Figure
3.7 (a) summarized the 2theta-omega scans and the corresponding rocking curves of three
MgxCa1-xO/SiC samples. The 2θ-ω results shows that the lattice mismatch of
Mg0.51Ca0.49O and Mg0.72Ca0.28O are +3.2% and +0.7%, and -3.9% respectively. it is clear
that the Mg0.72Ca0.28O has a closer match with SiC. The narrower rocking curve of
Mg0.72Ca0.28O/SiC than Mg0.51Ca0.49O/SiC indicates the former has higher epitaxial
quality than the latter.
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Figure 3.8. Rocking curves of MgxCa1-xO/4H-SiC(0001). (a) Rocking curve of
Mg0.51Ca0.49O/SiC at 2θ = 72.55o; (b) ) Rocking curve of Mg0.72Ca0.28O/SiC at 2θ =
74.70o; (c) Rocking curve of MgO /SiC at 2θ = 78.96o.

Cross sectional TEM was employed to study the interfacial property of this epitaxial
structure. Like the GaN cross section TEM, SiC also has a three line repeating pattern
due to its hexagonal structure. Therefore the interface between substrate and MgxCa1-xO
film can be determined by where this three-line periodicity discontinued. A sharp
interface without any interfacial layer can be seen in Figure 3.9 (a) and (c). The very well
defined diffraction spots in (c) also confirm the high epitaxial quality of the film.
Moreover, from the diffraction pattern, the zone axis of the SiC substrate in these TEM
images is [11-20], while the film zone axis can be determined as [011]. Therefore, the
epitaxial relation between the film and substrate is (111)×[0-11] Mg0.72Ca0.28O
//SiC(0001)×[11-20].
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Figure 3.9. TEM cross section of Mg0.72Ca0.28O/SiC (0001). (a) cross sectional TEM
image; (b) Diffraction pattern, the orientation is based on (c) zoomed in view of (a).
In summary, the XRD and TEM study confirmed that the ALD MgCaO can be grown
epitaxially on 4H-SiC substrate. Mg0.72Ca0.28O shows the best lattice match with a +0.7%
mismatch with SiC substrate. The rocking curve also confirms that this smaller lattice
match has a better epitaxial quality than the larger mismatch sample.

3.4 MgxCa1-xO Epitaxy on Ga2O3

Previously epitaxial GaN has been reported to be grown on Ga2O3 (-201) surface by
MBE.14 Although Ga2O3 belongs to monoclinic crystal structure and does not have a
hexagonal symmetry on any crystal face, the Ga2O3 (-201) surface is close to a hexagonal
structure and the dimension is close to GaN (0001). Therefore it is possible to create an
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epitaxial growth of MgxCa1-xO on it (Figure 3.10). There are also two different possible
orientations. Thus a phi scan should be employed to check the in-plane orientation.

Ga2O3 is unstable under both acidic and basic condition. Therefore its surface treatment is
very challenging. Some reports show that Piranha and BOE treatments are effective to
prepare the Ga2O3 surface. In this section, both pretreatments are employed for
comparison.

Figure 3.10. (a) Side view of β-Ga2O3(-201) lattice. (b) Tope view of MgxCa1-xO/βGa2O3(-201).
The cross sectional TEM of Mg0.25Ca0.75O grown on Piranha and BOE treated Ga2O3 are
shown in Figure 3.11 and Figure 3.12. The Piranha treatment is a common method for
Ga2O3 surface cleaning used in a few references.15–17 Although benefiting electrical
performance in the literature, the Piranha treated sample exhibits a 10nm amorphous like
interfacial layer. This interfacial layer may be from the hydroxylation of Ga2O3 in the
acid pretreatment.
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Figure 3.11. (a) Cross sectional TEM of Piranha treated bare Ga2O3 surface. (b)
Mg0.25Ca0.75O on Piranha treated Ga2O3.

Figure 3.12. TEM of Mg0.25Ca0.75O/Ga2O3 (-201). (a) High resolution image of
Mg0.25Ca0.75O and Ga2O3 interface, a 2nm interfacial layer is visible. (b) Diffraction
pattern. The diffraction spots from Mg0.25Ca0.75O are indicating that the film is
highly textured with some mis-oriented crystal phases.
As shown in Figure 3.12 (a), the BOE (1:6 original diluted with 5 times volume water)
treated 30s sample has a 2nm interfacial layer. This is a substantial improvement
compared with the Piranha treated substrate. However, severe delamination has been
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observed on the edge of Ga2O3 substrate indicating a damage caused by BOE treatment.
The diffraction pattern in Figure 3.12 (b) indicates a highly textured film.

The full 2θ-ω scan of Mg0.25Ca0.75O/Ga2O3 is shown in Figure 3.13. The existence of
(111) and (222) peaks of Mg0.25Ca0.75O indicates the film has a preferred (111)
orientation. The (222) peak of the film is not as obvious as (111) since it is overlapping
with (801) peak from the substrate. The Ga2O3 (111), (601) and (801) peaks indicate that
the substrate contains other small crystals with disordered orientations. The phi scan
(Figure 3.14) of Mg0.25Ca0.75O/Ga2O3 has a three-fold symmetry which confirms that
there is only one in-plane orientation existing in the film. Furthermore, the substrate (202)
peak does not overlap with the film {200} peaks, indicates that the film has a B-type
orientation as shown in Figure 3.10.

Figure 3.13. 2θ-ω of Mg0.25Ca0.75O/Ga2O3 and bare Ga2O3.
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Figure 3.14. Phi scan of Mg0.25Ca0.75O/Ga2O3.
In summary, highly textured Mg0.25Ca0.75O can be grown on Ga2O3 with a preferred
orientation of (111). The pretreatment has a profound effect on the interfacial property.
BOE treatment can effectively reduce the interfacial layer thickness but renders damage
to substrate to some extent.

3.5 Summary
In summary, epitaxial MgxCa1-xO on GaN and SiC has been achieved with ALD
deposition conditions developed in Chapter 2. Optimal composition for each substrate has
been studied with HRXRD and cross section TEM. MgxCa1-xO has also demonstrated its
potential of achieving epitaxy on Ga2O3 substrate but further study is needed to reduce
the amorphous interfacial layer.
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Chapter 4 Band offset study with XPS
4.1 Introduction

One of the most important requirements for a dielectric oxide is having a proper band
offset from the corresponding semiconductor. Typically, a larger than 1eV offset for both
conduction band and valence band is required to minimize gate leakage. For the wide
bandgap semiconductors, that means the bandgap of the dielectric materials should be at
least 5eV for SiC, 5.4eV for GaN and 6.9eV for Ga2O3. Generally the higher dielectric
constant oxide has a smaller band gap.1,2 Most of the traditional high-k dielectric
materials, including HfO2, ZrO2, Al2O3 etc., can fulfill this requirement. However, the
band alignment between the high-k dielectric material and semiconductor is not
necessarily symmetric; therefore, a wide enough band gap does not guarantee a large
enough band offset. For example, Al2O3 has a band gap of 6.4eV, but only 0.05eV
valence band offset is achieved on GaN substrate.3 A similar alignment can also be found
in HfO2/GaN interface.4

Ideally, a defect free semiconductor-dielectric interface does not contain any states. Thus
there should be no charge transfer between the two material since the dielectric materials
is insulating. In this case, the conduction bands should be aligned according to their bulk
electron affinity levels (Figure 4.1 (a)).5 On the other hand, if the interface is highly
defected, charges from the semiconductor will be trapped at the interface. Therefore an
electrical field will be built up. In the extreme case, the Fermi level of the semiconductor
will be pinned at the charge neutrality level(CNL).6 When Fermi level reaches the CNL,
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the semiconductor surface is charge neutral. Therefore, in the Fermi level pinning case,
the band of insulator and semiconductor would be aligned to match their CNLs (Figure
4.1 (b)).

Figure 4.1. Two extreme cases of band alignment between oxide and semiconductor.
(a) defect free case. (b) Fermi level pinning case.
Robertson et. al. has applied metal induced gap states (MIGS) theory to the dielectricsemiconductor interface and pointed out that the conduction band offset(ΔEC) between
dielectric and substrate follows the following equation:7

𝑺
𝑶
𝑺
𝑺
𝚫𝑬𝑪 = (𝑿𝑶 − 𝑬𝑶
𝑪𝑵𝑳 ) − (𝑿 − 𝑬𝑪𝑵𝑳 ) + 𝑺(𝑬𝑪𝑵𝑳 − 𝑬𝑪𝑵𝑳 )

In the equation, Xo and Xs denote the electron affinities of oxide film and the
semiconductor substrate respectively. ECNL represents the energy difference between the
charge neutrality level and the vacuum level. S is a dimensionless pinning factor defined
as the following equation:

𝑺=

𝟏
𝟏+

(𝒆𝟐 𝐍𝛅/𝛆𝟎 )
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Here e is the electronic charge, ε0 is the permittivity of free space, N is the density of the
interface states per unit area and δ is their extent into the semiconductor. According to
this equation, S should equal to 1 when there are no defects at all (N=0) and equal to 0
when defects density is very large (N= ∞ ). Therefore, in a defect free case, the
conduction band offset would reduce to: 𝚫𝑬𝑪 = 𝑿𝑶 − 𝑿𝑺 . As shown in Figure 4.1 (a),
the conduction band offset is solely determined by the electron affinity levels. On the
other hand, in the defected case where N= ∞ , the expression reduces to: 𝚫𝑬𝑪 =
𝑺
𝑺
(𝑿𝑶 − 𝑬𝑶
𝑪𝑵𝑳 , ) − (𝑿 − 𝑬𝑪𝑵𝑳 , ) . In this case, the energy level of the oxide and

semiconductors are aligned according to the charge neutrality levels, as shown in Figure
4.1 (b). Therefore, the band offset information can serve as a qualitative indicator for the
interface quality.

There are several methods that can measure the band alignment between two materials.
CV profiling can achieve accurate band offset value by measuring the dipole induced
carrier density at the interface.8 However, this method is not universal since it requires
the interface to be highly polarized. XPS presents a probe into surface/interface, valence
band and chemical states of the surface elements. Due to the high energy of excitation
photon, it can extend the measurement to large band gap insulators (>7eV). Therefore, we
employ XPS to measure the band offset in this chapter.

The determination of valence band offset involves the measurement and comparison of
relevant core levels and valence band maxima of both the insulator and the
semiconductor, both separately and in comparison.9 Although XPS can directly measure
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the valence band maximum (VBM) energy level, it is difficult to measure the offset
directly in an over layer structure since the valence band information are overlapped. On
the other hand, the relative energy level of the VBM and the core level of a material is
stable. Therefore the VBM offset can be achieved by measuring the core levels of the
substrate and the thin (2nm) oxide film simultaneously. First, the energy differences
between the core level and valence band maximum of the semiconductor (cleaned wafer)
and insulator (40nm film) should be measured. Then the core levels of the thin (2nm)
oxide film and the substrate should be measured. The VBM offset can be calculated with
the following equation:

𝒐𝒙𝒊𝒅𝒆
𝜟𝑬𝑽 = (𝑬𝒐𝒙𝒊𝒅𝒆
𝒄𝒐𝒓𝒆 − 𝑬𝑽𝑩𝑴 )

𝟒𝟎𝒏𝒎 𝒐𝒙𝒊𝒅𝒆

𝒔𝒖𝒃
− (𝑬𝒔𝒖𝒃
𝒄𝒐𝒓𝒆 − 𝑬𝑽𝑩𝑴 )

𝒔𝒖𝒃

𝒔𝒖𝒃
−(𝑬𝒐𝒙𝒊𝒅𝒆
𝒄𝒐𝒓𝒆 −𝑬𝒄𝒐𝒓𝒆 )

𝟐𝒏𝒎 𝒐𝒙𝒊𝒅𝒆/𝒔𝒖𝒃

With the knowledge of VBM offset and the band gap of two materials, the conduction
band offset value can be measured.

Angle resolved XPS (ARXPS) is a powerful tool to analyze the energy difference
between the surface and sub-surface layer of the target material. In the case of a
semiconductor-oxide interface, ARXPS can effectively measure the band bending in the
semiconductor layer. Figure 4.2 shows the principle of ARXPS. In Figure 4.2 (a), the
photo-electron includes the information from surface to 10nm depth at 90o take-off angle.
With a decreased take-off angle, the information from surface takes a higher and higher
percentage in the overall signal. Thus by comparing the high and low take-off angle
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information, the surface and bulk information can be separated. With this method, both
surface chemical state and the band bending can be studied.

Figure 4.2. Angle resolve XPS assuming electron escaping depth is 10nm. (a) 0o stage
tilting, 90o take-off angle, effective escape depth is 10nm. (b) 45o stage tilting, 45o
take-off angle, effective escape depth is 7nm. (c) 75o stage tilting, 15o take-off angle,
effective escape depth is 2.6nm.
In this chapter, XPS was employed to measure the band offset of MgxCa1-xO/GaN,
MgxCa1-xO/SiC and La2O3/GaAs. In the MgxCa1-xO cases, the relationship between band
offset and composition can be explained with the lattice mismatch induced defects. In the
La2O3 case, the high quality interface of epitaxial oxide is confirmed by the band offset.
4.2 La2O3/GaAs band offset study

In this work, we use XPS to determine the band offset of La2O3 on GaAs (111)A, (110)
and (100) surfaces. Furthermore, by comparing with ideal case and fermi level pinning
cases, the (111) case is shown to be very close to defects free case while the other two are
close to the fermi level pinning case. Therefore the superior quality of the
La2O3/GaAs(111) interface is proved while the other two interfaces are fermi level
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pinned since the epitaxy cannot be achieved. With these data, we can draw the conclusion
that epitaxial does effectively reduce the defect levels.

However, similar epitaxy was not achieved on GaAs (100). Similar phenomenon have
been reported on CeO2 grown on different Si substrates. Although the crystallinity of
these films had been examined, their interface property has not been well studied yet.

4.2.1 XPS composition study of La2O3/GaAs

The ALD deposition process of La2O3/GaAs has been described in previous
publications.10,11 La2O3 films were grown by ALD from precursors including lanthanum
tris(N,N′-diisopropylformamidinate) and H2O in a home-built tube reactor. All GaAs
substrates were cleaned by acetone, methanol and iso-propanol, each for 5min. Then the
native oxide was removed by soaking in 2M HCl solution for 30s. Afterwards, a 20min
ammonia sulfide ((NH4)2S) bath was employed to passivate the surface. The ALD films
were grown on three different substrates, GaAs(111)a, GaAs(110) and GaAs(100). The
crystallinity of the La2O3 films were examined by cross-sectional transmission electron
microscopy (TEM) with a JEOL-2100 TEM system. The TEM samples of La2O3 on all
three substrates were prepared with a FEI Helios 660 focused ion beam (FIB) system.
Band offset information was obtained via Thermo Scientific K-Alpha XPS system.
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La2O3 is known to be hygroscopic in air. Therefore it is critical to make sure the
unprotected La2O3 film is not hydroxylated during the transferring between the
deposition reactor and XPS chamber. Both the O1s binding energy and the ΔE of the two
La3d5/2 peaks can be used to distinguish La2O3 and La(OH)3 species. The La3d5/2 scans of
La2O3 grown on three different GaAs substrates are plotted in Figure 4.3 (a). The ΔE
between La3d5/2 cf1 L bonding and La3d5/2 cf0 are 4.2eV, 4.2eV and 4.3eV for the films
grown on (111), (110) and (111) substrates respectively. Such La3d5/2 splitting is accord
with pure La2O3 in literatures.12,13 The O 1s scans of such samples are showing two
distinct peaks. The peaks around 528~529eV are belonging to the La-O bonding14 and the
peaks between 531eV and 532eV are belonging to surface adsorbed CO2.15 Therefore, the
unprotected 2nm La2O3 deposited on the GaAs substrates are still in the form of oxide
after the 1min exposure to air.

Figure 4.3. XPS study of 2nm La2O3 on GaAs (100), (110) and (111) substrates.

4.2.2 Cross sectional TEM of La2O3/GaAs
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Figure 4.4. TEM cross section of La2O3 grown on three GaAs substrates.

Figure 4.4 summarizes the cross sectional TEM images of La2O3 grown on all three types
of GaAs substrates. The well aligned lattice of La2O3 film and sharp interface in Figure
4.4 (a) are indicating that a near perfect epitaxy can be formed on GaAs 111 surface. On
the other hand, grain boundaries and different orientations are found in La2O3 films on
110 and 100 GaAs surfaces (Figure 4.4 (b) and (c)), which indicate that polycrystalline
La2O3 films are formed. Moreover, around 7 Å amorphous interfacial layers were
observed in both the 110 and 100 cases while the interface of 111 is very sharp.

4.2.3 XPS band offset measurement of La2O3/GaAs

In order to determine the valence band offset (ΔEV) and conduction band offset (ΔEC) for
the La2O3/GaAs interfaces, XPS spectra for three different type of samples were collected
for each different GaAs orientation respectively: (1) 40nm La2O3/GaAs, (2) 2nm
La2O3/GaAs, (3) bare GaAs. The expression of ΔEV is shown in the introduction of this
chapter.
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Figure 4.5 summarizes the differences between core level La 3d5/2 cf0 to VBMs of 40nm
La2O3/GaAs. Very close values were obtained for all three different substrates. Only
0.3eV higher value of ELa3d – EVBM was found for La2O3/GaAs(111) sample. This is
indicating that the La2O3 film grown on the three different substrates are chemically
identical.

Figure 4.5. Binding energy differences between the VBM and the corresponding
La3d5/2 cf0 peak. La2O3 thickness are 40nm and protected with 5nm Al2O3. The
protection layer was sputtered away before XPS measurement.
Figure 4.6 summarizes the core level Ga 3d to valence band maximum (VBM) energy
results obtained from XPS for all three GaAs substrates. It is shown that the core level
energy to VBM is almost identical for the three different orientations. Only less than 0.2
eV higher value of EGa3d – EVBM was found for GaAs(110) substrate.
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Figure 4.6. Binding energy differences between VBM and corresponding Ga 3d
peak for three types of GaAs substrates.
Figure 4.7 summarizes the XPS spectrum for 2nm La2O3 grown on three GaAs substrates.
The core level Ga 3d and La 3d are different for the three substrates. It indicates that the
valence band offset of the three samples might differ from each other.

Figure 4.7. Binding energy differences between Ga 3d and corresponding La3d5/2 cf0
peak for 2nm La2O3/GaAs samples.
The binding energy differences between VBMs, core levels and the valence band offsets
(ΔEV) are summarized in Table 4.1. It is obvious that the band offset of La2O3 on GaAs
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(100) and (110) are very close, with only 0.1 eV difference. But La2O3 grown on (111)
substrates has almost 0.6eV larger Δ EV.

Table 4.1. XPS binding energy of summary of La2O3/GaAs. All unites are in eV.
GaAs
orientation

ELa3d-EVBM
40nm La2O3

EGa3d-EVBM
Bare GaAs

EGa3d – ELa3d

2nm La2O3/GaAs

ΔEV

(111)

832.26

19.25

815.46

2.45

(110)

832.56

19.26

815.27

1.97

(100)

832.32

19.23

814.93

1.84

4.2.4 La2O3/GaAs band offset predicted by CNL model

As discussed in the introduction, the band offset between oxide and semiconductor can be
quantitatively predicted with the knowledge of electron affinities (Ea) and charge
neutrality levels (CNL). Table 4.2 summarizes the basic parameters of La2O3 and GaAs.
According to the CNL model16, the defect free and fully pinned La2O3/GaAs interface
should have a valence band offset of 2.4eV and 2.0eV respectively (shown in Figure 4.8).

Comparing the band offsets measured by XPS for the three La2O3/GaAs samples, it is
obvious that La2O3/GaAs(111) has a band offset very close to the defect free case and the
La2O3/GaAs(100) as well as La2O3/GaAs(110) band offsets are very close to the fully
pinned case (shown in Figure 4.9). The near ideal case band offset of La2O3/GaAs(111)
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confirmed its high interfacial quality while the (100) and (110) case are Fermi level
pinned.

Table 4.2. GaAs and La2O3 properties.7 CNL value is defined as the energy
difference between CNL and VBM.
Ea(eV)
Eg(eV)
CNL(eV)
L2O3

2.0

6.0

2.5

GaAs

4.15

1.45

0.5

Figure 4.8. (a) Defects free La2O3/GaAs band offset. (b) Fully pinned La2O3/GaAs
band offset.
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Figure 4.9. Band offset comparison between CNL model predicted and XPS
measured La2O3/GaAs band offsets.
4.3 Attempt of MgxCa1-xO/GaN band offset study

The band offsets of MgO/GaN9, CaO/GaN17 and Mg0.5Ca0.5O/GaN18 has been studied.
However, no systematic study on the composition dependence of the band offset has been
conducted. Moreover, the relationship between the band offset and the interfacial quality
has been carefully studied.

XPS on bare GaN showed two separate Ga peaks in the Ga3d scan (Figuree 4.10 (a)).
The substrate cleaning process has been described in Chapter 3. The peak at 19.88eV
belongs to Ga-N19 and the peak at 20.94eV belongs to Ga-O20. The broad peak at around
16eV should be the N2s peak.21 The area ratio indicates that there is 4% Ga is in the form
of native oxide in this bare GaN sample prepared with ammonium hydroxide solution.
The N1s peak is overlapping with two Ga Auger peaks. Since the broad Auger peaks may
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affect the accuracy of the N1s peak, the Ga-N peak will be selected as the core level of
GaN.

Figure 4.10. XPS of bare GaN. (a) Ga 3d scan, green peak is Ga-O signal, red peak
is Ga-N signal, black line is the envelope, open red dots are the original data. (b) N1s
scan, red peak is Ga-N signal, green and blue peaks are from Ga Auger signal, black
line is the envelope, open red dots are the original data.
In Chapter 2, we had already checked the OH and carbon residue in the MgO and CaO
films. In the case of Mg0.25Ca0.75O films, the carbon and OH residue are almost
undetectable. As shown in Figure 4.11 (b), the OH signal makes up less than at. 0.5% of
the total oxygen signal. The O-Al peak shows up because the sputtering process cannot
remove this protection layer completely. Since it includes only 18% of the total oxygen
atoms, it should not affect the valence band measurement. The well-defined single peak
of Mg 2p clearly indicate that there is only one type of Mg species. The Ca 2p peak is
overlapping with Mg Auger signal. Therefore it is not suitable for serving as the core
level. Thus Mg 2p scan has been selected as the core level of MgxCa1-xO films.

66

Figure 4.11. XPS scan of a Al2O3(5m)/Mg0.25Ca0.75O(40nm)/GaN sample after
sputtering. (a) Mg 2p scan. (b) O 1s can.
As discussed in the previous section, a 2nm thick MgxCa1-xO film should be deposited on
the GaN substrate. In this case, no protection layer can be employed. One concern is that
both MgO and CaO are hygroscopic materials that may be converted into metal
hydroxides or even into metal carbonates. In order to avoid such conversion in the air, the
deposited film was transferred into a vacuum box immediately after taking it out of the
reactor. And then the vacuum box was kept sealed until loading into the XPS machine.
An O1s scan has been applied to check the purity of the MgxCa1-xO film. The dominating
carbonyl peaks in Figure 4.12 shows that the 2nm unprotected MgxCa1-xO films have
been turned into metal carbonate during the less than 1min exposure to air. Only MgO
oxide film has about half MgO content. An obvious trend is that the more Ca content, the
more shift to lower binding energy. This may because CaO is more ionic that MgO so
that the electron density on OCa is higher than that of OMg, therefore a lower binding
energy is found in Ca rich samples.
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Figure 4.12. XPS O1s scan of MgxCa1-xO(2nm)/GaN. Red solid lines are Ocarbonyl
peaks. Green solid lines are Ooxide peaks.
Since the majority of the film has been turned into metal carbonate, it is not appropriate
to measure the band offset with this method. In the future, either a thin (1nm) protective
layer or sputtering process should be developed for the band offset measurement of
MgxCa1-xO/GaN and MgxCa1-xO/SiC.

4.4 Summary

The band offset of La2O3 on three GaAs substrates orientations have been studied in this
chapter. According to CNL model, the La2O3/GaAs(111) exhibits a band offset close to a
defect free interface while the La2O3/GaAs(100) and La2O3/GaAs(110) are close to the
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fully pinned band offset. This result further confirmed that epitaxial La2O3 can effectively
reduce the interfacial defect density on GaAs(111) substrates. Moreover, this method also
confirmed that the XPS band offset method can be used as a qualitative tool to check
whether there is a Fermi level pinning at an oxide-semiconductor interface. Similar
strategy may apply to MgxCa1-xO/GaN and MgxCa1-xO/SiC but a protection procedure
should be developed to prevent the 2nm oxide film from hydroxylation.
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Chapter 5 Epitaxial MgxCa1-xO applications in HEMT devices

5.1 MgxCa1-xO/GaN Interfacial property study by CV measurement

5.1.1 Introduction
Capacitance-voltage (CV) measurement is a powerful method to evaluate the interfacial
quality between dielectric oxides and semiconductors. The interfacial defects level
studied with CV measurement has been the subject of numerous studies.1–5 Due to the
large band gap of GaN substrates, either high temperature or UV light should be
employed to probe the deep level traps.6 There are three major methods that can extract
the defects level information from CV characterization of a MOS-capacitor: (1) Terman
method, or high-low frequency method and modified Terman methods;7–9 (2) GrayBrown method or flat-band method;10 (3) AC conductance method.7,11 Among these
methods, the Terman method is known to be less sensitive and only average defects level
can be achieved, the Gray-Brown method is not applicable for the III-V semiconductors
due to their spontaneous polarity. AC Conductance method relies on measuring the effect
of the interface trap conductance. This technique maps out the energy distribution of the
interface states within the upper half of the band gap for n-type semiconductors.
Therefore AC conductance method is employed in the defects level study of MgxCa1xO/GaN.
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5.1.2 Capacitance-Voltage study on MgxCa1-xO/GaN MOS capacitors

Epi-layers GaN (5m thick) grown on sapphire substrates were purchased from MTI with
resistivity of 0.02 Ω·cm. The GaN wafers were treated with UV-ozone for organic
removal and then soaked for 20 min in 20% aqueous ammonium hydroxide to remove
native oxides. After pretreatment the samples were patterned into circular capacitors by
photo lithography. 300nm Al metal was then deposited onto the dielectric and the
remaining photoresist with thermal evaporation. After lift-off overnight, the “top-to-top”
capacitor structure was formed as shown in Figure 5.1.

Figure 5.1. Structure of MOS-capacitor for CV measurement. (a) Top view of the
MOS-capacitor. (b) Side view of the MOS-capacitor.
MgxCa1-xO/GaN MOS-capacitor devices were fabricated to examine the electrical
performance by capacitance-voltage and conductance-voltage measurements. Due to the
hydroscopic nature of MgxCa1-xO, 5 nm of Al2O3 were deposited as a capping layer to
keep moisture away from the MgxCa1-xO layer. An amorphous Al2O3/GaN MOS was also
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prepared for comparison. A “top-to-top” capacitor structure was used to measure the
capacitance due to the insulating sapphire substrate under the GaN (Figure 5.1.). In this
measurement, the positive probe is placed in contact with the gate electrode while the
negative probe is in contact with the large area of GaN covered by aluminum metal.
Since the gate has a serial connection with the large area, the measured capacitance is
given by 1/ Cm  1/ Cg  1/ Cl , where Cm is the capacitance measured by the LCR meter,
Cg is the capacitance of the gate and Cl is the capacitance of the larger area. Since Cl >>

Cg, the measured capacitance is dominated by the gate: Cm  Cg .

Fig 5.2. C-V measurements for MgxCa1-xO/GaN and Al2O3/GaN samples. The
frequency ranges of all samples are from 1kHz to 1MHz. (a) 20oC
Al2O3(5nm)/Mg0.25Ca0.75O(15nm)/GaN; (b) 20oC
Al2O3(5nm)/Mg0.51Ca0.49O(15nm)/GaN; (c) 20oC
Al2O3(5nm)/Mg0.72Ca0.28O(15nm)/GaN; (d) 20oC Al2O3(20nm)/GaN for
comparison.
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The measured room temperature CV curves from three MgxCa1-xO /GaN samples as well
as an Al2O3/GaN sample are summarized in Figure 5.2. Very small (<6%) frequency
dispersion can be seen in the depletion region for all three MgxCa1-xO samples, while
there is a 20% dispersion in the same region in the Al2O3/GaN sample (Figure 5.2. d). In
the absence of interface traps, dispersion should not occur. Therefore the reduced
dispersion in the three MgxCa1-xO samples compared to the Al2O3 sample qualitatively
indicates that the epitaxial film did reduce the number of interfacial traps. Due to the low
interfacial trap density, a numerical value for Dit could not be extracted from the room
temperature CV measurements.

Since GaN has a wide band gap of 3.4eV, a room temperature CV does not effectively
probe defects near the middle of the band gap, therefore a numerical value for Dit could
not be extracted. During the CV measurement, the Fermi level is moved deeper in the
band gap at a higher temperature; thus defect information can be obtained over a wider
range of energies within the band gap.11 In the CV data taken at 150 oC (Figure 5.3), the
frequency dispersion remained relatively small (<6%) for all three MgxCa1-xO samples
while the dispersion in Al2O3/GaN is as large as 100%. The smaller frequency dispersion
at high temperature indicates that the MgxCa1-xO film effectively reduced the interfacial
trap density near the mid-gap region compared to Al2O3.
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Figure 5.3. (a) 150oC Al2O3(5nm)/Mg0.25Ca0.75O(15nm)/GaN. (b) 150oC
Al2O3(5nm)/Mg0.51Ca0.49O(15nm)/GaN; (f) 150oC
Al2O3(5nm)/Mg0.72Ca0.28O(15nm)/GaN; (h) Al2O3(20nm)/ GaN; (i) Dit summary of
four samples determined by the conductance method: Al2O3(20nm)/ GaN (light blue
star ), Al2O3(5nm)/Mg0.72Ca0.28O(15nm)/GaN (blue circles ),
Al2O3(5nm)/Mg0.51Ca0.49O(15nm)/GaN (green down triangle ) and
Al2O3(5nm)/Mg0.25Ca0.75O(15nm)/GaN(red up triangles )
As discussed in Chapter 5.1.1, the AC conductance method was employed since the
Terman method is considered less sensitive and the Gray-Brown method is not applicable
to III-V semiconductors. Therefore AC conductance method is employed to extract the
defects level maps. The equivalent circuits of the MOS capacitor are as following in
Figure 5.4.:

75

Figure 5.4. Equivalent circuits of MOS capacitor; (a) an equivalent circuit model of
the MOS capacitor, (b) the measured circuit, (c) the simplified circuit of (a).

The extracted Dit can be expressed by the following equation:

𝑫𝒊𝒕 =

𝟐. 𝟓 𝑮𝒑
( )
𝒒 𝝎 𝒎𝒂𝒙

where Gp/ω is
𝑮𝒑
𝛚(𝑮𝒎 − 𝑮𝒕 )𝑪𝟐𝒐𝒙
= 𝟐
𝝎 𝑮𝒎 + 𝝎𝟐 (𝑪𝒐𝒙 − 𝑪𝒎 )𝟐
Cox, Cm, Gm and Gt are oxide capacitance, measured capacitance, measured conductance,
and measured oxide tunnel conductance, respectively. The measured Gp/ω is summarized
in Figure 5.5.
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Figure 5.5. Gp/ω vs. frequency at 150 oC. (a) Al2O3(5nm)/Mg0.25Ca0.75O(15nm)/GaN.
(b) Al2O3(5nm)/Mg0.51Ca0.49O(15nm)/GaN. (c)
Al2O3(5nm)/Mg0.72Ca0.28O(15nm)/GaN. (d) Al2O3(20nm)/ GaN.
The trap energy level within the bandgap can be expressed as:

∆𝑬 = 𝐤𝐓 × 𝐥𝐧(

𝛔𝑽𝑻 𝑵
𝟐𝛑𝐟

)

where k, T, σ, VT, N, and f are Boltzmann constant, temperature, trap capture cross
section, thermal velocity, conduction band density, and conductance peak corresponding
frequency, respectively.

Figure 5.6. Dit of MgCaO/GaN and Al2O3/GaN samples. EC-ET represents the energy
difference between the interfacial traps and the conduction band.
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5.1.3 Summary

The measured values of Dit are summarized in Figure 5.6. Two of the samples with
epitaxial films show the lowest Dit values, while the textured sample has about one order
of magnitude higher interfacial trap density. Although the lattice mismatch of the
Mg0.25Ca0.75O sample is slightly larger than that of the other two MgxCa1-xO samples, the
measured Dit level is the lowest (~5×1012 eV-1cm-2). One possible explanation is that
during the early ALD cycles, the Ca growth rate is smaller than that of the Mg. Thus the
Ca content near the interface is lower than in the bulk MgxCa1-xO film. Another possible
explanation is that a trace amount of Mg(OH)2 may also cause interfacial traps, while
adding more Ca content may help reduce the number of hydroxyl groups and therefore
reduce the Dit level. The dielectric constant of the Mg0.25Ca0.75O film derived from the
CV measurement is 10, which is close to the permittivities of MgO and CaO.

5.2 High Performance AlGaN/GaN and InAlN/GaN MOSHEMTs Enabled by ALD
MgxCa1-xO as Gate Dielectric

5.2.1 Introduction

Recently, GaN-based high-electron-mobility-transistors (HEMTs) have attracted
enormous attention in the areas of high frequency,12–14 high power,15 high voltage
switching16 and low noise17 applications. The lattice-matched InAlN/GaN HEMT
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structure provides a higher two-dimensional electron gas (2DEG) density than
AlGaN/GaN structures due to a larger spontaneous polarization difference between the
barrier and channel, and minimized short-channel-effects due to a thinner barrier.
However, due to its limited Schottky barrier height and thinner barrier, devices suffer
from high gate leakage (Ig), resulting in low forward gate bias swing and poor off-state
performance. In this case, metal-oxide-semiconductor HEMTs (MOSHEMTs) are
proposed with a thin epitaxial oxide layer in between gate and barrier to solve the
aforementioned two problems.18 The MOSHEMT turns out to be an effective way to
suppress gate leakage and passivate the surface in the gate-source and gate-drain regions
at the same time.

Some progresses have been made on GaN MOSHEMTs, and many gate
oxides/dielectrics have been investigated, such as SiO2,19 SiN,20,21 Al2O3,3,22–24 HfO2,25
La2O3,26 LaLuO3 27 and AlN.28 Although the gate leakage is improved, most of them only
yield drain current on/off ratios of 107-1010, much lower than expected when considering
the wide band gap nature of GaN (3.4 eV). One reason is relatively poor interface
between oxide and barrier. In addition, those interface defects also degrade the device
low frequency noise performances, with Hooge parameters usually within the range of
10-2-10-3.29,30 In this work, we have demonstrated a latticed-matched epitaxial MgxCa1-xO
on the InAlN/GaN and AlGaN/GaN MOSHEMT with improved on/off ratio exceeding
1012 and reduced Hooge parameter of 10-4.
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5.2.2 Device fabrication and structural characterization

Figure 5.7. Schematic view of an InAlN/GaN MOSHEMT on a SiC substrate.

The barrier is undoped InAlN and the buffer is undoped GaN without back barrier. It has
a sheet resistance (Rsh) of 260 Ω/□, a 2-dimensional electron gas density of 2×1013
cm-2 and mobility of 1200 cm2/V·s, determined by Hall measurement with ALE
passivation. Device fabrication started with mesa isolation by Cl2/BCl3 etching to a depth
of 150 nm. Then, Ohmic contacts were formed by depositing Ti/Al/Au (15/60/50 nm)
followed by 775 °C rapid thermal anneal in N2 atmosphere, yielding a contact resistance
(Rc) of 0.3 Ω·mm. After that, the wafer was pretreated by diluted BOE (BOE:H2O=1:5)
for 30 s to remove native oxides followed by soaking sample in the NH4OH solution for
10 min for surface passivation. 4 nm of epitaxial Mg0.25Ca0.75O capped with 2 nm of
amorphous Al2O3 were then deposited by ALE. The Al2O3 is used as capping layer to
avoid MgCaO absorbing water in the following processes. The growth temperature of
MgCaO was 310 °C, using bis(N,N’-di-tert-butylacetamidinato) calcium, bis(N,N’-disec-buty lacetamidinato)magnesium, and water vapor as precursors.31 The ratio of Mg
and Ca is controlled by alternating between 1 cycle of MgO and 3 cycles of CaO. A highresolution TEM image of ALE MgCaO on the InAlN barrier confirms the epitaxial
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structure of MgCaO as shown in Figure 5.7 (b). The success of epitaxial growth is based
on the similar hexagonal lattice of MgCaO (111) crystal orientation and InAlN (0001)
surface of wurtzite structure. There is only 1.5% lattice mismatch between the MgCaO
and the InAlN barrier, determined by X-ray diffraction (XRD) experiment, which
provides a high-quality oxide/InAlN interface. Finally, 30 nm of Ni were deposited as the
gate metal followed by lift-off process. All the lithography processes were carried out
using a Vistec VB6 e-beam lithography system.
All the devices have a gate width of 20 µm, scaled channel lengths (Lch) of 85-250 nm
and a source to drain spacing (Lsd) of 1 µm. The gate is centered between the source and
drain. The DC measurements were carried out with Keithley 4200 Semiconductor
Characterization System at room temperature. The noise measurements were performed
by using current amplifier and digital signal analyzer.32

5.2.3 InAlN device performance characterization
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Figure 5.8. (a) Output characteristics (Lch=85 nm) when Vg varies from 4 V to -5 V
with -1 V as step. (b) gm-Vgs and Id-Vgs transfer characteristics of the same device at
linear region plot. (c) Id-Vgs transfer characteristics at the log-scale plot with high
on/off ratio of 4×1012 and low SS of 64 mV/dec. The solid Ig-Vgs curve is measured at
Vds=2.5V, while dotted curve is measured at Vds=5V. (d) Idmax, gmmax and SS (Vds=5
V) scaling metrics when Lch is from 85 nm to 250 nm
Figure 5.8 (a) shows the well-behaved output characteristics (Id-Vds) of a GaN
MOSHEMT with Lch = 85 nm and Lsd=1 μm. Due to a 6 nm thick gate oxide, a high
forward gate bias (Vgs) of 4 V is applied and thereby a maximum drain current (Idmax) of
2.25 A/mm is realized at Vds=9 V. The on-resistance (Ron) of 1.3 Ω·mm is extracted from
linear region of Id-Vds. Figure 5.8 (b) depicts the transconductance (gm) and Id transfer
plot in the linear region with Vgs biased from -5 V to 4 V. Despite a wide gate to channel
spacing, the GaN MOSHEMT still exhibits a peak extrinsic gm (gmax) of 475 mS/mm at
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Id=350 mA/mm and Vds=5 V. The threshold voltage (VT) is obtained from linear
extrapolation of the drain current from the point of peak transconductance, yielding VT=3.65 V at Vds=5 V.

Figure 5.8 (c) is the transfer characteristic at the log-scale plot at Vds=2.5 V and 5 V.
Even with a 85 nm Lch, this device still has a ultra-high on/off ratio of 4×1012 and 4×1011
for Vds=2.5 V and 5 V, respectively. Traditional HEMT devices are not able to have such
a high on/off ratio because of their large gate leakage currents (Ig) in the off-state. The Ig
of the MOSHEMT at off-state is 10-12 to 10-13 A/mm, which is reduced by 6 orders
compared with the Ig of a HEMT with the same structure. The MgCaO has conduction
band offset of greater than 2 eV with respect to the InAlN barrier,33 allowing 4 nm of
MgCaO and 2 nm of Al2O3 to provide enough barrier height to minimize the tunneling
current from the gate electrode to the 2DEG channel. The high on/off ratio also indicates
a high quality oxide/barrier interface, otherwise the channel would not be depleted
completely at the off-state. In addition to the ultra-high on/off ratio, the MOSHEMT also
has a low substhreshold swing (SS) of 64 and 68 mV/dec for Vds=2.5 V and 5 V,
respectively. The low SS is mostly from the high quality interface, low equivalent oxide
thickness, and ultra-thin thickness of the 2DEG.

Figure 5.8 (d) describes the Idmax, gmax and SS scaling behavior of GaN MOSHEMTs with
Lch of 85-250 nm. Each error bar is the standard deviation of 6 devices on the same chip.
On-state performance weakly improves with Lch scales from 250 nm down to 85 nm,
since Lsd is much larger than Lch. SS is increased when Lch is scaled, which shows the
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typical short channel effect. The minimum SS achieved is 62 mV/dec for both forward
and reverse sweep. The short channel effects can be further reduced by improving the
confinement of the 2DEG in the channel by adding back barriers.34

Figure 5.9 (a) C-V comparison between Al2O3/InAlN/GaN and MgCaO/ InAlN/GaN
MOS diode and 2DEG density ~Vg at room T and (b) Dit distribution in the bandgap.
Inset is the typical Gp/ω peaks at T=125℃.
Figure 5.9 (a) shows measured room temperature capacitance- voltage (C-V) at the
frequency (f) of 1 K to 2 MHz. The Al2O3/MgCaO/InAlN MOS capacitor has a diameter
of 75μm. As shown in the Figure 5.9 (a), there is almost zero frequency dispersion in the
typical frequency ranges, which indicates a high quality interface between MgCaO and
InAlN barrier. The dielectric constant of MgCaO is calculated to be ～10 by subtracting
the capacitance of the InAlN barrier. By integration of the C-V curve from depletion to
accumulation, we can get an ultra-high electron density of 3.5×1013 cm-2 at Vg=5 V. Note
that we don’t observe a second sharp increase of the capacitance until we increase Vg to 5
V, shortly before the oxide failed at Vg=5.5 V. The second sharp increase is observed in
the oxide (or insulator)/AlGaN systems,3,26,35 caused by electrons in the 2DEG channel
spilling into barrier. The second capacitance increase is also observed in InAlN
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MOSHEMT when 2DEG density is up to 1.4×1013 cm-2.36 In our devices, we suggest that
the negligible introduction of the extra positive charge at the oxide/barrier interface is
attributed to the suppression of the 2nd capacitance increase before Vg=5 V. The
oxide/barrier positive charge will help to pull down the conduction band of the barrier so
that electrons will be easier to spill over the barrier to the oxide/barrier interface to induce
the 2nd C-V step. This positive charge is typically observed at the ALD amorphous
oxide/barrier interface.22,37,38 To prove this suggestion, we also fabricated ALD
amorphous Al2O3/InAlN/GaN MOS capacitor with 6 nm of Al2O3. Compared with C-V
curve of previous MgCaO/InAlN/GaN MOS capacitor, the latter one shows a negatively
shifted VT and a 2nd C-V step. The negatively shifted VT confirms the existence of the
positive charges at Al2O3/InAlN interface, which finally induces the 2nd C-V step as
aforementioned. In our case, MgCaO can effectively confine electrons in the channel
even at a high 2DEG density of 3.5×1013 cm-2. This is very favorable to the device
operation since electrons will have a much higher mobility in the low bandgap GaN layer
compared with a lower mobility in a wider band gap InAlN layer. Meanwhile, we also
carried out AC conductance measurements to extract overall interface trap density (Dit) at
elevated temperatures (100 °C to 150 °C). The extracted Dit is within the range of 0.5 to
3.4×1011 cm-2eV-1.
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Figure 5.10: Normalized power spectral density with (a) various Vg and (2) drain
current at f=10 Hz.
To analyze the trapping and detrapping phenomena in InAlN/GaN MOSHEMT, 1/f low
noise spectra with various drain currents are also measured. Figure 5.10 shows the
normalized power spectral density with various Vg and drain current at f=10 Hz,
Vds=0.05 V and Lch=140 nm. The Hooge parameter (αH) is calculated to be ~10-4 by
using following equation:
𝛂𝐇 =

𝐒𝐈𝐃𝐒 × 𝐟 × 𝑳𝟐𝒈
𝑰𝑫𝑺 × 𝒒 × 𝝁 × 𝑽𝑫𝑺

where q is the elementary electron charge and μ is the electron mobility of 1200 cm2/V·s.
The αH of our epitaxial oxide MOSHEMT is comparable to the HEMT (~10-4).39,40 On
the other hand, MOSHEMTs with amorphous gate dielectric usually suffer from
relatively high oxide/barrier interface state densities. The carrier trapping between the
oxide and barrier resulted in the increase of αH, with general αH value of 10-3~10-2. The
one or two order of magnitudes lower αH of epitaxial oxide MOSHEMT is consistent
86

with near zero frequency dispersion C-V data and also further confirms that our latticematched epitaxial oxide has an unprecedented high quality interface with the InAlN
barrier.

Figure 5.11. (a) Pulsed I-V measurements with 500 ns pulse width and 0.1% duty
cycle and (b)Id-Vgs hysteresis of a MOSHEMT with Lch=140 nm
Figure 5.11 (a) is the pulsed I-V measurement of the device with Lch=140 nm. The pulse
width and pulse period are 500 ns and 500 μs, respectively. The quiescent bias points are
set at (VGSQ, VDSQ) = (-5, 0) and (-5, 8) for gate and drain pulse, respectively.
Effective suppression of the current collapse by MgCaO is demonstrated with little
difference between the DC and gate and drain pulsed drain currents. Figure 5.11 (b) is the
Id-Vgs hysteresis measurement of the same device. A negligible hysteresis of 20 mV is
observed when Vg is sweeping from Vg=-4.5 to 4 V and then sweeping back, which
further confirms an ultra-high quality interface between MgCaO and InAlN barrier.
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5.2.4 AlGaN/GaN HEMT device

The ultimate goal of developing this material is implementing MgxCa1-xO into GaN
MOS-HEMT devices with unprecedented oxide/semiconductor interface quality. A
schematic cross section of such a device is shown in Figure 5.12. The fabrication process
is summarized in supporting information. The Mg0.25Ca0.75O film was used as the gate
dielectric in this study due to its lower Dit. The gate oxide stack is
Al2O3(5nm)/Mg0.25Ca0.75O(10nm)/GaN. The ID-VDS was measured by VDS sweeping from 0
to 10 V and the VGS stepping from 5 V to -5 V with -0.5 V as the step.The ID-VGS was
measured with VGS sweeping from 4 V to -5.5 V with -0.05 V as a step at VDS=1 V and 5
V.

Figure 5.12. MOS-HEMT device performance characterization. a) Schematic of the
MgxCa1-xO MOS-HEMT device; b) Transfer characteristics of the
Mg0.25Ca0.75O/GaN/AlGaN/GaN MOS-HEMT device; c) I-V characteristics comparison
between two different source drain voltage; d) Conductivity and current vs gate voltage
study. Solid lines represent VDS = 5 V, dashed lines represent VDS = 1 V.

Well-behaved Id-Vds and linear-scale Id-Vgs curves (Figure 5.12 (b) and (d)) show the
good control capability of the GaN MOS-HEMT. Figure 5.12 (c) shows the transfer
characteristics in a log-scale plot at Vds=1 V and 5 V, respectively. This device possesses
an ultra-high on/off ratio 1012 due to the high quality interface. Thus the channel can be
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shut off completely. This value is two orders of magnitude higher than those HEMT
devices with Al2O3 passivation.41 In addition to the ultra-high on/off ratio, the GaN
MOS-HEMT also possesses a near ideal subthreshold swing (SS) of 62 mV/dec, further
confirming the high quality interface between GaN and the Mg0.25Ca0.75O layer.42 The
successful implementation of the Mg0.25Ca0.75O into a GaN MOS-HEMT shows that it’s
promising for use in GaN MOS technology.

5.2.5 Conclusions

We have experimentally demonstrated an epitaxial oxide InAlN/GaN and AlGaN/GaN
MOSHEMTs by using ALE technique. Benefiting from a lattice-matched interface, the
off-state drain leakage current is reduced to 3×10-13 A/mm, yielding a high drain current
on/off ratio of 4×1012. A low Hooge parameter of 10-4 is obtained, showing the high
quality interface between epitaxial oxide MgCaO and InAlN as well as AlGaN barrier. In
addition, pulse and hysteresis measurements reveal that the current collapse and
hysteresis are suppressed. Combined with the high device performance of Idmax=2.25
A/mm, Ron=1.3 Ω·mm, and gmax=475 mS/mm, the MgCaO MOSHEMT turns out to be
a good candidate for GaN device applications.

5.3 Summary

In summary, we have demonstrated that MgxCa1-xO is a promising gate dielectric
material in GaN based devices applications. Mg0.25Ca0.75O has shown the highest
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interfacial quality. Low interfacial defects level has been confirmed by high temperature
CV measurement. Record breaking InAlN/GaN and AlGaN/GaN HEMT devices are
demonstrated as example applications of this novel material.
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Chapter 6 ALD Epitaxial High-k Dielectric Application on Finfet
Devices.
6.1 Enhancement mode MgxCa1-xO/AlGaN/GaN HEMT
6.1.1 Introduction
Recently, GaN MOSHEMTs on Si substrates have attracted enormous attention in the
area of power electronics.1–6 As a promising power switch, GaN MOSHEMTs must be
operated in normally-off or e-mode condition to satisfy the failure-safe requirement.
Nowadays, there are several widely applied approaches to realize normally-off operation,
such as Fˉ ion implantation, gate recess and utilization of p-type GaN capping layer.7–10
Although some progress has been achieved, there are still some inherent limitations. For
instance, the gate recess technique causes VT non-uniformity across the whole wafer due
to the lack of etch-stop layers on GaN; it also degrades the electron mobility because of
etch damage to the barrier. Some other methods utilize the work function difference
between the metal gate and GaN channel, so that a fin-HEMT and fin-MOSHEMT with
narrow fin width can also achieve the e-mode operation. However, its maximum drain
current (Idmax) is usually limited, mostly likely because the transport quality of 2dimensional-electron-gas (2DEG) is degraded since it is too close to the fin sidewalls
with increased surface roughness from the sidewall etching.

In our previous works, we have noticed that there are significant negative charges built in
at the MgxCa1-xO/GaN interface, compared to Al2O3.11 By combining the negative
charges and fin structures, the 2DEG channel can be depleted, thereby shifting VT from
negative in the planar devices to positive in the fin-MOSHEMTs. The fin width can be
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much longer than in the aforementioned cases due to the existence of negative charges in
ALE MgxCa1-xO12–15. The 2DEG mobility of a wider fin can be much higher than that of
narrower fin structures, since most of the 2DEG channel is far away from sidewall
scattering centers. In addition, compared with conventional field plate structure of the
planar device, we have extended the field plate with thicker oxides on the fin extension
regions to further minimize the electric field and thus enhance the breakdown voltage. All
the experimental results show the great promise of high-performance ALE MgxCa1-xO
normally-off fin-MOSHEMTs in future power electronics applications.

6.1.2 Device fabrication and structural characterization

Figure 6.1. Device schematic view of a fin-MOSHEMT with 3D field plate.

Figure 6.1 shows the schematic device structure of a fin-MOSHEMT. 5/7 nm of Al2O3/
MgxCa1-xO is used as the gate oxide and 33/7 nm of Al2O3/ MgxCa1-xO is used as the fin
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extension field plate oxide. The thickness of the oxide is confirmed by atomic force
microscopy (AFM).

Figure 6.2. Detailed device fabrication steps for devices presented in this work.
Figure 6.2 summarizes the fin-MOSHEMT fabrication processes. Four sets of samples
were fabricated, studied and compared. Sample A was annealed at 500 °C under N2
atmosphere and with different gate length (LG) and fin width to study the scaling
properties of the fin-MOSHEMTs. Samples B, C, and D have the same LG=1.2 µm and
Wfin of 75, 115, and 155 nm. Samples B and C were annealed at 500 °C under N2 and O2,
respectively; while there was no post deposition annealing (PDA) on sample D. All
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samples have a sheet resistance (RSH) of 430 Ω/□ and contact resistance (RC) of 0.3 Ω
·mm. More details of ALD growth can be found in the references.11,16

Figure 6.3. SEM image of a fin-MOSHEMT with 3D fin sidewall field plate, LG=1
μm and Wfin=210 nm.
Figure 6.3 shows a scanning electron microscopy (SEM) image of a fabricated device
with a 3D fin sidewall field plate structure at the gate-drain side. The trench at the gate
area shows the recessed Al2O3 from 33 nm to 5 nm.
Figure 6.4 shows high-resolution TEM images of oxide/fin structures after oxide
deposition. MgCaO (111) can be epitaxially grown on AlGaN (0001) surface with
wurtzite structure. Single crystalline MgCaO on the fin top provides a high quality
interface for channel control, while thick oxide on the fin sidewall is used as field plate
oxide.
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Figure 6.4. (a) Cross-section view of fin structures, (b) zoom-in view at the fin top
and (c) epitaxial Mg0.25Ca0.75O on AlGaN. The dashes blue lines are indicating the
imaging zones.

6.1.3 Comparison between fin and planar HEMT devices with epi-Mg0.25Ca0.75O

Figure 6.5 (a) ID-VDS characteristics of a planar GaN MOSHEMT; (b) ID-VDS of a
fin-MOSHEMT with Wfin/LG/LSD of 130 nm/800 nm/3.5 µm.
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Figure 6.6. (a) Linear scale ID-gm-VGS and (b) log-scale ID-VGS characteristics
comparison between planar and fin devices.
Figure 6.5 and Figure 6.6 show the well-behaved output and transfer characteristics of a
planar and fin-MOSHEMT with LSD = 3.5 μm and LG=0.8 μm from sample A. Obviously,
the planar MOSHEMT is a depletion-mode (d-mode) or normally-on device while the
fin-MOSHEMT is an e-mode device. The drain current (ID) is normalized with the fin
width, since the device area without any AlGaN barrier on the sidewalls delivers no
current and the negative charges at the fin sidewall/oxide interface also prevent electron
accumulation and conduction on the sidewalls. A high IDMAX=670 mA/mm and low
RON=3 Ω·mm have been achieved on the fin-MOSHEMT with a VT=+1 V.
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Figure 6.7. (a) VT scaling metrics with Wfin from 100 nm to 210 nm; (b) VT scaling
metrics with LG from 100 nm to 1 µm.

Figure 6.8. (a) SS and (b) DIBL scaling metrics of devices from sample A with
Wfin=100 and 170 nm, respectively.
Figure 6.7 shows the VT scaling metrics of the fin-MOSHEMTs with various LG and Wfin.
Standard VT roll-off behavior is observed. The smaller Wfin is, the more positive VT is.
Figure 6.8 is the subthreshold slope (SS) and drain induced barrier lowering (DIBL)
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scaling metrics of the fin-MOSHEMT with Wfin=100 and 170 nm, respectively. With
smaller Wfin, the short channel effect (SCE) is minimized.

6.1.4 Channel length study of fin MOSHEMT devices with epitaxial Mg0.25Ca0.75O as
dielectric

Figure 6.9. Gate leakage current of samples B,C, and D.

Figure 6.10. (a) Log-scale and (b) linear scale ID-VGS transfer characteristics
comparison of the devices from samples B, C and D with LG=1.2 μm and Wfin=115
nm.
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Figure 6.11. (a) Fin width and (b) different annealing conditions dependent VT
statistic study. Each error-bar is the standard deviation of more than 30 devices
Figure 6.9 describes gate leakage current (IG) of samples B, C, and D. After PDA, the
oxide quality is further improved so that the IG is reduced. Figure 6.10 depicts the PDA
influence on the log-scale and linear-scale transfer characteristics of the devices from
sample B, C and D. High on/off ratios of 109~1010 and a near ideal subthreshold swing
(SS) of 66 mV/dec are demonstrated.

Figure 6.11 shows the VT scaling metrics of samples B, C, and D. Each error bar is the
standard deviation of more than 30 devices. The existence of the negative charge is
further confirmed by the VT right shift of sample D, since PDA is applied usually to
reduce the oxide fixed charges.
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Figure 6.12. Three-terminal off-state breakdown of fin and planar devices.

Figure 6.12 plots the three-terminal off-state breakdown (BV) measurements with the
comparison between the planar MOSHEMTs and e-mode fin-MOSHEMTs. The VGS for
the planar devices and e-mode fin-MOSHEMTs are -4 and 0 V, respectively. The planar
device has a regular field plate structure, while the fin-MOSHEMT has an advanced 3D
fin sidewall field plate structure. The BV of the 3D field plate structured fin-MOSHEMT
is increased compared with the BV of the planar device with regular field plate,
indicating the gate electric field is further mitigated by the 3D field plate.

6.1.5 Summary

Table 6.1 benchmarks our results with representative multi-fins e-mode AlGaN/GaN finMOSHEMT and fin-HEMT devices published in literature. The wider fin structures and
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charge engineered high-quality MgCaO/GaN interface enable us to obtain highperformance e-mode fin-MOSHEMTs with record IDMAX, SS and on/off ratio.
Table 6.1. Performance benchmark of multi-fins e-mode AlGaN/GaN finMOSHEMT.* Denotes an extra gate recess is applied to devices.
This work

Ref.12*

Ref.13

Ref.14

Ref.15

Oxide

MgxCa1-xO

SiO2

Al2O3

HEMT

HEMT

Wfin(nm)

130

90

80

100

60

LG(um)

1

2

1

0.2

2

SS(mV/dec)

64

90

185

N.A.

N.A.

On/off ratio

1010~1011

109

106

N.A.

5×104

Idmax(mA/mm)

650

450

45

445

90

Gmax(mS/mm)

220

95

15

235

120

VT(V)

1.1

0.85

1.2

0.35

0.6

We have experimentally demonstrated a new approach to realize high performance emode GaN MOSHEMT through dielectric charge engineering. In addition, based on fin
structures, we have applied a more advanced 3D field-plate structure to further mitigate
the off-state electric field and further increase the BV. Taking advantage of its high IDMAX,
low RON, high on/off ratio, low ID-VGS hysteresis of 30 mV, negligible current collapse,
low Qit of 1.5×1011 cm-2 and low VT thermal instability, GaN fin-MOSHEMTs show their
great promise for future power electronics applications.

6.2 Inversion-mode wave FinFET on GaAs (100) substrate with epitaxial La2O3 as
dielectric oxide
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6.2.1 Introduction

GaAs has been considered to replace Si in logic applications for decades due to its high
electron mobility. However, GaAs metal-oxide-semiconductor (MOS) devices suffer
from Fermi-level pinning, which is mainly due to the high trap density of states at the
oxide/GaAs interface.17,18 Such traps originated from the dangling bonds that could not
be effectively passivated by traditional amorphous or polycrystalline oxides. GaAs MOS
devices with epitaxial dielectric oxide should have a low interface trap density of states
(Dit), since a perfect epitaxial interface is supposed to have no dangling bonds. Moreover,
a perfect epitaxial oxide may reduce the leakage current since it contains no grain
boundaries.19 However, since GaAs is not chemically stable nor thermally stable, it is
rather challenging to achieve a high quality epitaxial oxide. GaAs can easily form native
oxide that compromise the interface quality.20 As Arsenic starts to evaporate from the
lattice at 400oC. Therefore, only limited number of oxide materials and deposition
techniques are available to achieve epitaxial dielectrics on GaAs. For example, Hong et al.
have demonstrated epitaxial Gd2O3 growth on GaAs(100) achieved by molecular beam
epitaxy (MBE). Their capacitance-voltage measurements indicate that this epitaxial
dielectric can effectively reduce the Dit of GaAs MOS devices.21,22 Epitaxial perovskite
SrTiO3 grown by MBE on GaAs(100) was achieved but a low Dit was not found. Despite
the capability of achieving an epitaxial oxide growth on GaAs, MBE is not generally
regarded as an industrial compatible technique due to its complexity and requirement of
high vacuum.
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Recently epitaxial LaLuO3 and La2-xYxO3 on GaAs(111)A has been achieved by an ex
situ ALD process in our group.23,24 The heteroepitaxy relationship was found to be
(111)film//(111)GaAs and the lattice parameters of the films are about twice as large as
those of the GaAs substrate. Among all these rare earth epitaxial films, La2O3 has the
smallest lattice mismatch (0.04%) and thus the lowest Dit (below 3×1011cm-2eV-1).

Inversion-mode GaAs wave-shaped metal-oxide-semiconductor field-effect transistors
(WaveFETs) are demonstrated using atomic-layer epitaxy of La2O3 as gate dielectric on
(111)A nano-facets formed on a GaAs (100) substrate. The wave-shaped nano-facets,
which are desirable for the device on-state and off-state performance, are realized by
lithographic patterning and anisotropic wet etching with optimized geometry. A wellbehaved 1 μm gate length GaAs WaveFET shows a maximum drain current of 64
mA/mm, a subthreshold swing of 135 mV/dec, and an ION/IOFF ratio of greater than 107.

Although the mid-gap Dit or Fermi-level-pinning problem is significantly reduced with
epitaxial La2O3 on GaAs (111)A surface,25,26 GaAs (111)A substrate is technologically
less important than the widely available GaAs (100) substrate, in particular, for the
development of a manufacturable device technology. To achieve high on-current surfacechannel inversion-mode n-channel metal-oxide-semiconductor field-effect transistors
(MOSFETs) on GaAs (100) substrate is a long-time challenge. During the past decades,
tremendous efforts have been made to improve the oxide/GaAs interface with most of
focus on different types of oxides and formation methods.21,27–32
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In this work, we demonstrate GaAs wave-shaped MOSFETs (WaveFETs) on a GaAs
(100) substrate by nano-engineering to form ALE La2O3 on (111)A nano-facets. GaAs
(111)A surface is achieved on a GaAs (100) substrate by the development of an wellcontrolled anisotropic wet etching process. GaAs MOSFETs are formed on wave-shaped
(111)A surface channels with epitaxial La2O3 as dielectric. But all devices are fabricated
on GaAs (100) substrates. These devices have on-state current (ION) of 64 mA/mm and
transconductance (gm) of 32 mS/mm with sub-threshold swing (SS) around 135 mV/dec.
This work potentially opens a new route to realize high-performance GaAs MOSFETs on
(100) substrates potentially. The process development and deep understanding of surface
chemistry on these nano-facets could also be very important for the emerging 3D III-V
devices. 33–35

6.2.2 Device fabrication and structural characterization
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Figure 6.13 (a) Schematic and (b) Cross-sectional view of an inversion-mode GaAs
(100) WaveFET with ALE La2O3.

Figure 6.13 (a) and (b) show the schematic view and cross-sectional view of a GaAs
WaveFET in this work fabricated on a semi-insulating GaAs (100) substrate with an ALE
high-k dielectric. The detailed process flow is described in Figure 6.14 (a). An HF and
H2O2 based anisotropic wet etching process36 was applied to form the wave structure with
Ti/Au as a hard mask illustrated in Figure 6.14 (b). MOSFET fabrication starts with 2inch semi-insulating GaAs (100) substrates. As-received wafers were first degreased by
acetone, methanol and isopropanol, then wave patterns were defined by electron beam
lithography and Ti/Au was deposited by electron beam evaporation. After a lift-off
process, periodically patterned Ti/Au strip hard masks were formed as illustrated in
Figure 6.14 (b). Then, the wafers were dipped into HF (49%): H2O2 (30%) (10:129)
solution to form the wave-shaped channels. (111)A surfaces were obtained due to the
anisotropic property of the wet etching process.37 The realization of (111)A rather than
(111)B is further confirmed by the electrical properties of the fabricated devices since the
Fermi level on (111)B is expected to be pinned.38 After removal of the Ti/Au hard mask
by KI solution, the wafers were dipped into buffered oxide etch (BOE) for 30s and then
soaked in 10% (NH4)2S for 15min for surface passivation. After deionized water rinse,
the wafers were quickly transferred into ALD deposition chamber. 5 nm epitaxial La2O3
and 10 nm amorphous Al2O3 were then deposited by ALD. GaAs WaveFETs with 8 nm
amorphous Al2O3 only as gate dielectric were also fabricated as the control sample. The
epitaxial La2O3 thin films employed here were deposited from the precursors lanthanum
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tris(N,N’-diisopropylformamidinate) and H2O at 385 °C , while the amorphous Al2O3
oxide capping layer was deposited with precursors of trimethylalumnum (TMA) and
H2O at 300 °C. The purpose of the Al2O3 capping layer is to prevent the reaction between
La2O3 and moisture in air and water during the process. Source and drain (S/D) regions
were formed by a two-step Si implantation with dose of 1 × 1014 cm-2 at 30 keV and 1 ×
1014 cm-2 at 80 keV, followed by an 850 °C rapid thermal annealing (RTA) in N2 for 15 s.
S/D ohmic contact area was first defined by e-beam lithography, and then BCl3/Ar
inductively coupled plasma (ICP) dry etching was applied to remove the Al2O3 and HCl
wet etching was applied to remove the La2O3 above metal contact areas. GeNiAu contact
was then formed followed by a 420 °C RTA in N2 for 15 s. Then, Ti and Au were
deposited as gate electrodes and test pads. All patterns were defined by a Vistec UHR
electron beam lithography system. The fabricated devices have gate lengths (Lg) of 1 μm,
2 μm and 4 μm.
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Figure 6.14 (a) Fabrication process flow for inversion-mode GaAs (100) WaveFET
with ALE high-k La2O3. (b) Illustration of wave channel formation by anisotropic
wet etching. GaAs (111)A surfaces on these nano-facets were achieved by
anisotropic wet etching of GaAs using HF solution.

Figure 6.15. (a) Schematic diagram of wave patterned orientation. (b) and (c) Cross̅) and (𝟎𝟏𝟏)
sectional SEM images of wave structures patterning along (𝟎𝟏𝟏
orientations.
The illustration of anisotropic wet etch process (HF and H2O2) is shown in Figure 6.15.
In this process, the wave patterned direction is critical. The wave structure has to be
̅) rather than (𝟎𝟏𝟏) as shown in Figure 6.15 (a). The effect of wave
patterned along (𝟎𝟏𝟏
pattern direction is shown by cross-sectional scanning electron microscopy (SEM)
̅) in
pictures in Figure 6.15 (b) and 3(c). Hard mask strips were patterned along (𝟎𝟏𝟏
Figure 6.15 (b) and along (𝟎𝟏𝟏) in (c). Clear (𝟏𝟏𝟏) surface is shown in (b) but irregular
structures are formed if hard mask strips were patterned along ( 𝟎𝟏𝟏 ). Meanwhile,
optimized WFin and WGap are also important to form compact wave structure with sharp
corners so that the maximum channel width with (111)A surface can be realized within
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the fixed channel pitch from the top. Figure 6.16 (a) shows the transmission electron
microscopy (TEM) picture of the cross section of the wave channel. A high-resolution
TEM image of the epitaxial interface, taken from a sample with 5 nm La2O3/10 nm Al2O3
as gate dielectric, is also shown in Figure 6.16 (b). The lattice mismatch of La2O3 on
GaAs (111)A is ~0.04%. It is evident that a flat and sharp interface is formed even on
fabricated (111)A nano-facets. It has been proved by C-V measurement that the epitaxial
La2O3/GaAs (111)A interface exhibits Dit on the order of 1011 cm-2 eV-1, which is far
below the Dit level of traditional amorphous oxide on the GaAs (111)A surface.24,25
Figure 6.16 (c) depicts the top view SEM image of one finished GaAs WaveFET with a
gate length of 2 μm.

Figure 6.16. (a) Cross-sectional STEM image of GaAs WaveFET structure covered
with La2O3 and Al2O3. (b) HRTEM image of La2O3/GaAs interface. Epitaxial La2O3
forms a ﬂat and sharp interface on the wave surface. (c) SEM image of a GaAs (100)
WaveFET device top view with Lg = 2µm. Parallel wave structures are clearly
shown as device channel.
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6.2.3 Device performance characterization

Well-behaved output, transfer and trans-conductance characteristics of a 1 μm-gatelength inversion-mode GaAs WaveFET are plotted in Figure 6.17, showing a maximum
drain current (ID,max) of 64 mA/mm at a gate bias (VGS) of 4 V and a drain bias (VDS) of 2
V, a maximum gm of 32 mS/mm at VDS = 2 V and threshold voltage (VT) of 1.32 V. SS of
~135 mV/dec is obtained with an equivalent oxide thickness (EOT) of ~6 nm, indicating
a mid-gap interface trap density of 4.5 × 1012 cm-2 eV-1 which is simply estimated from
equation SS ~ 60 × (1+qDit/Cox) mV/dec. SS could be further improved by optimizing
the fabrication process and reducing EOT. It will also improve the extrinsic drain current
and trans-conductance by reducing the EOT of the dielectric and improving interface
quality. Devices with different gate length Lg (1, 2 and 4 μm) show similar SS and V T
(not shown), indicating these devices are weakly affected by short channel effects. It is
also expected that these GaAs devices with a large bandgap and 3D wave structures must
have better immunity to short channel effects. The GaAs WaveFET with epitaxial La2O3
demonstrated here has ID,max about 1,000 × larger than that of the reference GaAs sample
with amorphous Al2O3 dielectric (not shown) and about 10,000 × larger than that of
GaAs planar MOSFET on GaAs (100) substrate with amorphous Al2O3.38 GaAs planar
MOSFETs on GaAs (100) substrate with La2O3 as gate dielectric were also fabricated.
Without the special surface orientation to form (111) hexagonal template, poor quality
La2O3 dielectric was formed on GaAs (100) surface showing a weak gate modulation and
minuscule ID,max. Figure 6.17 (d) summarizes the effective gate length Leff and the series
111

resistance (RSD) extracted by plotting Rtot versus Lg, where Rtot represents the total
channel resistance measured from devices with various gate lengths under VGS-VT from 1
to 2.5 V. RSD is determined to be 1.62 Ω·mm, which is reasonable for implanted S/D on
GaAs and can be further reduced by optimizing the processes of ion implantation and
activation during S/D contact fabrication. Contact resistance (RC) of 0.27 Ω∙mm is
extracted from transmission line method. Two third of RSD is from the access resistance
between Ohmic contacts to the channel underneath the gate.

ΔL, defined as the

difference between the mask gate length Lg and Leff, is estimated to be ∼ 0.36 μm, due to
the lateral dopant diffusion caused by high-temperature activation and/or lithographic
misalignment.
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Figure 6.17. (a) Output and (b) transfer (c) gm characteristics of a GaAs WaveFET
with Lg = 1 μm. The device shows maximum drain current of 64 mA/mm, a
subthreshold swing of 135 mV/dec, a peak trans-conductance of 32 mS/mm, and an
ION/IOFF greater than 107. (d) Measured total resistance versus different mask gate
lengths as a function of gate bias. RSD of 1.62 Ω·mm and ΔL of ∼ 0.36 μm are
determined from the ﬁtting lines.

6.2.4 Conclusions

In conclusion, by realizing (111)A nano-facets on (100) surface by anisotropic wet
etching and a high-quality epitaxial La2O3/GaAs (111)A interface by ALE, we
demonstrate inversion-mode GaAs WaveFETs on GaAs (100) substrates with much
larger drain currents than those formed on planar GaAs (100) surface using the same
dielectric process. The work opens up a new way to improve the III-V device
performance by nano-engineering semiconductor 3D structures and interfaces with highk dielectric.
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Chapter 7 Future Prospects
In this thesis, we have demonstrated that the epitaxial MgxCa1-xO can be grown on GaN
and SiC substrates by ALD. The low Dit of MgxCa1-xO/GaN MOS-capacitor and record
setting MOS-HEMT device performance confirmed the industrial application potential of
epitaxial dielectric oxide. Moreover, the La2O3/GaAs wave-FinFET and enhancement
mode MgxCa1-xO/GaN Fin-HEMT devices also demonstrated the versatility of epitaxial
dielectric in complicated devices structures. Many interesting researches can be done
based on these promising initial results.

For instance, a better understanding in the ALD growth mechanism of MgxCa1-xO would
be helpful to adjust the composition and reduce contaminations. In Chapter 2, Mg content
of MgxCa1-xO is larger than its dosing ratio. One possible reason is that the CaO
deposition is partially CVD process due to the high reactivity with water. If this
mechanism can be confirmed with QCM or other techniques, the deposition process can
be adjusted to favor an ALD mode growth to achieve a better controllability over
composition.

On the other hand, a high performance SiC device with epitaxial MgxCa1-xO dielectric
should be developed in the future. The crystallography study shows that the
Mg0.72Ca0.28O film has the best chance to achieve a low defects interface on SiC. Next a
low Dit MgxCa1-xO/SiC device should be demonstrated. The key challenge is to achieve
an atomically smooth SiC surface by improving the pre-treatment procedure.
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An experimental correlation between band offset and interfacial quality can be
established among different dielectric-semiconductor systems. In chapter 4, we have
demonstrated the correlation between the defects density and the band offset between
La2O3/GaAs. The results matched with CNL model very well. This is the first
experimental confirmation of CNL theory in dielectric/oxide case. I believe similar
phenomenon should exist in MgxCa1-xO/GaN and MgxCa1-xO/SiC. By varying the
composition of dielectric films, a clearer trend of band offset values can be revealed.

Another potential breakthrough can be made in enhancement mode HEMT with epitaxial
dielectric. In chapter 6 we have demonstrated enhancement mode FinFET HEMT based
on the epitaxial MgxCa1-xO dielectric. Although a normally-off operation is achieved in
this research, the polycrystalline dielectric on the side wall of the Fin may increase the Dit.
Therefore, a negatively charged dielectric film deposited with ALD is highly desirable to
achieve an enhancement mode HEMT. Doping fluorine during ALD is a possible way to
achieve a negatively charged oxide film.

Recently, the fast development of crystallography data bases, such as Materials Project
and Open Crystallography Database, provide an opportunity to search for potential
dielectric/oxide combinations in a much faster way. In the case of searching for epitaxial
dielectric-semiconductor combinations, a screening program can be made to expedite the
progress. In this program, lattice parameters of different orientations can be calculated
and compared with other crystal structures. In this way, some less common epitaxial
matches, such as step epitaxy, rocksalt(111)/hexagonal(0001) and rocksalt/monoclinic,
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can be found. Machine learning strategy may be helpful to find out those symmetrically
unmatched epitaxy.
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Appendix
Appendix A. Reactor design
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