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Atomic Layer Deposition of Functional Materials

Thong Quang Ngo, Ph.D.

The University of Texas at Austin, 2015
Supervisor: John G. Ekerdt

Atomic layer deposition (ALD) has emerged as an important technique for
depositing thin films in both scientific research and industrial applications. The goal of
this work is to integrate functional materials using ALD including high-x dielectric,
LaAlO;, ferroelectric BaTiOs, photocatalytic CoO, and room temperature ferromagnetic
thin films of Co metal for spin-transfer torque random-access memory applications. The
work is also to demonstrate the formation of a quasi-two-dimensional electron gas (2-
DEG) at the y-Al,0O3/SrTiO; heterointerface enabling a method for all-oxide device
manufacturing using ALD.

High permittivity oxide thin films are needed to replace SiO, in complementary
metal oxide semiconductor (CMOS) transistors. The replacement of SiO, by hafnium
oxide-based high-x materials in CMOS devices in 2007 was a revolutionary development
in semiconductor front end of line. The continued device feature shrinking requires
higher-k dielectrics, compared to HfO,-based materials. Crystalline perovskite oxides,
such as SrTi0Os, LaAlOs, and BaTiOs, etc. have from high to very high dielectric constant
and being proposed to replace HfO,-based materials in CMOS devices if the leakage
problem 1is resolved. The work explores the monolithic integration of crystalline
perovskite oxide films with Si(001) using combined molecular beam epitaxy (MBE) and

ALD techniques. Four unit cells of SrTiOs; were grown directly on Si(001) by MBE and
vii



transferred in-situ into the ALD chamber for further depositions. The integration of oxide
thin films on Si(001) using the MBE-ALD technique allows us to maintain clean
oxide/Si(001) interfaces since low temperatures (180-250 °C) were maintained during
the ALD deposition.

The goal of my work is also to explore processes to enable area selective
deposition of cobalt (II) oxide, CoO. The effectiveness of poly(trimethylsilylstyrene) in
selectively inhibiting surface nucleation of CoO on SiO, and MgO substrates is
demonstrated. Carbon-free cobalt thin films are formed by reducing CoO using Al and Sr
metals to scavenge oxygen from CoO. The work explores the ability to control the
structure and morphology of the resultant cobalt film by tuning the reduction conditions,
allowing us to tune magnetic properties of the cobalt thin film.

My work also focuses on the growth of y-Al,O3 on the TiO,-terminated SrTiO;
substrate at temperatures higher than 300 °C. The formation of a quasi-2-DEG is found
at the y-Al,03/TiO;-terminated SrTi0O; interface. In-situ x-ray photoelectron spectroscopy
reveals the presence of Ti’" feature at the heterointerface. Conductivity at the interface
was found to be proportional to the amount of Ti’" species. Oxide quasi-2-DEG might

provide opportunities for new generations of all-oxide electronic devices using ALD.
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Chapter 1: Introduction and dissertation overview

1.1. HISTORY OF ATOMIC LAYER DEPOSITION

Atomic layer deposition (ALD) is not a new technique. The principle of ALD was
published under the name of “Molecular Layering” by the Soviet Union in the 1960s.'
Atomic layer epitaxy (ALE) processes and reactors were invented by Dr. Tuomo Suntola
in Finland in 1970s." Dr. Tuomo Suntola and coworkers developed a scientific idea that
led to a true thin film deposition technique and applied that technique for an industrial
use in electroluminescent flat-panel display manufacturing.” The need for high quality
thin films in electroluminescent (TFEL) flat-panel displays motivated the development of
the ALE technology. At that time, the ALE was used with elemental precursors and that
is why it named “atomic”. The precursors were converted to molecular precursors later to
expand material selection.' The word “epitaxy” is from the Greek roots epi, meaning
“above” and taxis, meaning “in an ordered manner.” Dr. Suntola and his team produced
TFEL displays at the industrial scale by ALE using manganese-doped zinc sulfide
luminescent layers and aluminum-titanium oxide.! TFEL was the only industrial
application of ALD at that time.

In the late 1990s, the continued shrinkage of electronic device feature sizes
required introduction of new materials into microelectronics. In addition, new deposition
techniques were necessary in integrated circuit technology since materials needed to be
deposited with atomic level accuracy, to be uniform over the size-increasing wafers, and
to be conformal over the three-dimensional (3D) device structures.® Since then, new
attention and interest were paid to ALD. The research activities focusing on the

development of processes to manufacture high-k dielectric materials, metals, and
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materials for barrier layers using ALD have been significantly increased.* The term
“ALD” has been used approximately back to 2000, prior to 2000 ALE was more
common.” The transition from ALE to ALD occurred as the result of the fact that most
films grown were not epitaxial to their underlying substrates.” ALD started being applied
to dynamic random access memory (DRAM) early in this century. Another revolutionary
development of ALD in microelectronics was the mass production of microprocessors,
which was initiated with the production of Penryn in 2007 by Intel Corporation.® Since
then ALD has evolved into a standard process in the semiconductor industry. Nowadays,
many other types of memory chips also employ ALD processes for various applications.*
The semiconductor roadmap is coming to an end in a very near future because of the
limits of the conventional electronic materials. For continued progress, the future of
electronic materials will embrace as yet undefined paradigms.” ALD will certainly be part
of the new paradigms because of its ability to control deposition atomically and to deposit
conformally on the very high aspect ratio features.” In addition to the semiconductor
industry, ALD processes have been developed to deposit a wide variety of materials for
many other applications, such as energy storage, photovoltaic devices, and biomedical

applications because of its advantages compared to other deposition techniques.’

1.2. PRINCIPLE AND APPLICATIONS

A general ALD process is presented in Figure 1.1 showing two surface reactions
occur and deposit a binary compound of a thin film. These two surface reactions are self-
limiting. The reactions only occur on a finite number of surface reactive sites since there
are only a finite number of surface reactive sites. No reactive sites are left after each of

these two surface reactions, resulting in no more than monolayer of atoms deposited after



each of the two reactions. The advantage of ALD is precise thickness control at up to the
monolayer level.” The self-limiting behavior leads to excellent step coverage and
conformal deposition on high aspect ratio structures. Because no surface sites are left
behind during film growth, the films tend to be continuous and pinhole-free. These are
very important for deposition on 3D structure wafers and the deposition of excellent

dielectric films. There have been many reviews focusing on the applications of ALD to

microelectronic and nanotechnology recently.”” !
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Figure 1.1. Schematic of ALD process. (a) Substrate surface has natural functionalization
or is treated to functionalize the surface. (b) Precursor A is pulsed and reacts
with surface. (c) Excess precursor and reaction by-products are purged with
inert gas carrier. (d) Precursor B is pulsed and reacts with surface. ()
Excess precursor and reaction by-products are purged with inert carrier gas.
(f) Steps 25 are repeated until the desired material thickness is achieved
(Reprinted with permission from Ref. 7).



1.2.1. ALD of high-k materials for Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) application

Silicon dioxide (SiO;) has been used as a gate oxide of MOSFETs for decades.
The great advantage of SiO, was that it can be grown by high temperature thermal
oxidation of the Si substrate. SiO; is formed uniformly and conformally. The Si0O,/Si
interface performs a high quality in term of electrical behaviors. Therefore, Si0, with a
dielectric constant of 3.9 has dominated the semiconductor industry. The down-scaling of
electronic devices below 45 nm requires a SiO; layer thinner than 1.2 nm. That thickness
allows direct tunneling, a large leakage current flows across the SiO, layer. In order to
continue scaling the devices to the 45 nm node and below, semiconductor device makers
have implemented higher-x dielectric and metal gates stack in the MOSFET. The gate
oxide in a MOSFET can be modeled as a parallel capacitor. Ignoring quantum mechanics
and depletion effects from the gate and silicon substrate, respectively, the capacitance of
this capacitor can be estimated by C = kepAd/t; where A is the capacitor area, k (or ) is the
dielectric constant of gate oxide material, gy is vacuum permittivity, ¢ is the thickness of
gate oxide.’

As discussed above, the leakage current constrainted further shrinking of SiO,
layer thickness, #; an alternative method to increase the gate capacitance is improving the
K value by replacing SiO, with higher-k materials. Representatives of high-k materials
include SiN, SiON, Al,O3, HfO,, ZrO,, HrZrOy,, rutile TiO,, and perovskite-type oxides.
The deposition of these materials has been studied extensively by ALD and chemical
vapor deposition (CVD). The ALD window temperature is usually lower than CVD
temperature, making it to be more desirable method for a lower thermal budget process.
Another key technology for using ALD is related to the control of gate thickness. The

thickness of high-k dielectric layer in modern chips is lower than 5 nm, meaning that the
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thickness variation by 0.5 nm corresponds to more than 10% of the total thickness.* In
2007, Intel became the first chip makers to announce that Hf-based high-x dielectric was
used in conjunction with a metallic gate for components integrated on the 45-nm
transistor technology node in complementary metal oxide semiconductor (CMOS)
manufacturing, and shipped it in the 2007-processor series codenamed Penryn.® At the
same time, IBM announced the plans of transition to Hf-based materials for a higher-k
material. One problem of using Hf- and Zr-based materials is that these materials become
polycrystalline during dopant activation annealing. The polycrystalline structures have
higher leakage compared to amorphous films. Leakage current again became
problematic. In addition, the interface of these oxides and Si are not as good as the
Si0,/Si interface. To overcome these difficulties for next generations of MOSFET
devices, crystalline perovskite oxides with higher-k values, such as SrTiO; and LaAlO;
were proposed for beyond Hf- and Zr-based materials.'>"

There has been extensive work focusing on the integration of SrTiO; and LaAlO;
on Si by different growth methods.'*'® The dielectric constants of LaAlO; and SrTiO;
thin films have been reported as ~ 30 and ~ 100, respectively. With a negligible
conduction band offset with the semiconductor (e.g., Si and Ge), the employment of
SrTiO; as a gate oxide produces very large leakage current. In contrast, even with a lower
dielectric constant, LaAlO; has been listed as a potential candidate to replace Hf- and Zr-
based materials as a gate oxide because of its large band gap (5.6 eV) and acceptable
conduction band and valence band offsets with Si and Ge (>1eV). The ALD self-limiting
nature of the surface reaction leads to excellent step coverage and is conformal on high
aspect ratio structures. Because no surface active sites are left behind during the film
growth process, the films tend to be very continuous and pinhole-free. This advantage of

ALD is very important for dielectric applications. Recently, the growth of higher-k
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materials using ALD has been reported extensively.”‘20 Attempts to grow crystalline
materials on semiconductors (e.g., Si and Ge) have been demonstrated by many groups
using different growth techniques. To date, the growth of high-k crystalline oxides on Si
directly using ALD has not been succeeded, however the growth of high-x crystalline
oxides on other semiconductors, such as GaAs and Ge has been demonstrated by the
Gordon group at Harvard University’' and the Ekerdt group at The University of Texas at
Austin.** This opens the door to the integration of multi-functional crystalline oxides

on semiconductors using only ALD for future electronic applications.

1.2.2. ALD for DRAM cell capacitors

The down-scaling of DRAM technology does not allow sufficient design space
for maintaining performance with smaller cell capacitance. ALD has met challenging
requirements for the deposition of high quality dielectrics to fabricate trench capacitors
for DRAM. Like gate oxide dielectrics, the ALD process has implemented into DRAM

dielectric fabrication.

1.2.2.1. ALD of Al,0; for DRAM dielectric

AlL;Os3 thin films have been studied extensively as a dielectric material in DRAM
cell capacitors. The dielectric constant of Al,Os is relatively small (~ 9) compared to
HfO;- and ZrO,-based materials, the thin films of Al,O3; have a very good leakage barrier
due to its large band gap (8.8 eV) and amorphous nature. Because of its ideal ALD
behavior, Al,O; is one of most studied materials grown by ALD and was used as a
dielectric material in DRAM devices. ALD of Al,O3; provides very smooth and
conformal films on 300-mm structure wafers with high aspect ratios. Capacitors

employing Al,Os thin films as a dielectric were developed for 100—150 mm design rule,



however for the < 100 nm design rule where the equivalent of thickness requires less than

2 nm, the use of Al,O; as an only DRAM dielectric material becomes inadequate.4

1.2.2.2. ALD of higher-x oxides for DRAM dielectric

ALD of HfO,- and ZrO,-based materials are being employed in current DRAM
technology. The band-gap of these oxides ranging from 5.5-5.8 eV, which is lower than
that of SiO, and Al,O3 but still enough to have acceptable electron and hole barriers
using most electrode materials. In some cases, Al,O3 is used accompanying with HfO,
and ZrO, as dielectric materials in the metal-insulator-metal capacitor to improve the
leakage current problem.* ALD growth of HfO, and ZrO, thin films using different
precursors is still under investigation. Even though the dielectric performance of the
HfO,- and ZrO,-based materials is acceptable, higher-k dielectric materials must be
pursued for future shrinking of DRAM devices. Promising candidates for next generation
DRAM dielectrics are rutile-TiO, with a dielectric constant of ~ 80—100 and perovskite-
based materials such as SrTiO;, BaTiO;, and (Ba,Sr)TiO; with an extremely high
dielectric constant (hundreds to thousands). There have also been many studies on

perovskite-structures using ALD for DRAM application.***

1.2.3. ALD for other applications

In addition to its applications for MOSFET and DRAM, ALD is also receiving a
great attention for its ability to deposit highly conformal film with a monolayer level
control. The ALD film conformality makes it become one of the most promising thin film
deposition techniques for back end of line (BEOL) process.* While ALD of high-k gate
oxide has been implemented in the front end of line process, ALD is not yet a standard
process in BEOL process. However, it is expected to have an important role in very near
future BEOL process for logic devices.* ALD has also been paid attention for the
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deposition of ultra-thin insulating layers in the magnetic tunnel junction (MTJ), with a
thickness of a few nanometers. The growth of metals, such as Co or Fe by ALD for the
magnetic layers in MTJ structure is a difficult process.”*>* In this dissertation, we report
methods to form magnetic Co thin films via an ALD process. There are also numerous
applications for ALD in energy storage, photovoltaic devices, and memristor applications

. . . . 11
as discussed in most recent review articles.’

1.3. OVERVIEW OF THIS DISSERTATION

My research explored the monolithic integration of crystalline perovskite oxide
films with Si(001) using molecular beam epitaxy (MBE) and ALD techniques. We have
successfully demonstrated monolithic integration of high-k LaAlO3, rocksalt CoO, and c-
oriented polarization BaTiO; (BTO), and heterostructures on Si(001). Using the
combined MBE-ALD techniques, four unit cells of STO were grown directly on Si(001)
by MBE and transferred in-situ into the ALD chamber for further depositions. The
integration of oxide thin films on Si(001) using the MBE-ALD technique allows us to
maintain clean oxide/Si(001) interfaces since low temperatures (180 — 250 °C) were
maintained during the ALD deposition. Chapters 2 and 3 present the epitaxial growth of
LaAlO; on SrTiO3(001) and SrTiOs-buffered Si(001) substrates using ALD. The
crystalline and epitaxial LaAlO; films on SrTiOs-buffered Si(001) demonstrates a
chemical method to integrate epitaxial high-k LaAlOs films on Si(001). Chapter 4
presents the integration of c-axis oriented ferroelectric BaTiO; on SrTiOs-buffered
Si(001). The goal of this work is to grow the ferroelectric field effect transistor (FeFET)

heterostructure..



In Chapter 5, the growth of y-Al,O3 on TiO,-terminated SrTiO; was demonstrated
using ALD at temperatures higher than 300 °C. In-situ x-ray photoelectron spectroscopy
reveals the presence of Ti*" feature at the v-Al,03/SrTiO5 interface. Conductivity at the
interface was found to be proportional to the amount of Ti*" species. The formation of a
quasi-two dimensional electron gas (2-DEG) was found at the y-Al,O3/STO interface.
This work enables a possibility to form all-oxide devices for electronic applications.

Chapter 6 presents the ALD epitaxial growth of rock salt CoO on SrTiO; and
TiO, on Si. The band alignment measurement of CoO/SrTiOs/Si and
CoO/TiO,/SrTiO3/Si  heterostructures is performed using x-ray photoelectron
spectroscopy and is compared to electronic structure calculations using density functional
theory. Both types of heterostructures demonstrate water photooxiadation activity under
visible light illumination. The growth of CoO on SiO, and MgO(001) are also presented
in Chapter 7. While the CoO films grown on Si0,/Si are polycrystalline, the CoO films
grown on single crystal substrate MgO(001) are crystalline and epitaxial. Attempts to
grow CoO at temperatures higher than 305 °C result in ~ 31 % C-incorporated Co films.
We demonstrate the reduction of CoO forming carbon-free Co metal using Al and Sr
metals to scavenge oxygen from CoO. The room temperature ferromagnetic behavior of
the resultant Co films is observed. However, further studies are needed to explore the
change in coercivity of the Co films and the ability to control it. The reduction of CoO to
form Co metal is performed using scavenger (e.g., Sr and Al), and magnetization of
resultant Co thin film is presented. Chapter 8 presents a research summary and

recommendations for further work.
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Chapter 2: Epitaxial growth of LaAlO; on SrTiOs-buffered Si(001)
substrates by atomic layer deposition

2.1. INTRODUCTION

The ability to grow epitaxial oxides on Si has presented opportunities to extend
and enhance silicon technology.' The direct deposition of epitaxial strontium titanate
[SrTiOs] (STO) on Si(001),'*%” has opened up a route to the integration of functional
oxides such as, ferroelectric, ferromagnetic, high-k, and superconducting complex oxides
onto silicon, with the potential towards the development of single-wafer integration of
devices and sensors based on these complex oxides with metal-oxide-semiconductor field
effect transistors (MOSFETs).'" Single crystal lanthanum aluminate [LaAlO;] (LAO)
was originally developed as a substrate for the deposition of magnetic, ferroelectric, and

119 However, due to challenges in the crystal

high-temperature superconductor thin films.
growth process, single crystals of LAO suffer from being limited to small sizes (<75 mm)
and also exhibit heavy twinning,”® which can affect the quality of films grown on it. The
ability to grow single crystalline LAO on silicon, which is available in large sizes (300
mm) is a promising method to make large area, twin-free LAO substrates.

Single crystal LAO, which has a dielectric constant of 25-30,%' and a wide band
gap of 6.5 eV is also a potential candidate for use as a gate dielectric in next generation
MOSFETs. The International Technology Roadmap for Semiconductors lists epitaxial
complex oxides such as LAO as a possible replacement material for amorphous oxides
based on ZrO, or HfO, for the sub-22 nm technology generation and beyond, where

equivalent oxide thicknesses less than 0.5 nm are required.”**
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More recently, the epitaxial interface between LAO and STO has been found to
exhibit a two-dimensional electron gas with a high enough mobility to display quantum

24,2 L2622 :
2 as well as superconductivity.”**’ Devices based on

oscillations in magnetotransport ,
this phenomenon have already been proposed.*® The ability to integrate these devices on
the standard silicon technology platform may enable their commercialization.

LAO has been previously deposited on Si using chemical vapor deposition,*'™
pulsed laser deposition (PLD)**** and molecular beam epitaxy (MBE).>**® Unlike STO,
direct epitaxial growth of LAO films on Si(001) has not yet been demonstrated, even
though the lattice mismatch is relatively small (1.3%). LAO films deposited directly on
Si remain amorphous even after annealing at high temperature. As a result, single crystal
LAO is grown on Si using STO-buffered Si(001) substrates. Epitaxial LAO films on
STO-buffered Si(001) substrates have been grown by molecular beam epitaxy (MBE) at
high temperature (> 600 °C).**' However, the STO/Si interface is not stable above 600
°C, and oxygen present in the MBE-deposited STO can lead to the formation of an
amorphous SiOy, or silicate layer at the STO/Si interface at high temperature.***

Growth of oxide films by ALD may offer several advantages when compared to
MBE and PLD, such as uniform deposition over large area substrates, good conformality
and compatibility with current processing tools. The use of ALD to deposit complex

: 44-4
oxides has been reported,***’

including amorphous LAO directly deposited on Si. We
demonstrate a relatively low-temperature method of forming epitaxial LAO films on
STO-buffered Si(001) by ALD with little (<1 nm) amorphous interfacial layer. In this
study, four unit cells of STO grown on Si(001) substrates by MBE were used as a surface
template for LAO growth by ALD. Crystalline LAO films were formed after post-

deposition annealing at 600 °C in vacuum (10~ Torr) for 2 h.
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2.2. EXPERIMENTAL

The ALD system is a custom-built, hot-wall stainless steel rectangular 20-cm long
chamber, with a reactor volume of 460 cm>.*® The 0.5 mm-thick substrates were cut into
20 x 20 mm® squares from n-type Si(001) wafers. The substrates were ultrasonically
cleaned with acetone, isopropyl alcohol, and deionized water for 15 min each, followed
by UV/ozone treatment for 15 min to remove residual carbon contamination. The wafers
were loaded into the MBE chamber where four unit cells of STO were deposited on
Si(001) using a variation of the Motorola-developed process,” as described in more
detail elsewhere.”**

For LAO growth, tris(N,N’-diisopropylformamidinate)-lanthanum  and
trimethylaluminum (TMA) were used as precursors for La and Al, respectively, and
water was used as the oxidant. The La precursor was maintained at 137 °C, while the Al
precursor and water were maintained at room temperature (26 °C). The Al and water
dosing were limited by an in-line needle valve. The substrate temperature was
maintained at 250 °C throughout the deposition. Substrate temperature was monitored
with a reference thermocouple in the ALD chamber that was calibrated against an
instrumented wafer. Ultrahigh purity argon was used as a purge/carrier gas.

To determine ALD conditions that produce the correct stoichiometry, amorphous
LAO films were grown on Si(001) with native oxide. The in-situ VG Scienta R3000 X-
ray photoelectron spectroscopy (XPS) system was used to determine the film
composition. A single-crystal LAO substrate from CrysTec, where the La:Al
stoichiometry was assumed to be 1:1, was used as a standard for the La and Al peak area
ratio. The peak area ratio of La 3ds,:Al 2p was found experimentally to be 32.89:1. The
La:Al ratio in the LAO films grown by ALD was adjusted by changing either the La
dosing time and/or the cycle ratio xLa/yAl, using a saturating dose of Al. Our LAO films
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were grown using an x = 3 and y =2 La:Al cycle ratio in which the substrates were dosed
with 3 cycles of the La precursor followed by 2 cycles of the Al precursor (noted as a
super-cycle), resulting in a slightly La rich film (1.1:1.0 La:Al). Each La cycle consisted
of a 2 sec dose of the La precursor, a 10 sec purge of Ar, a 1 sec dose of water and a 10
sec purge of Ar. Each Al cycle consisted of a 0.5 sec dose of the Al precursor, a 15 sec
purge of Ar, a 1 sec dose of water and a 10 sec purge of Ar. These same dosing/purging
times and cycle ratio were used to grow LAO on STO-buffered Si(001) substrates.

The as-deposited LAO films were annealed in vacuum (1x10° Torr) at a
temperature range of 500—750 °C to determine the optimum annealing conditions. The
annealing chamber temperature is the reading of a thermocouple situated ~3 mm on the
backside of the disc-shaped ceramic heater of roughly the same diameter as the substrate
holder. During annealing, the substrate is placed ~1 cm in front of the heater with the
entire assembly located inside a tantalum shield to keep the radiation confined to the
substrate. Film thickness was determined by X-ray reflectivity (XRR). The growth rate
of the LAO films on STO-buffered Si (001) under our growth conditions was found to be
0.50+0.01 nm/super-cycle. In-situ XPS was used to study the effect of annealing on the
STO/Si interface. For these interface studies, a 2.5 nm LAO film was grown on STO-
buffered Si(001). XPS measurements were taken before ALD deposition, after
deposition, and after annealing. The LAO film crystallinity and orientation were
determined by reflection high energy electron diffraction (RHEED) and X-ray diffraction
(XRD). XRR and XRD were conducted with a Bruker-AXS D8 Advance Powder
Diffractometer using a sealed tube Cu Ka radiation source. Vecco Multimode V atomic
force microscopy (AFM) was used to determine the root-mean-square surface roughness
of the film. Cross-section transmission electron microscopy (TEM) was used to confirm

the crystallinity and overall quality of the LAO/STO/Si stack. The TEM observations
16



were carried out in FEI Tecnai F20 and TITAN instruments. The samples were prepared
by focussed ion beam (FIB) milling. To avoid amorphization of the LAO by the electron
or ion beam, the surface was first coated with an amorphous C film using Sharpie ink
(~100 nm) followed by a Pt overlayer using the Gas-Injection system initially by the
electron beam (~150 nm) then by the Ga ion beam (~500 nm). The TEM lamellae were
thinned to electron transparency (~50 nm) using a 30kV Ga’ FIB and cleaned with a final
5 kV beam to minimize sample damage. The samples were transferred ex-situ to an

amorphous C supporting grid.

2.3. RESULTS AND DISCUSSION

The deposition of Al,O; was done on Si(001) with a native oxide at 250 °C to
establish TMA dosing conditions. The same Al,O3; growth rate was found for Al dosing
times of 0.5, 1, and 2 sec. This confirmed the ALD growth of Al,O3; using TMA and
water was self-limiting as expected. The Al dosing time of 0.5 sec was chosen to grow
LAO films. The growth of LAO films was first attempted using a 1:1 La:Al cycle ratio
and 1 sec dose of the La precursor; in-situ XPS analysis revealed an atomic ratio of
0.65:1 La:Al. The La dosing time was then increased from 1 sec to 4 sec, however the
LAO films were Al rich. The cycle ratio xLa/yAl and the La dosing time were changed
to determine conditions for a stoichiometric LAO film. This study led to the 3 La cycles
followed by 2 Al cycles with a 2 sec La precursor dose, and a 0.5 sec Al precursor dose
that is used to grow the LAO films on STO reported herein. These growth conditions
result in near stoichiometric LAO films (1.1:1 La:Al).

Figures 2.1(a) and 2.1(b) present the RHEED patterns of a typical four-unit cell
STO-buffered Si(001) substrate grown by MBE, taken along <100> and <110>
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directions, respectively, showing that the STO layer is crystalline with an atomically flat
surface. This four-unit cell STO template (thickness of 1.5 nm) was transferred to the
ALD chamber in vacuo and exposed to 20 super-cycles of LAO that consisted of 60
cycles of La and 40 cycles of Al at 250 °C. After ALD growth, the film was transferred
back to the MBE chamber to check the RHEED pattern (not shown) of the as-deposited
LAO, which consistently showed that the as-deposited films were amorphous. The LAO
film was then transferred to the annealing chamber and heated to 600 °C in vacuum for 2
h. The RHEED patterns in Figures 2.1(c) and 2.1(d) (taken along <100> and <110>
directions) exhibit sharp diffraction lines, showing that the LAO film is highly
crystalline. There is some additional intensity modulation along the streaks indicating a
slight increase in the surface roughness after the ALD and the annealing processes. The
composition, as measured by in-situ XPS, did not change after annealing amorphous
films. LAO films grown by the same method and annealed at temperatures up to 550 °C
for 2 h remained amorphous. According to the AFM analysis, the root-mean-square
surface roughness of the LAO film on STO-buffered Si(001) before (not shown) and after

annealing at 600 °C (Figure 2.2) was 0.55 nm and 0.54 nm, respectively.
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Figure 2.1. RHEED images captured before ALD growth [(a), (b)] and after annealing at
600 °C for 2 h of a 10 nm thick LAO film [(c) and (d)]. The beam was
aligned along the <100> for (a) and (c), and <110> azimuth for (b) and (d).

10.0 nm

0.0 pm 5.0 pm

Figure 2.2. AFM image ofa 5 x 5 umz area of an 8-nm thick LAO film grown by ALD
on STO-buffered Si(001) after annealing at 600 °C for 2 h.
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To study the effect of the film thickness on the transition from amorphous to
crystalline films, LAO films with different thicknesses were grown on STO-buffered
Si(001) templates and annealed at temperatures ranging from 600 to 750 °C. RHEED
images taken after annealing (not shown) indicate that LAO films that are either too thick
(> 40 nm) or too thin (< 2 nm) were more difficult to crystallize; these films crystallized
at higher annealing temperature (700 °C) for an annealing time of 2 h. To study the effect
of La:Al ratio on crystallinity, films with varying La:Al ratios were grown by changing
the cycle ratio x:y and/or the La dosing time. The La-rich LAO films (up to 1.4:1 La:Al)
crystallized after annealing at 600 °C for 2 h, but the Al-rich LAO films (up to 0.85:1
La:Al) crystallized at higher temperature (700-750 °C) based on RHEED images (not
shown).

Figure 2.3 presents the (0-20) scan of a 10 nm thick LAO film annealed at 600 °C
for 2 h. The pseudocubic (001), (002) and (003) Bragg peaks are present, confirming the

c-axis orientation of the crystalline LAO films.**~*'

There was no evidence of any other
orientations or secondary phases. The LAO (001) Bragg peak position at 26 = 23.68°,
corresponds to an out-of-plane lattice constant of 3.75 A, which is slightly reduced from
the bulk pseudocubic LAO lattice constant of 3.79 A .>* This is consistent with the LAO
film being coherently strained to the underlying Si(001), which has a surface lattice
constant of 3.84 A. If the LAO is perfectly strained to the underlying silicon (a= 3.84 A),
the out-of-plane lattice constant calculated using the reported value of Poison’s ratio of
0.25°*"* should have a value of 3.76 A. The XRD rocking curve around the (001) Bragg
peak shows a full-width at half-maximum (FWHM) of 0.23° (Figure 2.4(a)), indicating a
high degree of crystallinity for the LAO film. Additional annealing of the film in vacuum

at 750 °C for 2 h did not improve the crystallinity but rather worsened it, yielding a
20



FWHM of 0.40° (Figure 2.4(b)). Furthermore, XPS analysis reveals that annealing at
750 °C leads to a substantial fraction of STO reacting with Si to form oxidized silicon
and/or silicates (discussed in more detail below), producing a thicker amorphous

interfacial layer.

LAO(001) Laooo2) || |sico
= T 8i(002) CuKa
‘s
: L
D. |
g1
= LAO(003)
2 + Si(004)

2 CuKpB
£

20 30 40 50 60 70 80
2 Theta (degrees)

Figure 2.3. X-ray diffraction pattern of a 10-nm thick LAO film grown by ALD on STO-
buffered Si(001) at 250 °C. The sample was post-deposition annealed in
vacuum at 600 °C for 2 h.
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Figure 2.4. Rocking curves around the LAO(001) Bragg peak at a fixed 26=23.68° for a
10-nm thick LAO film grown by ALD on STO-buffered Si(001) after
annealing at 600 °C for 2 h (a) and after additional annealing at 750 °C for
another 2 h (b).

To study the STO/S1 interface reaction during vacuum annealing, a four-unit cell
STO on Si(001) sample was grown via MBE and transferred in-situ to the XPS system.
All XP spectra were shifted by taking the Si 2p elemental peak to be at 99.3 eV, and the
peak areas were used for quantification of relative amounts. Because the Si 2p feature

partially overlaps with the La 4d feature, the Si 2s spectra were used to study the amount

of Si-O bonding at the STO/Si interface throughout the ALD and annealing processes.
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Table 2.1 provides binding energy assignments for Ti and Sr XPS peaks. Figures 2.5(a)
and 5(b) present spectra of Si 2s and Ti 2p peaks, respectively, for MBE-grown STO on
silicon indicating a minor SiOy feature (152.2 eV) at the STO/Si interface. We selected
the STO growth and annealing conditions to minimize the oxidation of the STO/Si(001)
interface. These STO growth conditions lead to an oxygen deficiency as indicated by the
presence of Ti*" (29%) and Ti*" (9%). The sample was transferred to the ALD chamber
and exposed to 5 super-cycles of LAO at 250 °C (15 cycles of La and 10 cycles of Al),

then transferred back to the XPS chamber.

Peak In SrTiO3 In Strontium Silicate
Sr?*

3ds)» 133.8 134.8

3ds, 135.7 136.6

Peak Ti* Ti® Ti**
Ti

2p3p 459.7 458.0 455.9

2p1s2 465.5 463.8 461.7

Table 2.1. XPS peak assignments (eV)
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Figure 2.5. (a) X-ray photoelectron spectrum of Si 2s for four unit cell STO-buffered
Si(001) grown by MBE: the dotted curves show the fits for Si° (red) and Si
in SiOy (blue); (b) X-ray photoelectron spectrum of Ti 2p for four unit cell
STO-buffered Si(001) grown by MBE: the dotted curves show the fits for

Ti*" (blue), and Ti** (purple) as-described in Table 2.1.

Figures 2.6, 2.7, and 2.8 present the Si 2s, Ti 2p, and Sr 3d spectra following
ALD and post-deposition annealing at 600 and 750 °C, respectively. The results in Figure
2.6(a) show that after the ALD process there is a little to no additional SiOx formation
during the H,O exposures used in ALD at 250 °C, which is consistent with our previous
work.” After ALD there is 18% Ti’" and no Ti*" (Figure 2.7(a)) compared to 29% Ti’"

and 9% Ti*" in the MBE-grown template (Figure 2.5(b)) indicating that during ALD

growth oxygen from the water reacted with the Ti*" and Ti’". The Sr 3d signal appears
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unchanged after the ALD process (Figure 2.8(a)). After annealing at 600 °C for 2 h, a
small increase in Si-O bond formation was observed at the STO/Si interface (Figure
2.6(b)), accompanied by an increase in the fraction of Ti** species (37%), as well as the
re-appearance of Ti*" species (17%), as shown in Figure 2.7(b) indicating that the oxygen
within the STO is a likely oxygen source for the reactions at the interface. There is also
minor broadening of the Sr 3d peak (Figure 2.8(b)), which can be attributed to the
formation of strontium silicates;’® roughly 25% of the Sr signal is due to strontium
silicate. These data indicate that STO started reacting with Si during the annealing
process at 600 °C and that roughly a monolayer of the silicate forms after annealing at
600 °C. After further annealing at 750 °C, there was more Si-O bond formation at the
STO/Si interface (Figure 2.6(c)), a further reduction of Ti as evidenced by an increase in
the peak area of Ti*™ to 22.7% (Figure 2.7(c)), and significant broadening of the Sr 3d
peak was also observed indicating the presence of additional strontium silicates (42%)

(Figure 2.8(c)). Interfacial SiO, may also be present in addition to the strontium silicates.
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Figure 2.6. X-ray photoelectron spectra of Si 2s after ALD (a), after annealing at 600 °C
for 2 h (b), and after additional annealing at 750 °C for another 2 h (c),
respectively: the dotted curves show the fits for Si’ (red) and Si in SiOy
and/or strontium silicate (blue).
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Figure 2.7. X-ray photoelectron spectra of Ti 2p after ALD (a), after annealing at 600 °C
for 2 h (b) and after additional annealing at 750 °C for another 2 h (c),
respectively: the dotted curves show the fits for Ti*" (red), Ti’* (blue), and
Ti*" (purple) as-described in Table 2.1.
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Figure 2.8. X-ray photoelectron spectra of Sr 3d after ALD (a), after annealing at 600 °C
for 2 h (b) and after additional annealing at 750 °C for another 2 h (c),
respectively: the dotted curves show the fits for Sr in STO (red), in
strontium silicate (blue) as-described in Table 2.1.
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Figure 2.9 and the inset of Figure 2.9 are spherical-aberration corrected high-
angle annular dark field scanning transmission electron microscopy (STEM) cross-
sectional Z-contrast images of a 12 nm LAO film annealed at 600 °C for 2 h. These
images confirm the high degree of crystallinity of LAO films and show the sharp
interface between LAO and STO, as well as the existence of a thin (~1 nm) amorphous
interlayer between STO and Si due to strontium silicates and possibly SiO,. Figure 2.9
also shows an amorphous LAO column and the STO also appears amorphous in this
region. A lower magnification image (not shown) appears to show ~20 nm crystalline
domains. Because LAO films are susceptible to ion beam damage during TEM sample
preparation,”’ additional studies are required to determine if the amorphous LAO domain
remained after 600 °C annealing for 2 h or by the TEM sample preparation process.
Geometric phase analysis of the lattice image of the 600 °C-annealed sample (not shown)
confirms single crystal orientation of the LAO film with respect to silicon. Figure 2.10 is
a cross-section bright-field (BF) TEM image of a 25 nm LAO film annealed at 750 °C for
2 h. The image shows a slightly thicker amorphous interlayer (~1.5 nm) at the STO/S1
interface, which is consistent with the XPS results in Figure 2.6(c). The image also shows
that the bottom STO interface with Si(001) is no longer sharp indicating significant
atomic mixing. These results suggest that annealing temperature and time are important
variables for a given LAO thickness and composition to optimize the LAO crystal

quality, and minimize the SiOx formation and reduction of the STO buffer layer.
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Figure 2.9. Cross-sectional Z-contrast TEM image of a 12 nm LAO film on STO-
buffered Si(001) after annealing at 600 °C for 2 h that illustrates the
Si/STO/LAO interfaces. The inset is an expanded image Si/STO/LAO
interface region.

Figure 2.10. Cross-sectional BF TEM of a 25 nm LAO film on STO-buffered Si(001)
after annealing at 750 °C for 2 h.
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2.4. SUMMARY

Epitaxial LAO films have been grown on STO-buffered Si(001) substrates by
ALD at 250 °C followed by annealing for 2 h at 600 °C under vacuum. The crystallinity
and epitaxial relationship were determined by RHEED, XRD and TEM. By keeping the
annealing temperature relatively low, the interfacial amorphous layer at the STO/Si
interface was minimized to about one monolayer as observed by XPS and confirmed by
TEM. The results demonstrate that highly crystalline, epitaxial LAO films can be formed
on STO-buffered Si with a minimal amorphous interfacial layer between STO/Si by
maintaining the annealing temperature as low as possible. The ability to obtain high
crystalline quality epitaxial LAO films on Si using ALD provides an alternative chemical
route for fabricating complex oxide heterostructures and superlattices, and is also
potentially suitable as a replacement high-k gate dielectric in Si based-transistors for the

sub-22 nm technology.
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Chapter 3: Growth of crystalline LaAlO; by atomic layer deposition: a
comparision on SrTi05/Si(001) and SrTiO; substrates

3.1. INTRODUCTION

With a dielectric constant of 25-30 and a bandgap of 6.5 eV single crystal
lanthanum aluminate [LaAlOs] (LAO) is a potential candidate for a gate dielectric in
future metal-oxide-semiconductor field effect transistors (MOSFETs)."* In addition, the
interface between crystalline LAO and strontium titanate [SrTiO3] (STO) has been shown
to exhibit a two-dimensional electron gas that displays quantum oscillation in
magetotranspor‘[3’4 and superconductivity.s'8 Devices have been proposed that exploit the
two-dimensional gas property of this interface.’

Single crystal LAO is grown on Si using STO-buffered Si(001) substrates.
Epitaxial LAO films on STO-buffered Si(001) substrates have been grown by molecular

beam epitaxy (MBE) at high temperature (> 600 °C).'%"

However, the STO/S1 interface
is not stable above 600 °C, and oxygen present in the MBE-deposited STO can lead to
the formation of an amorphous SiOy, or silicate layer at the STO/Si interface at high
temperature.' ' Growth of oxide films by atomic layer deposition (ALD) may offer
several advantages when compared to MBE and pulsed laser deposition, such as uniform
deposition over large area substrates, good conformality and compatibility with current
processing tools. The use of ALD to deposit complex oxides has been reported.””'® We
have previously reported the growth of LAO on STO-buffered Si(001) by a chemical
route."” LAO films were grown epitaxially on Si(001) by ALD using a buffer layer of
STO grown by MBE. The ALD growth of LAO was done at 250 °C by using tris(N,N’-

diisopropylformamidinate)-lanthanum, trimethylaluminum, and water as co-reactants.
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Four unit cells of STO were required as the buffer layer. The as-deposited LAO films
were amorphous and became crystalline after vacuum annealing at 600 °C for 2 h. In-situ
X-ray photoelectron spectroscopy (XPS) analysis showed minimal Si-O bonding at the
STO/Si interface after the ALD process and after post-deposition annealing at 600 °C for
2 h.

Single crystal LAO can also be grown on single crystal substrates by pulsed laser

deposition and molecular beam epitaxy.***'

The substrate temperature is between 680
and 800 °C during growth. Post growth processsing may also be required.

This study compares the ALD growth of LAO on a bulk crystal of STO and on
STO-buffered Si(001). For direct integration of STO with Si(001), there is a relatively
small (1.7%) lattice mismatch with a 45° in-plane rotation, where the STO is
compressively strained to Si. Previous studies have shown a four-unit cell STO layer to
be commensurate with the Si(001) lattice. The degree of compressive strain is a function
of the annealing temperature and the thickness of the SiO; layer that can form at the
interface between Si(001) and STO.? In the case of four unit cells annealed at less than
650 °C, the in-plane lattice constant of the STO film is the same as Si(001) spacing along
the [110] direction. Films grown on the STO-buffered Si(001) substrate are strained to
the Si(001) lattice spacing (3.84 A). Single crystal STO has a larger lattice constant (a =
3.905 A), creating more tensile strain in the epitaxial LAO film. A comparison of the

growth and annealing of crystalline LAO films on the two different substrates is

described.
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3.2. METHODOLOGY

The ALD system has been previously described.'”* The 0.5 mm-thick Si(001)
substrates were cut into 20 x 20 mm?® squares from n-type Si(001) wafers, and were
ultrasonically cleaned with acetone, isopropyl alcohol, and deionized water for 15 min
each, followed by UV/ozone treatment for 15 min to remove residual carbon
contamination. The wafers were loaded into the MBE chamber where four unit cells of
STO were deposited on Si(001) as described in more detail elsewhere.”***. The LAO
growth was also examined on 10 x 10 x 0.5 mm’ STO(001) single crystal substrates from
MTI. The STO substrates were ultrasonically cleaned with acetone, isopropyl alcohol,
and deionized water for 15 min each, followed by UV/ozone treatment for 15 min to
remove residual carbon contamination. The STO substrates were then loaded into the
system and annealed at 650 °C for 15 min to outgas before ALD growth.

For ALD, tris(N,N’-diisopropylformamidinate)-lanthanum and
trimethylaluminum were used as precursors for La and Al, respectively, and water was
used as the oxidant. The La precursor was maintained at 137 °C, while the Al precursor
and water were maintained at room temperature (26 °C). The substrate temperature was
maintained at 250 °C throughout the deposition. Ultrahigh purity argon was used as a
purge/carrier gas. Experiments have been presented that describe the conditions that
produce a nearly stoichiometric film on STO-buffered Si(001)." The in-situ VG Scienta
R3000 X-ray photoelectron spectroscopy (XPS) system was used to determine the film
composition. Each La cycle consisted of a 2 sec dose of the La precursor, a 10 sec purge
of Ar, a 1 sec dose of water and a 10 sec purge of Ar. Each Al cycle consisted of a 0.5 sec
dose of the Al precursor, a 15 sec purge of Ar, a 1 sec dose of water and a 10 sec purge of
Ar. LAO films were grown using 3 La cycles followed by 2 Al cycles (noted as a super-

cycle), resulting in a slightly La rich film (1.1:1.0 La:Al). The same conditions were used
38



for growth on STO(001). The growth rate of the LAO films on STO-buffered Si (001)
under these conditions is 0.50+0.01 nm/super-cycle.

As-deposited LAO films were annealed in vacuum (1x10” Torr) at temperatures
ranging from 500 to 750 °C. Film thickness was determined by X-ray reflectivity (XRR).
In-situ XPS was used to study the effect of annealing on the STO/Si interface. The LAO
film crystallinity and orientation were determined by reflection high energy electron
diffraction (RHEED) and X-ray diffraction (XRD). XRR and XRD were conducted with
a Bruker-AXS D8 Advance Powder Diffractometer using a sealed tube Cu Ka radiation
source. Vecco Multimode V atomic force microscopy (AFM) was used to determine the
root-mean-square surface roughness of the film. Cross-section transmission electron
microscopy (TEM) was used to confirm the crystallinity and overall quality of the

LAO/STO/Si stack."

3.3. RESULTS AND DISCUSSION

Figure 3.1(a) presents the RHEED patterns of a typical four-unit-cell STO-
buffered Si(001) substrate grown by MBE, taken along <110> direction, showing that the
STO layer is crystalline with an atomically flat surface. This four-unit-cell STO template
(thickness of 1.5 nm) was transferred to the ALD chamber in vacuo and exposed to 20
super-cycles of LAO that consisted of 60 cycles of La and 40 cycles of Al at 250 °C.
After ALD growth, the film was transferred back to the MBE chamber to check the
RHEED pattern. Figure 3.1(b) presents the RHEED patterns of an as-deposited 10-nm
LAO film showing the bright back ground, which consistently indicated that the as-
deposited films were amorphous. The LAO film was then transferred to the annealing

chamber and heated to 600 °C in vacuum for 2 h. The RHEED patterns in Figure 3.1(c)
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(again taken along <110> direction) exhibit sharp diffraction lines, showing that the LAO
film is highly crystalline. There is some additional intensity modulation along the streaks
indicating a slight increase in the surface roughness after the ALD and the annealing
processes. The composition, as measured by in-situ XPS, did not change after annealing
amorphous films. LAO films grown by the same method and annealed at temperatures up
to 550 °C for 2 h still remained amorphous. According to the AFM analysis, the root-
mean-square surface roughness of the LAO film on STO-buffered Si(001) before and
after annealing at 600 °C (not shown) were 0.55 nm and 0.54 nm, respectively. ALD
LAO growth was also examined on single crystal STO substrates from MTI using the
same ALD condition. The ALD-grown LAO films on STO substrates were amorphous
as-deposited and after a 2 h vacuum anneal at 600 °C. The LAO grown on single crystal
STO became crystalline after a 2 h vacuum anneal at 750 °C (Figure 3.1(d)). Figure
3.1(d) shows well-defined streaks, indicating the high degree of crystalline order. The
larger lattice constant mismatch between LAO and STO substrate (-2.9 %), compared to
LAO and STO-buffered Si(001) (-1.3%-assuming in-plane lattice constant of four-unit-
cell STO is equal to the Si surface lattice constant) could be a factor that leads to the
higher annealing temperature of LAO on STO substrates (750 °C compared to 600 °C).
In addition to differences in the substrates, film thickness and film stoichiometry
affected the ability of the amorphous LAO films on STO-buffered Si(001) to crystalize."’
Films that were < 2 nm or > 40 nm required annealing temperatures of 700 °C for 2 hr.
LAO film composition can be adjusted by varying the number of La ALD cycles and Al
ALD cycles. La-rich films ranging from 1.1 to 1.7 La:Al crystallize upon annealing at
600 °C for 2 h, whereas substoichiometric (i.e, La:Al < 1) required annealing

temperatures of 700-750 °C.
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Figure 3.1. RHEED images of: (a) a four-unit-cell STO-buffered Si(001), (b) an as-
deposited 10 nm LAO film on four-unit-cell STO-buffered Si(001), (c) the
10 nm LAO film grown on four-unit-cell STO-buffered Si(001) after
annealing at 600 °C for 2 h, and (d) an 8 nm LAO film on STO substrate
after annealing at 750 °C for 2 h. The beam was aligned along the <110>
azimuth for (a), (c) and (d).

Figure 3.2(a) presents the (0-20) scans of a 10 nm thick LAO film annealed at 600
°C for 2 h (red curve),19 and after an additional annealing at 750 °C for another 2 h. The
pseudo cubic (001), (002) and (003) Bragg peaks are present, confirming the c-axis

orientation of the crystalline LAO films.'%***

There was no evidence of any other
orientations or secondary phases. The Bragg peak positions of the film after annealing at
600 °C for 2 h and after additional annealing at 750 °C for another 2 h are identical
indicating the lattice constant of LAO film still remained unchanged after additional
annealing at 750 °C. The LAO (001) Bragg peak position at 20 = 23.68°, corresponds to
an out-of-plane lattice constant of 3.75 A, which is slightly reduced from the bulk pseudo
cubic LAO lattice constant of 3.79 A.*® This is consistent with the LAO film being
coherently strained to the underlying Si(001), which has a surface lattice constant of 3.84
A. If the LAO is perfectly strained to the underlying silicon (a= 3.84 A), the out-of-plane

lattice constant calculated using the reported value of Poison’s ratio of 0.25%"** should

have a value of 3.76 A. The XRD rocking curve around the (001) Bragg peak of the film
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after annealing at 600 °C for 2 h shows a full-width at half-maximum (FWHM) of 0.23°
[Figure 3.2(b)-red curve], indicating a high degree of crystallinity for the LAO film.
Additional annealing of the film in vacuum at 750 °C for 2 h did not improve the
crystallinity but rather worsened it, yielding a FWHM of 0.40° [Figure 3.2(b)-blue
curve]. Annealing at 750 °C leads to interfacial reactions at the STO-Si(001) interface

(see below), therefore, it is best to limit the annealing temperature as much as possible.
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Figure 3.2. (a) X-ray diffraction patterns of a 10-nm thick LAO film grown by ALD on
STO-buffered Si(001) at 250 °C after a 2 h vacuum anneal at 600 °C (red
curve), and after an additional vacuum anneal at 750 °C for another 2 h
(blue curve); (b) Rocking curves around the LAO(001) Bragg peak at a
fixed 26=23.68° for the 10-nm thick LAO film after annealing at 600 °C for
2 h (red) and after additional annealing at 750 °C for another 2 h (blue).
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Figure 3.3 shows the XRD patterns around the LAO(001) Bragg peak of different
LAO film thicknesses. The LAO(001) Bragg peaks for 7.5, 10, and 25 nm-thick LAO
films were found to be at 23.72, 23.68 and 23.60°, corresponding to an out-of-plane
lattice constant of 3.748, 3.754, and 3.767 A, respectively. This indicates that the LAO
films tend to be relaxed and the out-of-plane lattice constant approaches the bulk pseudo

cubic LAO lattice constant of 3.79 A as the film thickness increases.

—_— 7.5 nm
— 10 nm
+ 25 nm

Counts (arb. unit)

2 Theta (degrees)

Figure 3.3. XRD patterns around LAO(001) Bragg peak of different LAO film
thicknesses shows that thicker LAO films, LAO(100) Bragg peak was
shifted to a lower 20 values indicating the out-of-plane lattice constant of
LAO tends to be closer to the bulk value (3.79 A).

Figure 3.4 presents the (0-20) scan of a 12 nm thick LAO film grown on
STO(001) and annealed at 750 °C for 2 h. The LAO(001) Bragg peak is nearly coincident
with the STO(001) Bragg peak making it difficult to deconvolute the contribution the
LAO film makes to this diffraction feature. Deconvolution reveals a LAO(001) peak at
23.52° that leads to c-axis of 3.779 A. This is quite close to the lattice constant of pseudo

cubic LAO of 3.79 A. A second weaker LAO(001) peak may occur at 24.01°,

corresponding to a c-axis of 3.703 A. STO has a lattice constant of 3.905 A. It is possible
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majority of the thick (12 nm) LAO film has relaxed during the high temperature
annealing step and only a minor fraction is strained to the STO substrate. More studies
are required to determine the relationship of film thickness on the strain remaining in the

LAO grown on STO(001) after annealing.
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(001) STO/LAO
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Figure 3.4. (a) X-ray diffraction patterns of a 12-nm thick LAO film grown by ALD on
STO(001) at 250 °C after a 2 h vacuum anneal at 750 °C.

Figures 3.5(a) and 3.5(b) show the La 3d and Al 2p XP-spectra of a 5 nm LAO
film on four-unit-cell STO-buffered Si(001) as-deposited (red curve) and after a 2 h
vacuum anneal at 600 °C. All XP spectra were shifted by taking the Si 2p elemental peak
to be at 99.3 eV. The La 3d XP-spectra in lanthanum-oxygen compounds are known to
show a strong satellite peaks at a higher binding energy (about 4eV). The peak positions
at the same binding energy before and after annealing were found for La and Al indicates
that the La and Al oxidation states were unchanged after vacuum annealing. However,
the intensity of the spectra is higher for crystalline LAO film indicating larger escape

depth of crystalline versus amorphous LAO films.
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Figure 3.5. La 3d (a) and Al 2p (b) X-ray photoelectron spectra of a 5 nm LAO film on
four-unit-cell STO-buffered Si(001) as-deposited (red curves) and after 2 h
vacuum anneal at 750 °C (blue curves).

Figure 3.6(a) shows the O 1s X-ray photoelectron (XP) spectra of a 3 nm as-
deposited LAO film on four-unit-cell STO-buffered Si(001). The blue curve with a
binding energy of 530.3 eV represents for O in La,Os, while the purple curve at the
binding energy of 531.2 eV represents for O in Al,Os. Crystalline LAO films was formed
after a 2 h vacuum annealing at 750 °C, leading to the formation of one shaper oxygen

peak at the binding energy of 530.7 eV as shown in Figure 3.6(b).
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Figure 3.6. O 1s X-ray photoelectron spectra of a 3 nm LAO film on four-unit-cell STO-
buffered Si(001) as-deposited (a) and after 2 h vacuum anneal at 750 °C (b).
The dotted-curves show the fits for O in SiOy (green), La,0O3 ((a)-blue),
LAO ((b)-blue), Al,Os (purple).

The results in Figures 5 and 6 indicate the LAO is thermally stable against
reduction during annealing in vacuum. The STO however does begin to thermally
decompose since the Si can oxidize for annealing temperatures of 600 °C and above. We
previously reported on the interfacial reactions associated with the growth of LAO on
STO-buffered Si(001)."” ALD growth at 250 °C does not increase the amount of SiOy
that is present after MBE growth of four-unit cells of STO. The ALD growth ambient
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acts to more completely oxidize the Ti in STO. There is an increase in the SiOy content
following annealing at 600 or 750 °C, and the higher temperature leads to more SiOy.
Transmission electron microscopy images reveal an amorphous layer of 1 nm and 1.5 nm
for 600 and 750 °C annealing, respectively.'’ Reduction of some of the Ti in the STO and
the appearance of XPS peaks consistent with strontium silicates accompany the formation
of the SiOy layer during annealing. In a separate study we report annealing at 600 °C for
5 min does not reduce the STO buffer layer and does not oxidize the STO-Si(001)

. 2
interface.”

3.4. SUMMARY

Crystalline LAO films have been grown on STO-buffered Si(001) substrates by
ALD at 250 °C followed by annealing for 2 h at 600 °C under vacuum. Crystalline LAO
films have also been grown on single crystal STO(001) at the same temperature and
annealing for 2 h at 750 °C under vacuum. The crystallinity and epitaxial relationship
were determined by RHEED and XRD. Higher annealing temperatures are required on
STO since there is greater strain in films that are commensurate on STO than on Si. The
results demonstrate that highly crystalline, epitaxial LAO films can be formed on STO-
buffered Si with a minimal amorphous interfacial layer between STO/Si by maintaining

the annealing temperature as low as possible.
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Chapter 4: Epitaxial c-axis oriented BaTiQO; thin films on SrTiO;
buffered Si(001) by atomic layer deposition

4.1. INTRODUCTION

The ability to grow SrTiO; (STO) epitaxially on Sr-passivated Si(001) using
molecular beam epitaxy (MBE)' has opened up a pathway to integrate functional oxides
onto silicon for the next generation of photonic and electronic devices. Over the years, a
variety of functional perovskite oxides including BaTiO; (BTO) have been integrated on
Si through this approach.”” Ferroelectric BTO has several advantages for non-volatile
ferroelectric memory applications compared to other candidates (e.g., PbZrTiOs,
SrBi,Ta;Os) particularly due to its non-toxic elements, better compatibility with

integrated circuit fabrication, and lower fatigue effects.®” "

Ferroelectricity is
fundamentally associated with the BTO structural phase transition at the Curie
temperature (Tc = 120 °C); above T, BTO is a paraelectric cubic perovskite (agroe=
4.005 A) and below Tg, it is a tetragonal ferroelectric (agror = 3.992 A and CBTO(t) =
4.036 A) with a spontaneous polarization along the c-axis.®

The effort to integrate BTO directly on Si(001) is challenging due to the large
lattice mismatch between BTO and Si (4.0 and 4.4% below and above Tc, respectively)
and the reaction of Si with oxygen to form an amorphous layer that inhibits epitaxial
growth. The idea of employing crystalline STO as a buffer layer to integrate BTO on Si

has been demonstrated by using MBE.*%!!-1415

However, MBE growth is performed at
relatively high temperatures and in the presence of oxygen, leading to the formation of a
significant amorphous SiOy layer at the STO/Si interface.'*'® The formation of this SiOx

layer may be undesirable in applications because it is in series with the perovskite films.
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Moreover, the mismatch between the thermal expansion coefficients of BTO/STO and Si
tends to favor a polar axis lying in-plane rather than out-of-plane as the stacks are cooled
down.'*"

It has recently been proposed that the incorporation of a ferroelectric as a gate
oxide could decrease the subthreshold slope below the intrinsic thermomdynamic limit of
60 mV dec™ at room temperature in metal-oxide-semiconductor field effect transistors,'®
enabling even lower voltage operation of electronic devices. The moderate Curie
temperature of BTO may be an advantage in this case as reported by a recent proof-of-
concept demonstration of negative capacitance in Pb(Zr(,Tip3)O3/SrTiO3 metal-insulator-
metal heterostructures.'” The epitaxial growth of tetragonal BTO on Si with out-of-plane
polarization in a metal-ferroelectric-semiconductor stack has been reported by a limited

6111415 and without a metallic contact by our group.” In this letter, we

number of groups
report a low temperature chemical means of growing c-axis oriented BTO films with
thicknesses ranging from 7-20 nm on thin (1.6 nm) STO-buffered Si(001) substrates. By
keeping the substrate temperature below 225 °C during the deposition process, we are
able to (1) maintain a clean STO/Si interface, free from SiO, and (ii) practically eliminate
the effects of the difference of thermal expansion coefficients on the polarization

orientation. Capacitance-voltage (C-V) measurements are also performed to demonstrate

the dielectric properties of ALD-grown epitaxial BTO.

4.2. EXPERIMENTAL

The 1.6-nm STO templates were grown on Si(001) by MBE using the Motorola-

16,20

derived process, as described in more detail elsewhere. Reflection high energy

electron diffraction (RHEED) with an electron energy of 21 keV at a glancing angle of ~
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3° is used to monitor in real time the crystallinity and surface morphology of the films.
The STO-buffered Si(001) substrates were then transfered in-situ to the ALD chamber for
chemical deposition of BTO. The ALD system is a custom built, hot-wall stainless steel
rectangular 20-cm long chamber, with a reactor volume of 460 cm’.?! Ultrahigh purity
argon was used as a purge/carier gas. BTO films were grown using barium
bis(triisopropylcyclopentadienyl), titanium tetraisopropoxide as metal sources, and with
water as the oxidant. The Ba and Ti precursors were held at 135 and 34 °C, respectively.
The substrate temperature was maintained at 225 °C, while the working pressure was
maintained at 1 Torr. In-situ X-ray photoelectron spectroscopy (XPS) using a VG Scienta
R3000 analyzer was used to determine the film composition within an error less than 5%.
A single-crystal BTO substrate from MTI, where the Ba:Ti ratio was assumed to be 1:1,
was used as a standard for determining the Ba:Ti ratio of ALD-grown BTO films. The
Ba:Ti ratio was adjusted by changing the cycle ratio xBa:yTi. The stoichiometry of the
ALD-grown BTO films reported herein was found to be 1.1:1 (Ba:Ti) using an x=3, y=4
cycle ratio. Each Ba or Ti unit-cycle consisted of a 2 s pulse of the Ba or Ti precursor,
respectively, a 15 s purge of Ar, a 1 s dose of water, and a 15 s purge of Ar (noted as
“2/15/1/15”). The BTO films were crystalline as-deposited. Films with varying Ba:Ti
ratio were grown by changing the cycle ratio x:y. It was found that the Ba-rich BTO films
(up to 1.4:1 Ba:Ti) were also crystalline as-deposited, while the Ti-rich BTO films (up to
0.85:1 Ba:Ti) were amorphous even after vacuum annealing.

The film thickness and the growth rate were detemined by X-ray reflectivity
(XRR). X-ray diffraction (XRD) was used to determine the out-of-plane lattice constants
and the crystalline quality. Two dimensional XRD was also performed to determine both
the in-plane and out-of-plane lattice constants of the films. XRR and XRD were

performed using an X’PERT diffractometer with a sealed-tube Cu Ka radiation source.
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Scanning transmission electron microscopy (STEM) was also performed to confirm the
crystallinity and the nature of the STO/Si interface after BTO growth. The STEM
observations were carried out using an FEI TITAN instrument. The STEM samples were
prepared by FIB using standard in-situ lift out techniques; a capping layer of e-beam
deposited Pt followed by ion beam Pt is put down. The sample is then cut using a 30 kV
followed by a 5 kV Ga beam. C-V characterization of capacitor structures was performed
using a Keithley 590 Analyzer interfaced to a Keithley 4200 Semiconductor
Characterization System. Ti/Au top contacts (10-200 um radius) were fabricated using
photolithography, metallization via e-beam evaporation, and lift-off. For the bottom
contact, the backside of Si substrates were scraped with a scalpel and placed on a copper
block using a layer of In-Ga eutectic alloy in between. The bias was applied to the gold

electrode, while the copper block was grounded.

4.3. RESULTS AND DISCUSSION

The growth of BTO on Si with a native oxide was first performed to determine
the effect of varying the cycle ratio on stoichiometry. Near stoichiometric 1.1:1 Ba:Ti
composition was established using ALD cycle conditions of {Ba: 2/15/1/15% 1, Ti:
2/15/1/15% 1, Ba: 2/15/1/15 x 1, Ti: 2/15/1/15 x 1, Ba: 2/15/1/15 % 1, and Ti: 2/15/1/15 x
2} x number of ALD super-cycles. These BTO films were amorphous. The same ALD
cycle conditions were then used to grow BTO on 1.6-nm STO-buffered Si(001). The
BTO samples were characterized using in-situ RHEED after ALD growth and throughout
the annealing processes. RHEED patterns of a 7-nm BTO film as-deposited and after a 5-
min vacuum anneal at 600 °C taken along the [110] azimuth of STO are shown in Figures

4.1(a) and (b), respectively. Both images show well-defined streaks indicating the high
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degree of crystalline order in the ALD BTO films. Sharper streaks in Figure 4.1(b)
compared to those of Figure 4.1(a) indicate improvement in the crystallinity of post-
deposition annealed films. XRR measurements found that the growth rate of amorphous
BTO is 0.6 A/unit-cycle, while the growth rate of crystalline BTO is 0.9A/unit-cycle.
This indicates that the crystalline surface enhances the BTO growth rate similar to what

we observed with STO films grown by ALD.*

(a) (b)

Counts [arb. unit]

108 104 100 96
Binding Energy [eV]

Figure 4.1. (a) and (b) are RHEED patterns of a 7 nm BTO film on four-unit-cell STO-
buffered Si(001) as-deposited and after 5 min vacuum anneal at 600 °C,
respectively. Both images are taken along <110> direction of STO. (c) Si 2p
XP spectra of a typical four-unit-cell STO-buffered Si(001) film (red), a 3
nm ALD BTO film on four-unit-cell STO-buffered Si(001) as-deposited
(blue), and the 3 nm BTO film after a 5 min vacuum anneal at 600 °C
(green). Please note that there is a negligible change in Si-O bonding before
and after the vacuum anneal, so the blue and green lines are almost identical.

A thinner (3 nm) BTO film was deposited on STO-buffered Si(001) to study the
STO/Si interface throughout the ALD and annealing processes using in-situ XPS. With
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the initial 1.6 nm MBE-grown STO on Si(001), a small amount of Si-O (silicate) bonding
at the STO/Si interface can be observed prior to ALD growth, as shown by the red color
in Figure 4.1(c) with a binding energy of 102 eV. There is a negligible change in Si-O
bonding after ALD growth and after vacuum annealing (Figure 4.1(c) - blue and green
colors), demonstrating the ability of ALD to maintain a clean STO/Si interface.

XRD was used to determine the crystalline structure of ALD-grown BTO films on
STO-buffered Si(001). Figure 4.2(a) shows 0-20 scan of an as-deposited 20-nm thick
BTO on 1.6-nm STO-buffered Si(001). The (001), (002) Bragg peaks from BTO are
present, confirming the c-axis orientation of the BTO layer. The (002) Bragg peak
position at 20 = 45.10°, corresponds to an out-of-plane lattice constant of 4.018 A
+0.005, which is slightly bigger than the bulk value of BTO cubic structure (4.005 A).
Figure 4.2(b) shows a reciprocal space map around the (103) BTO Bragg peak. A two-
dimensional Gaussian fit was used to find the center of the peak, which was found to be
at 20 = 74.632° and o = 18.472°. This corresponds to in-plane and out-of-plane lattice
constants of @ = 3.93 £ 0.01 and ¢ = 4.02 = 0.01 A, respectively. Different thicknesses of
BTO films were grown to study the dependence of the c lattice constant on thickness. It is
found that for film thickness ranging from 7 to 20 nm, the c lattice constant varies from
4.095 to 4.018+ 0.005 A, consistent with BTO relaxation with increasing thickness. An
XRD rocking curve around the (002) Bragg peak produced a full-width at half-maximum
(FWHM) of 0.91° indicating reasonable crystallinity of the as-deposited BTO films. The
¢-scan indicates that there is an in-plane 45° rotation of the BTO film with respect to Si
suggesting that the BTO [100] direction is parallel to the Si [110] direction.

To study the effect of post-deposition annealing on the BTO crystalline structure,
the 20-nm BTO film was annealed at 600 °C for 5 min with a ramping rate of 30 °C/min.

The sample was cooled below 80 °C before unloading. The (002) Bragg peak of the
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annealed film shifted to a position 20 = 45.42°, corresponding to an out-of-plane lattice
constant of 3.990 £+ 0.005 A. The (103) reciprocal space map was re-examined and
showed that the lattice constants were now a = 4.01 and ¢ = 4.00+ 0.01 A. This indicates
that the c-axis orientation is lost under this post-deposition annealing condition. The
rocking curve around this (002) Bragg peak, however, now has a smaller FWHM value
(0.74°) indicating improved crystallinity.

To study the effect caused by the difference in thermal expansion coefficients
between perovskites and Si on the BTO crystalline structure, a 7-nm tetragonal BTO film
(c = 4.095 £ 0.005 A) was annealed at 600 °C for 5 min with a ramping rate of 5°/min.
An XRD 0-20 scan found the out-of-plane lattice constant to be 4.045 + 0.005 A after
annealing. This shows that by keeping ramping rate low (5°/min), we can minimize the

effects of thermal expansion mismatch on the crystalline structure of tetragonal BTO.
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Figure 4.2. (a) XRD and (b) 2D-XRD patterns of an as-deposited 20 nm ALD BTO film
on four-unit-cell MBE STO on Si(001). The lattice constants of the BTO
film calculated from XRD are @ = 3.93 A and ¢ =4.02 £ 0.01 A
demonstrating tetragonal structure of the as-deposited BTO film.

Figure 4.3 shows a cross-sectional Z-contrast STEM image of a 17 nm ALD-
grown BTO film on 1.6-nm STO-buffered Si(001) after 5 min vacuum anneal at 600 °C.
The high degree of crystallinity of the BTO and STO layers and the abrupt STO/Si

interface can be seen. No amorphous layer is observable at the interface. The image also

shows that the BTO/STO interface is very sharp. The good crystalline order and very
58



clean STO/Si interface (no amorphous layer) are consistent with RHEED, XRD, and XPS

analyses.

¢ [ ALD:BTO

MBE:STO

Figure 4.3. STEM image of a 17 nm ALD-grown BTO film on four-unit-cell MBE-
grown STO-buffered Si(001) after a 5 min vacuum anneal at 600 °C.

C-V measurements at 100 kHz were performed on an 18-nm as-deposited BTO
film, the results of which are shown in Figure 4.4. The forward voltage sweep (-1.7 to +
1.7 V, 10 mV/step, 0.5 V/s) and reverse sweep (+1.7 to -1.7 V, 10 mV/step, 0.5 V/s)
curves are approximately identical, with no significant hysteresis observed. The
ferroelectric coercive field for BTO is commonly reported to be very low with a typical
value of 500V/cm.”?* Even if the BTO film were ferroelectric, the low coercivity
combined with the film thickness is expected to result in a hysteresis width of <10 mV.
Therefore, the coercive field in the C-V data is inconclusive concerning ferroelectricity of
the BTO film. The relative dielectric constant calculated from the accumulation side of
the C-V curve was found to be ~660, consistent with previous reports for BTO thin

films.>>%¢
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Figure 4.4. C-V(at 100 kHz) characteristics of an as-deposited 18 nm BTO film on 1.6
nm STO-buffered Si(001).

4.4. SUMMARY

In conclusion, we have grown c-axis oriented epitaxial BTO at 225 °C using ALD
on 1.6-nm STO-buffered Si(001). The BTO films have a good degree of crystallinity and
no amorphous layer was observed at the STO/Si interface. A 5-min vaccum anneal at 600
°C significantly improved BTO crystallinity. Annealing using a relatively high
temperature ramping rate (30 °C/min) could destroy the tetragonal structure, while
annealing using a lower ramping rate (5 °C/min) is able to maintain the c-axis orientated
tetragonal structure. The dielectric constant of the BTO/STO stack on Si was estimated to
be ~660. We expect the ALD method of growing c-axis oriented epitaxial BTO on STO-
buffered Si(001) at low temperature to be a potential way to fabricate the negative
capacitance gate oxide structure on Si with no amorphous layer between STO and Si in

the near future.
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Chapter 5: Quasi-Two-Dimensional Electron Gas at the Interface of y-
Al O3/SrTiO; Heterostructures Grown by Atomic Layer Deposition

5.1. INTRODUCTION

Oxide materials play a very important role and are present in the majority of
current electronic devices.'” Oxides exhibit a broad range of behavior from insulating to
metallic, with many also being ferromagnetic, ferroelectric, and/or superconducting,
depending on their composition and crystal structure. The fabrication of heteroepitaxial
structures of these functional oxides enables one to explore the fundamental materials
physics and the possibility of new technology applications. When different oxides are
brought together in an atomically intimate manner, a wide range of phenomena not found
in bulk materials occur at their interface.*> The most obvious effect at an interface is
“symmetry breaking” of the charge, spin, orbital, and lattice symmetry, which leads to
the modification of electronic and structural properties. These emergent properties of
oxide heterostructure interfaces can be exploited, potentially yielding devices with novel
functionalities.

The epitaxial interface between LaAlO; (LAO) and SrTiO; (STO) has been found
to exhibit a two-dimensional electron gas (2-DEG) with sufficiently high mobility to
exhibit Shubnikov-de Haas oscillations.” Electrons are confined near the interface for
epitaxial LAO films grown by either pulsed laser deposition (PLD) or molecular beam
epitaxy (MBE) on TiO,-terminated STO substrates. Devices based on this phenomenon
have already been proposed.*” One explanation for 2-DEG formation at the LAO/STO
interface is based on electronic reconstruction, in which electrons move to the interface to

avoid the divergence in potential known as the polar catastrophe.'’ The electronic
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reconstruction yields a Ti’" signal in photoemission that arises from the presence of
electrons in the STO conduction band.®"' An alternative explanation for the generation
of a 2-DEG is due to La interdiffusion across the interface, doping the STO interface with
electrons.'? A third explanation is oxygen vacancy accumulation on the STO side of the
interface.'*"

It has been discovered that a 2-DEG could also be formed by growing amorphous
LAO layers on TiO»-terminated STO substrates.'*'> 2-DEGs have also been observed for
Al-based amorphous oxide/STO interfaces. The Al-based oxides were grown by atomic
layer deposition (ALD) using trimethylaluminum (TMA) and water at 300 °C. The
formation of a 2-DEG in this case was attributed to the formation of oxygen vacancies on
the STO side of the oxide/STO interface, which were formed during the film growth
process."” The conductivity of amorphous oxide/STO interfaces vanishes after air/oxygen
atmosphere annealing.’> Recently, it has been reported that oxygen vacancies are the
dominant source of mobile carriers when the overlayer is amorphous LAO, and that both
oxygen vacancies and the polar catastrophe contribute to the conducting interface in
crystalline LAO/STO heterostructures.'® In addition to the LAO/STO system, a 2-DEG
with extremely high electron mobility at 2 K (> 100,000 cm®*V™'s™") has been reported at
the spinel y-AL,O3/STO interface.'” We have also observed the formation of a conductive
interface layer in MBE-grown y-Al,O3/STO interface.'®

Oxide 2-DEGs could provide opportunities for the fabrication of all-oxide
electronic devices. To date, high mobility 2-DEGs at crystalline oxide interfaces have
been fabricated at temperatures higher than 600 °C by physical vapor deposition methods
(PLD and MBE). However, it still remains a challenge to design all-oxide electronic
devices due to the high temperature needed for the growth of the crystalline oxide layers.

More recently, Chen et al. have reported room temperature formation of a high mobility
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2-DEG at the y-Al,03/STO interface grown by PLD.'” ALD offers a chemical route for
the deposition of crystalline oxides at lower temperatures. Furthermore, for device
manufacturing applications, ALD has advantages over PLD and MBE due to its high step
coverage, significantly low thermal budget, and scalability.

In this chater, we describe the growth and characterization of a quasi-2-DEG
system with electron Hall mobility as large as 3,000 cm®V™'s™ and sheet carrier density as
high as 5%x10"? cm™ at 15 K in epitaxial y-Al,O3/STO heterointerfaces. Al,O; films were
grown on TiO,-terminated STO substrates by ALD at a temperature range of 200—345 °C
using TMA and H,O. We show that Al,O; grown above 300 °C is crystalline and
epitaxial. The formation of the 2-DEG can be explained by oxygen vacancy generation in
the surface region of the STO substrate®® ** during the initial stages of growth. The
formation of smooth Al,O; films with a high degree of crystallinity on STO allows for
further epitaxial integration on top of the Al,Os layer, which is promising for realization

of more complex device architectures.

5.2. EXPERIMENTAL

Sample Growth. TiO,-terminated STO(001) substrates of dimension 5 mm x 5
mm X% 0.5 mm from CrysTec were ultrasonically cleaned with acetone, isopropyl alcohol,
and deionized water for 5 min each, followed by a UV/ozone exposure for 15 min to
remove residual carbon contamination. The substrates were loaded into the system and
vacuum-annealed at 650 °C and pressures lower than 1x10™® Torr for 30 min to outgas.
STO substrates were then transferred in situ to the ALD chamber for Al,O3; deposition.
The ALD reactor consists of a custom built, hot-wall stainless steel rectangular chamber

with 20 cm long and 460 cm® volume. Ultra-high purity Ar was used as the purge/carrier
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gas with a cross-flow along the reactor. The operating pressure was maintained at ~1
Torr. TMA and water were used as co-reactants for Al,O3 growth. The Al,Os films were
grown at temperatures ranging from 200-345 °C. An ALD cycle for Al,Os consists of 1 s
of TMA dosing, a 15 s purge, followed by 1 s of H,O dosing and another 15 s purge.

Characterization of Al,O;3 Films. The as-deposited Al,Os films were transferred in
situ to the MBE chamber, where reflection high energy electron diffraction (RHEED) is
used to characterize crystallinity and surface morphology. A VG Scienta R3000 XPS
system is used to determine the valence state of Ti and to characterize the Al,O3/STO
interface. XPS was performed in sifu with a monochromatic Al Ka source with a photon
energy of 1486.6 eV. Thicknesses and growth rates of Al,O; films were determined by x-
ray reflectivity (XRR). X-ray diffraction (XRD) and transmission electron microscopy
(TEM) are used to determine the crystallinity of the Al,O; films. XRR analysis was
conducted using a Panalytical X’PERT Pro diffractometer with a sealed tube Cu Ka
radiation source (A ~ 1.5406 A), operating at 40 kV and 30 mA. XRD characterization
was carried out at the National Synchrotron Light Source beam line X20A using a triple
access configuration in non-dispersive geometry with a Ge(111) double-crystal
monocromator and analyzer set to / = 1.5405 A. TEM analysis employed a JEOL JEM-
4000EX transmission electron microscope equipped with a double-tilt specimen holder,
operating at 400 keV. The samples were prepared using standard mechanical polishing
followed by argon-ion-milling to perforation.

Electrical Measurement. In order to electrically contact the alumina/STO
interface, four indium contacts were placed on scribed corners of each sample in a van
der Pauw geometry. Measurements were taken using a Quantum Design Physical
Property Measurement System capable of applying a £9 T magnetic field and 1.9-350 K

temperature range. Two Stanford SR830 lock-in amplifiers and one SR570 current
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preamplifier were used to perform 4-wire electrical transport measurement using less

than 1 pA current at a frequency of 7 or 13 Hz.

5.3. RESULTS AND DISCUSSION

Figures 5.1a and 5.1b show RHEED patterns of a TiO,-terminated STO substrate
and a 27-nm-thick Al,Os film grown by ALD at 345 °C. RHEED patterns were taken
along the <110> azimuth of the STO substrate before and after the Al,O3; deposition.
Streaky patterns along with clear Kikuchi lines highlight the high degree of crystalline
order and low surface roughness of the Al,Oj3 layers. Streaky RHEED patterns were also
maintained during the growth of thick Al,O; films, indicating good crystalline quality
throughout the Al,O; layers. RHEED patterns also indicated that Al,O3 films grown on
TiO,-terminated STO at 200 °C were amorphous and that Al,O; films grown at 300 °C
were crystalline (not shown). The growth rate of Al,O3; on STO was found to be 0.85
AJcycle at 345 °C becoming higher at lower growth temperature (about 1 A—1.1 A/cycle),
which is consistent with previous reports.” Figure 5.1c shows the x-ray diffraction
patterns of an 18-nm-thick Al,Os film on TiO,-terminated STO, grown at 345 °C.
Besides the (00/) Bragg peaks of STO, only the (00/) y-Al,O3 Bragg peaks are observed
in the 18-nm-thick Al,O3 sample, with no detectable presence of impurity phases or other
orientations. The (004) y-Al,O3 peak appears at a reciprocal lattice spacing of ¢; = 3.142
A" and corresponds to an out-of-plane lattice constant for the film of 7.999 A. This is
larger than the bulk out-of-plane lattice constant of y-Al,03,%* but consistent with the y-
Al,O3 layer being strained to the underlying STO, which has a lattice parameter of a =
3.905 A. Detail film strain analysis is not possible due to weak scattering of alumina and

its close proximity to strong STO peaks. An in-plane scan along the (4#00) direction
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(Figure 5.2) indicates a strained (400) y-Al,O; peak that is roughly coincident with the
(200) STO substrate peak. Figure 5.1c also shows finite size oscillations around the (002)
STO and (004) y-Al,Os reflection indicating a very smooth Al,O3 film surface and a
sharp y-ALO3/STO interface. The omega scan at ¢; = 3.142 A (not shown) shows a full-

width at half-maximum of ~ 0.3 ° confirming the high degree of crystallinity of the y-

A1203 film.

Intensity [arb. units]

alA"]

Figure 5.1. RHEED patterns of: (a) TiO,-terminated STO substrate and (b) 27-nm-thick
Al,O3 grown by ALD on TiO;-terminated STO at 345 °C. RHEED patterns
were taken along the <110> azimuth of the STO substrate; (c) XRD pattern
of an 18-nm-thick Al,O; film on TiO,-terminated STO grown by ALD at
345 °C.

69



STO
(100)
Strained

Al,0,(400) STO

Intensity [arb. units]

A
an[A']

Figure 5.2. In-plane grazing incident-XRD scan of 18-nm-thick ALD-grown Al,O3 film
on TiO,-terminated STO at 345 °C along (4£00) direction. The strained
Al,03(400) peak is roughly coincident with STO(200) substrate peak
indicating the in-plane lattice constant of y-Al,O; is very close to the STO
substrate (3.905 A).

Figure 5.3a shows a cross-sectional TEM image of a 2.1-nm-thick AL,O; film
grown at 345 °C by ALD on a TiO,-terminated STO substrate, again confirming the
crystallinity of the Al,O; film. The surface of the Al,O; film is very smooth, consistent
with RHEED and XRD. Figure 5.3a also shows an abrupt interface between the Al,O3
film and the STO substrate. The Al,O; films grown at 300 °C also display a similar high
degree of crystallinity (Figure 5.3b). Figure 5.3¢ presents an electron micrograph in the
<110> projection of STO for a 27-nm-thick Al,Os film grown at 345 °C, confirming that
the AlLOs; film still maintains a smooth surface as the thickness increases. The
corresponding selected area electron diffraction pattern in Figure 5.3d shows strong spots

originating from the STO substrate while the weaker spots (arrowed) come from the

A1203 film.
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Figure 5.3. (a) TEM image showing 2.1-nm-thick Al,O3; on TiOs-terminated by ALD at
345 °C, (b) TEM image of 2.5-nm-thick Al,O3; on TiO,-terminated by ALD
at 300 °C, (c) TEM image in <110> projection of 27-nm-thick Al,O3 on
TiO,-terminated by ALD at 345 °C, and (d) selected- area electron
diffraction pattern of 27-nm-thick Al,O3 on TiO,-terminated by ALD at 345
°C in the <110> projection, weak spots (arrowed) originate from Al,Os.

To determine the origin of interfacial conductivity of the y-Al,O3/STO
heterostructure, in situ XPS measurements were performed during our study. The Ti 2p
core level XP spectra indirectly provide information about the oxygen vacancy
concentration near the heterointerface on the STO side. The more Ti 2p that appears in

reduced forms (Ti*", Ti*"

), the more oxygen vacancies that must have been formed in the
STO. Figure 5.4a shows normalized Ti 2p core-level XP spectra after 25 cycles of Al,O;
on TiO,-terminated STO single crystal substrates at different temperatures (from 200—

345 °C). No Ti** features in the Ti 2p spectrum are detected for the bare TiO,-terminated
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STO substrates even after a 30-min ultrahigh vacuum anneal at 650 °C, as well as after
the growth of 25 ALD cycles of Al,O5 at 200 and 300 °C, thus indicating negligible Ti*"
formation for these case. These results differ from the report that Ti’" species were
observed at the amorphous ALO3/STO interface grown by ALD at 300 °C."'>*

The occurrence of a Ti’" feature at a binding energy of ~ 457 eV in the
Al,O3/STO heterostructure is clear for the Al,O3 samples grown at 325 °C (purple curve)
and 345 °C (red curve). Moreover, the amount of Ti’ increases with increasing
deposition temperature. The 325 °C ALD-grown Al,O3 shows 6.7 % Ti’" and the 345 °C
ALD-grown ALOs film yields 11.0 % Ti’". This result suggests a possible means to
control the amount of oxygen vacancies by simply modifying the ALD deposition
temperature, thus leading to the possibility of controlling the conductivity of the
heterointerface.

Angle-resolved XPS was performed with varying photoelectron takeoff angle for
a 0.5-nm-thick Al,O3 film grown by ALD on TiO,-terminated STO at 345 °C (Figure
5.4b). The ratio Ti**/Ti*" increases as the takeoff angle decreases from normal emission,
indicating that the electrons generated by oxygen vacancies are localized near the STO
surface region. Figures 5.4c and 5.4d show normalized Ti 2p XP spectra for different
numbers of ALD cycles grown on a TiO,-terminated STO substrate at 345 °C. After one
ALD cycle, there is a negligible Ti*" feature, but the Ti’" feature becomes more visible
after 2 to 3 ALD cycles (Figure 5.4c). After 5 cycles of ALD, we observe a significant
amount of Ti*" at the AL O3/STO interface (4.5%). After 10-20 ALD cycles of Al,Os, the

amount of Ti’" remains constant (~ 11%).
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Figure 5.4. (a) Ti 2p XP spectra of 25 cycles of Al,O3 grown on TiO,-terminated STO by
ALD at different temperatures. (b) Angle-resolved XPS of 0.5-nm-thick
Al O3 film grown by ALD on TiO,-terminated STO at 345 °C at 30, 50, 70,
and 90 ° takeoff angles. (c) and (d) Ti 2p XP spectra of Al,O; layers grown
on TiO;-terminated STO by ALD at 345 °C with different numbers of ALD
cycles.

To better understand the formation of oxygen vacancies, exposure of TiO,-
terminated STO substrates to TMA were carried out at 300 and 345 °C. Figure 5.5
presents Ti 2p, and Figure 5 presents Al 2p and O 1s XP spectra of STO substrate after
exposing it to TMA. Exposure of a TiO,-terminated STO substrate to TMA alone for 5 s
at 345 °C leads to an 8.9% Ti’" feature at ~ 457 eV (Figure 5.5a). The appearance of an
Al 2p XP spectral feature at a binding energy of 75.5 eV (Figure 5.6a) and a small

shoulder for the O 1s XP spectrum at a binding energy of 532.5 eV (Figure 5.6b) indicate
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that formation of Al,Os; occurred due to the reaction between TMA and STO, even
without H,O dosing. The longer the exposure time to TMA without H,O dosing, then the
more STO reacts with TMA to form even more Ti’". Figure 5.5b shows Ti 2p XP spectra
of a STO substrate after exposure to TMA for 5 min. An even more-reduced Ti*" feature
appears at a binding energy of ~ 456 ¢V, accompanied by an increase of Ti’". The
increase of Al 2p and O 1s signals for Al,O3 (Figure 5.6) are clear demonstrations of the
reaction between TMA and STO. Figures 5.5¢ and 5.5d show Ti 2p XP spectra for a STO
substrate after exposure to TMA at 300 °C for 5 s and 5 min, respectively, indicating that
exposures of STO substrates to TMA at 300 °C could also lead to the formation of Ti**
features (6.7 % Ti° for 5 s and 7.7 % Ti>" for 5 min exposures). This demonstrates the
reduction of STO by TMA has occurred at 300 °C, and differs from the previous study
that the repetitive pulse of TMA did not induce the reduction of STO substrate at the
same temperature.' It should be noted that this does not contradict the result above that
the reduction of STO was not observed during the ALD growth of Al,O3 at 300 °C.
During the growth of Al,O3 at 300 °C, H,O is introduced into every ALD cycle and H,O
can fully re-oxidize the STO substrate (at 300 °C), whereas the re-oxidation of STO

might happen incompletely at higher temperature (e.g., 345 °C).
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Figure 5.5. Ti 2p XP spectra of TiO,-terminated STO substrates after: (a) 5-s exposure to
TMA at 345 °C, (b) 5-min exposure to TMA at 345 °C, (c¢) 5-s exposure to
TMA at 300 °C, and (d) 5-min exposure to TMA at 300 °C.
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Figure 5.6. (a) Al 2p and (b) O 1s XP spectra of a TiO,-terminated STO substrate after
exposure to TMA alone at 345 °C for different times. These spectral
features are a good indication of a reaction between TMA and H,O to form
Ti*" and even Ti*" and ALO;.
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Ti0,-terminated STO substrates after a 30 min vacuum anneal at 650 °C are still
very insulating (sheet resistance on the order of GQ at room temperature). The interface
of Al,Os films grown at temperatures lower than 300 °C are also insulating with sheet
resistance that varies from MQ to GQ at room temperature. Figure 5.7 shows the
temperature-dependent electronic properties of the Al,O3;/STO interface with different
film thicknesses. At an Al,O; thickness of ~ 2.1 nm (25 ALD cycles), the room
temperature sheet resistance was found to be ~ 30 kQ/sq, which is 3—5 times lower than
what has been reported for amorphous LAO/STO and amorphous Al,03/STO systems.
As shown in Figure 5.7a, while the 2.1-nm-thick Al,O3/STO heterointerface shows
metallic behavior down to low temperatures, heterointerfaces with 4.3-nm-thick (50 ALD
cycles) and 8.5-nm-thick (100 ALD cycles) Al,O; films have an increase of sheet
resistance below 100 K. Sheet resistance generally increases with increasing film
thicknesses for the film thickness above 2.1 nm (Figure 5.7a). The increase of sheet
resistance with film thicknesses is correlated with the decrease in oxygen vacancies as the
film thickness increases, possibly because exposure of the heterolayer to more water
during ALD growth of the thicker films limits vacancy formation. Ti 2p spectra show that
~ 11 % of Ti** feature is present in the 10-25 ALD cycle-ALOs films, ~ 8.5 % of Ti*" is
present in a 35 ALD cycle-Al,O; film (3.0-nm-thick), and ~ 6 % of Ti’" is present in a 50
ALD cycle-Al,O; film. The 15 cycle Al,O3; sample (~ 1.3 nm) shows higher sheet
resistance compared to the 25 cycle Al,O3 sample (~ 2.1 nm).

The increase of sheet resistance for the 1.3-nm-thick film is possibly due to the
AlL,O3 layer not being thick enough to protect the Al,O3/STO interface from re-oxidation
when the sample is exposed to air. Oxygen can slowly diffuse through the Al,O; layer if
it is thin enough and react with oxygen vacancies at the Al,O3/STO interface. To verify

this hypothesis, a 1.3-nm-thick Al,O3 was grown on TiO,-terminated STO by ALD at
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345 °C. Ti 2p XP spectra reveal ~ 11 % of Ti’" at the interface. The sample was taken out
of the vacuum chamber and exposed to ambient air at room temperature for 5 days and
was then re-loaded into the system. Ti 2p XP spectrum (not shown) displays ~ 4 % of
Ti*" at the interface after air exposure. The same experiment was also performed with a
2.1-nm-thick Al,O3/STO sample. Ti 2p XP spectrum indicates that Ti’* feature remains
unchanged after exposing to air ambient for 5 days. This demonstrates that the increase of
sheet resistance for the 1.3-nm-thick Al,O3/STO sample is likely due to the reaction

between oxygen vacancies and oxygen in air diffusing through the very thin Al,O; layer.
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Figure 5.7. Thickness and deposition temperature dependent electronic properties of the
v-AlL,O3/STO interface. (a) Thickness and deposition temperature
dependence of sheet resistance, Ry for the y-Al,O3/STO interface
conduction at Al,O3 film thicknesses of 1.3 nm, 2.1 nm, 4.3 nm, and 8.5 nm
deposited at 345 °C. (b) Hall mobility, pan, and (c) sheet carrier density, ns,
for the y-Al,0O3/STO interface conduction at Al,O3 film thicknesses of 1.3
nm, 2.1 nm, and 4.3 nm deposited at 345 °C.

A 2.1-nm-thick Al,O3/STO sample was annealed in air at 500 °C for 60 min and
became very insulating. The sample was re-loaded into the system after annealing for
XPS analysis and displayed no Ti’" feature (not shown), which indicates that oxygen
vacancies at the Al,O3/STO interface are the major source of carriers. Similarly, all y-
AL, O3/STO samples became very insulating after annealing in air at 500 °C for 60 min.

The temperature dependence of the Hall mobility and carrier density for different film
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thicknesses are shown in Figures 5.7b and 5.7c. The mobility at room temperature for a
2.1-nm-thick AlL,O3/STO is 30 ¢cm*V's™! with a carrier density of ~ 6x10" cm'z, while
mobility and carrier density at 15 K are ~ 3,000 cm*V™'s™ and 5x10'* cm™, respectively.
The observed mobility of the y-Al,O3/STO interfaces are similar to the mobility reported
for the y-Al,03/STO heterostructure grown by PLD.'"" Systematic variations of mobility

and carrier density with Al,O; thicknesses are also observed in our study.
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Figure 5.8. Temperature dependent sheet resistance of: (a) 15 cycles ~ 1.3 nm, (b) 25
cycles ~ 2.1 nm, (c) 50 cycles ~ 4.3 nm, and (d) 100 cycles ~ 8.5 nm Al,O3
on TiO;-terminated STO by ALD at 345 °C during warm up (red curves)
and cool down (black curves) processes.
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Figures 5.8a—d show sheet resistance vs. temperature for samples with different
AlLOj; thicknesses, varying from 1.3 to 8.5 nm. The measurements were taken during
both cool down (black curves) and warm up (red curves). Hysteresis of the sheet
resistance with temperature is also observed in the heterostructure with higher sheet
resistance exhibited during the warm up process for different thicknesses of Al,Os. This
is suggestive of the occurrence of a structural phase transition in the y-Al,O3;/STO

heterointerface.”® We are performing further studies to address this phenomenon.

5.4. SUMMARY

We demonstrate a chemical route to the formation of highly crystalline y-Al,O3
on STO using ALD. We also showed that a high mobility quasi-2-DEG forms at the
crystalline y-Al,O3/STO heterointerface. The sheet resistance of the interface for samples
grown at temperatures lower than 300 °C is high (>*MQ), whereas the sheet resistance of
samples grown at a temperature of 345 °C is much lower and comparable to what has
been reported elsewhere for similar systems. The control of sheet resistance can be
achieved by modifying the deposition temperature. A mobility of 3,000 cm®*V™'s™ was
measured for the 2.1-nm-thick Al,O3/STO heterointerface at 15 K. High mobility quasi-
2-DEG formation at the Al,O3/STO interface and the ideal ALD behavior of Al,O3 film
growth are promising factors that could lead to the use of crystalline Al,Os in all-oxide

device applications.
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Chapter 6: Atomic Layer Deposition of Photoactive CoO/SrTiO; and
CoO/TiO, on Si(001) for Visible Light Driven Photoelectrochemical
Water Oxidation

6.1. INTRODUCTION

Global climate change has prompted research into new technologies to produce
clean and renewable energy. Hydrogen is a very attractive fuel due to its zero carbon
emissions, high conversion efficiencies, and recyclability.'™ Hydrogen can be derived
from various reactions of water or organic compounds such as hydrocarbons. At present,
the majority of hydrogen is produced from natural gas by steam reforming,° which
generates CO, that is typically released to the environment. Therefore, alternative
methods for forming hydrogen from renewable, sustainable, and non-petroleum resources
such as water need to be developed to achieve the benefits of a hydrogen economy while
lowering greenhouse gas impact. Since the first study on water splitting using TiO, as a
photoanode was reported,” photoelectrochemical (PEC) water splitting to generate
hydrogen using semiconductor materials has been the subject of extensive research.* 12
In PEC water splitting, light is absorbed in a semiconducting catalytic material, electrons
are promoted to the conduction band, leaving holes in the valance band. Electrons and
holes are then transported to the photocatalyst/water interface, to reduce and oxidize
water, forming hydrogen and oxygen, respectively. In order to achieve the spontaneous
water splitting reaction, the conduction band minimum and the valance band maximum
of semiconductor materials must be more negative than the hydrogen evolution potential

and more positive than the oxygen evolution potential, respectively. Titanates such as

TiO; and SrTiO3 (STO) have become well-known photocatalytic materials in solar energy
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conversion because of their appropriate band edge positions, nontoxicity, water
insolubility, chemical stability and photocatalytic activity under UV-illumination.*®"*™®
However, the large band gap of TiO, (3.2 eV for anatase and brookite, 3.0 eV for
rutile)"* and STO (3.22 eV)" requires absorption of UV radiation, which is a relatively
small fraction of the total solar spectrum, resulting in very poor conversion efficiency.
(The solar spectrum consists of 5% UV, 43% visible, and 52% infrared"® ). It would
therefore be desirable to lower the effective band gap of TiO, and STO to shift the
absorption spectrum to the visible region. Extensive research has been done on the
modification of TiO, and STO by various methods such as coupling with narrow band

29

. 20-2 . . . 24-2 . 27~
gap semiconductors,”® > doping with various metal** *® or nonmetal ions,”” >’ surface

30-32 33-35

treatments with organic compounds, or inorganic metal complexes, to promote
greater visible light absorption.

Recently, Co-doping and Co treatment of semiconducting photoanodes have been
studied, which have demonstrated a significantly higher photocatalytic activity in the
visible light region compared to undoped or untreated photoanodes.>*™*” Among those, a
study on Co treatment of TiO, has explained that Co treatment has a dual role of
passivating the surface of TiO, to increase hole lifetime, and of forming a cobalt-based
water oxidation catalyst layer.’® Cobalt oxides (CoOy) have been suggested as catalysts
for the oxidation half reaction to form oxygen in the photoanode.’** Loading cobalt
oxides onto the photoanode has been proposed as a method of providing a significant
improvement in water splitting performance.*** To date, the cobalt treatment or loading
has been performed by dipping a photoanode into Co”" solutions, usually Co(NOs),.
There are reports on growing CoOx on different substrates using different techniques such
as sputtering,”’ pulsed laser deposition,”” molecular beam epitaxy (MBE),* chemical

4 and atomic layer deposition (ALD).***” Among these methods,

&3

vapor deposition,



ALD offers several advantages such as uniform deposition over large area substrates,
good conformality and compatibility at low deposition temperatures. To our knowledge,
epitaxial ALD growth of CoO films has not been studied. While a considerable amount
of work has been done for the CoO-based catalysts in the literature, a detailed
understanding of the photocatalytic activity and the electronic structure of the cobalt
oxide/titanate systems is lacking. Since such knowledge could suggest new ways of
advancing current hydrogen production technology using sunlight, a detailed study based
on a well-defined model system is crucial and timely.

To better understand the role of cobalt oxide in photocatalytic water splitting
when it is coupled with a semiconductor material such as STO and TiO,, we synthesize
model systems of CoO/STO and CoO/TiO, having a well-defined crystalline, epitaxial
interface and analyze their composite electronic structure. Since direct epitaxial metal
oxide growth on Si has not been demonstrated by ALD itself, in this study, 1.6 nm STO-
buffered Si(001) substrates grown by MBE were used for low temperature ALD of TiO5,
STO, and CoO. We show that PEC tests of both types of stacks, CoO/STO/Si and
CoO/Ti0O,/STO/S1, have photoactivity in the visible light region. The band offsets of the
two heterojunctions CoO/STO and CoO/TiO;, have been measured using in-situ high-
energy resolution core level and valence band X-ray photoelectron spectroscopy (XPS).
To better understand the origin of the band offset at the heterointerfaces, we also
calculated the electronic structure of the CoO/STO(001) heterostructure using density
functional theory (DFT) and suggest a mechanism for the observed visible light

photoactivity.
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6.2. EXPERIMENTAL AND THEORETICAL DETAILS

Four unit cells of STO on Si(001) grown by MBE were prepared and used as
substrates for ALD growth. The 0.5 mm-thick substrates were cut into 20 x 20 mm?” from
prime Si(001) wafers. The substrates were ultrasonically cleaned with acetone, isopropyl
alcohol, and deionized water for 5 min each, followed by UV/ozone treatment for 15 min
to remove residual carbon contamination. The degreased wafers were loaded into the
MBE chamber where four unit cells of STO were deposited on Si(001) using a variant of
the Motorola-developed process,” as described in more detail elsewhere.*° After
growth, the four unit cell STO-buffered Si(001) substrates were transferred in vacuo to
the ALD system for subsequent deposition.

The ALD system is a custom-built, hot-wall stainless steel rectangular 20-cm long
chamber, with a reactor volume of 460 cm’.* Ultrahigh purity argon was used as a
purge/carrier gas. TiO; and STO films were grown using titanium tetraisopropoxide, and
strontium bis(triisopropylcyclopentadienyl), with water as the oxidant. The substrates
were maintained at 250 °C throughout the deposition of TiO, and STO. The substrate
temperature was monitored with a reference thermocouple in the ALD chamber that was
previously calibrated against an instrumented wafer. The deposition processes, film
thicknesses, and growth rates of TiO, and STO were described in our previous
studies.***

CoO films were grown on four unit cell MBE-grown STO, on ALD-grown STO,
and on ALD-grown TiO, using cobalt bis(diisopropylacetamidinate). Water was again
used as the oxidant and was maintained at room temperature (26 °C). During CoO
growth, the Co precursor was held at 56 °C, while the substrate was maintained at a

temperature range of 170-180 °C. This low temperature is used to minimize the potential

reaction between CoO and Si due to oxygen diffusion through the four unit cell STO
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layers. Attempts to deposit CoO films at higher ALD temperatures resulted in some
reduced Co species. The water dosing was regulated using an in-line needle valve. Each
cycle of CoO growth consisted of a 2 sec dose of Co, a 10 sec purge of Ar, a 2 sec dose
of H,0O, and a 10 sec purge of Ar.

X-ray reflectivity (XRR) was used to determine the CoO film thicknesses. The
CoO growth rate was found to be 0.04 nm/cycle. The CoO film crystallinity and
orientation were determined by reflection high-energy electron diffraction (RHEED) and
X-ray diffraction (XRD). XRR and XRD were conducted using a Bruker-AXS D8
Advance Powder Diffractometer using a sealed tube Cu Ka radiation source with the
wavelength of 1.5406 A while RHEED was performed using a Staib Instruments RHEED
gun operated at 18 keV energy and 3° grazing incidence. A Vecco Multimode V atomic
force microscope (AFM) was used to image the topography and measure the surface
roughness of the CoO films. Cross-sectional transmission electron microscopy (TEM)
was used to confirm the crystallinity and overall quality of the two stacks CoO/STO/Si
and CoO/Ti0,/STO/Si. The TEM analysis was carried out using an FEI TITAN G2
instrument. The TEM samples were prepared using FEI Helios 400 ML. To avoid the
thermal reduction and amorphization of CoO films, a protecting layer including
amorphous silicon (sputter deposition), carbon (sputter deposition), and platinum (in-situ
e-beam induced deposition) was coated on the surface of CoO films. The TEM lamellae
were treated with a low energy (1-2 keV) Ga’ milling to remove damaged sidewalls,
forming a final TEM sample thickness of about 20 nm. The in-situ VG Scienta R3000
XPS system with a monochromated Al Ka source at 1486.6 eV was used to determine the
stoichiometry and oxidation states of cobalt, and to measure the band alignment of two

heterojunctions CoO/STO and CoO/Ti0,. The absolute energy scale of the analyzer of
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the XPS system is calibrated using a two-point measurement such that the Ag 3ds, core
level is at 368.26 eV and the Fermi edge of Agis at 0.0 eV.

The PEC tests were performed using a three-electrode PEC cell with the three
stacks Ti0,/STO, CoO/STO, and CoO/TiO,/STO on Si(001) substrates as the working
electrode, a Ag/AgCl (saturated KCl) reference electrode, a platinum wire counter
electrode, and 1 M KOH electrolyte (pH=13.5). The working electrode with an exposed
area of 0.205 cm? was illuminated by a solar simulator (Newport, Model 9600, 150 W
xenon lamp) equipped with an AM 1.5 G filter (Newport, Model 81094). The light
intensity was measured as 100 mW/cm? using a thermopile detector with the spectrum
response from 0.19 to 10.6 um (Newport, 818P-020-12). An UV filter that blocks all the
wavelengths shorter than 420 nm was used for visible light experiments. A CHI 660D
electrochemical station was wused for linear sweep voltammetry (I-V) and
chronoamperometry (I-t) measurements.

For the theoretical calculation of the band alignment of a CoO/STO
heterojunction, we use DFT as implemented in the VASP code.”® Local density
approximation, using the Ceperley-Alder data parametrized by Perdew and Zunger,™* is
employed to treat the exchange-correlation energy along with projector augmented wave
pseudopotentials55 to describe Sr, Ti, Co, and O. The valence configurations for these
elements are 4s°4p°5s” for Sr, 3p°3d*4s> for Ti, 3d’4s> for Co, and 25°2p” for O. We use a
cutoff energy of 600 eV for the plane-wave expansion. Each self-consistent electronic
calculation is converged to 10° eV/cell, and the ionic degrees of freedom are fully
relaxed until the forces are less than 10 meV/A. To describe the static electronic
correlation effect in the 3d orbital spaces of the transition metal ions and the local
magnetic moment of Co>", we use local spin density approximation with the Hubbard U

correction (LSDA+U) in the rotationally invariant formalism.’® We apply Uey (=U-J) of
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3.0 eV on the Co 3d " and 4 eV on the Ti 3d orbitals. A Gamma-point centered 4x4x1
Monkhorst-Pack k-point grid is used to sample the Brillouin zone of the CoO/STO (001)
superlattice (dimensions = 7.79 A x 7.79 A x 33.03 A).

6.3. RESULTS AND DISCUSSION

6.3.1. Cobalt oxidation state

The electronic structure of Co causes a characteristic satellite structure in the Co
2p core level,™ depending on the oxidation and even spin states. Figures 6.1a and 6.1b
show the Co 2p and O 1s X-ray photoelectron (XP) spectra of an 8-nm ALD cobalt oxide
film grown on four unit cell STO-buffered Si(001). The binding energies of the main
peaks are at 780.4 eV and 796.5 eV for Co 2p3; and Co 2p,,; levels, respectively, and at
786.7 €V and 803.0 eV for the Co 2p3» and Co 2p),; for satellite peaks, respectively. The
2p binding energy position in conjunction with the very strong satellite at 6 eV higher
binding energy is consistent with Co being in the +2 valence state with high spin.” The
binding energy of O s is at 530.2 eV. The atomic ratio Co:O in the films was found to be
1:1.07 confirming Co is in the +2 valence state. The Co 2p and O 1s spectra of CoO films
grown on thicker ALD STO and on ALD anatase (TiO;) (not shown) were found to be
the same as those of CoO films grown on four unit cell STO-buffered Si(001). In all
cases, there was some residual (<2%) carbon contamination in the as-deposited CoO

films.
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Figure 6.1. Core level Co 2p (a) and O 1s (b) XP spectra of an 8-nm ALD CoO film
grown on four unit cell STO-buffered Si(001).

6.3.2. Crystallinity and roughness of CoO/STO and CoO/TiO; films

Figure 6.2a shows typical RHEED patterns of a four unit cell STO-buffered
Si(001) substrate grown by MBE, indicating that the STO layer is highly crystalline with
a flat surface. The RHEED patterns of a 10-nm TiO; film grown on four unit cell STO
(Figures 6.2b) indicate the TiO, films are crystalline with some roughness, which is
consistent with our previous work.’* Figures 6.2¢ presents the RHEED patterns of a 4-nm
CoO film grown on four unit cell STO indicating good crystallinity of CoO and an in-
plane orientation that is in registry with the underlying STO layer. The RHEED patterns

of CoO on a 10-nm TiO, film in Figure 6.2d shows transmission diffraction features,
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indicating that the CoO film on TiO, is very rough, and appear the same at all azimuthal
directions, indicating that the CoO film on TiO; is not epitaxial. Thicker STO films were
grown on four unit cell STO-buffered Si(001) by ALD using the process described
elsewhere.* CoO films grown on these thicker ALD STO layers also exhibit high
crystallinity (see below), similar to CoO films grown on the four unit cell STO-buffered
Si(001). All RHEED patterns in Figures 2(a-d) were taken along the <100> direction of
STO.

(c) (d)

Figure 6.2. RHEED images of: (a) a four unit cell STO-buffered Si(001) grown by MBE,
(b) a 10-nm ALD-grown TiO; on four unit cell STO-buffered Si(001), (c) a
4-nm ALD-grown CoO on four unit cell STO-buffered Si(001), and (d) a 4-
nm CoO film on a 10-nm ALD-grown TiO; on four unit cell STO-buffered
Si(001). All RHEED patterns were taken along <100> direction of STO.

Surface morphology of the CoO films was analyzed using AFM. The root-mean-
square surface roughness of 8-nm thick CoO films on four unit cell STO (Figure 6.3a), on
thicker ALD STO (10-nm) (not shown), and on ALD TiO, (10-nm) (Figure 6.3b) are

0.92 nm, 1.18 nm, 2.21 nm, respectively. This confirms the RHEED observation that
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CoO films grown by ALD are rough, especially CoO films grown on ALD TiO,,
compared to four unit cell STO layer grown by MBE.
(@ 10.0 nm

~

RMS: 0.92 nm

0.0 ym S.0um 0.0 ym 5.0 ym

Figure 6.3. 2D AFM images of (a) an 8-nm thick ALD-grown CoO on four unit cell
STO-buffered Si(001), and (b) an 8-nm thick ALD-grown CoO on 10-nm
thick ALD-grown TiO; stack layer on four unit cell STO-buffered Si(001).

Figure 6.4a and the inset of Figure 6.4a represent the (6-20) scan and the rocking
curve of a 24-nm thick CoO film on four unit cell STO-buffered Si(001) as-deposited.
The CoO(002) Bragg peak is dominant, appears at 26=42.60°, and corresponds to an out-
of-plane lattice constant of 4.24 A. A very weak CoO(111) Bragg peak appears at
20=36.62°. This confirms the predominantly c-axis orientation of the crystalline CoO
films consistent with rock-salt CoO lattice constant of 4.26 A. The XRD rocking curve
around the (002) Bragg peak shows a full width at half maximum of 2.2°; this relatively
large value is attributed to the lattice mismatch between CoO and Si (11.0%). Figure 6.4c
shows the (8-20) scan of an 8-nm CoO film on a 10 nm ALD STO on four unit cell STO-
buffered Si(001). The CoO(002) Bragg peak also appears at 42.60°, while the STO(001)
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and STO(002) peaks appear at 22.78 and 46.52°, respectively. The epitaxial relationships
of CoO films with the Si substrate were verified by ¢-scans of the {113} reflections of
CoO and the {115} reflections of silicon. The epitaxial alignment was found to be
(001)coo || (001)s10 || (001)s; and (100)co0 || (100)s70 || (110)s;.  This shows that the CoO
layer is aligned with the STO layer, which is rotated by 45° with respect to the silicon
unit cell.*® Figure 6.4b represents the (0-20) scan of a 10-nm thick CoO film on a 10 nm
ALD TiO; (anatase) film. Similarly, the CoO(002) Bragg peak is dominant and appears
at 26=42.60°, with a weak CoO(111) Bragg peak that appears at 26=36.62°, confirming
the predominantly c-axis orientation of the CoO films on TiO,. However, a ¢-scan of
CoO grown on TiO; shows that the CoO film on TiO, is not epitaxial. It is not yet clear
why CoO grows epitaxially on STO but not on TiO,. The larger mismatch of CoO to

TiO, may be a factor.
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Figure 6.4. (a) XRD patterns of a 24-nm thick CoO film on four unit cell STO-buffered
Si(001) and rocking curve pattern (inset) of the CoO(002) Bragg peak at a
fixed 26=42.60°, (b) XRD patterns of a 10-nm thick CoO film on ALD-
grown 10-nm TiO; stack layer on four unit cell STO-buffered Si(001), (c)
XRD patterns of an 8-nm CoO film on a 10-nm ALD STO on four unit cell
STO-buffered Si(001). Note: Si(002) peak was not observed in Figure 6.4c.
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Figure 6.5a shows a cross-sectional Z-contrast high resolution scanning
transmission electron microscopy (STEM) image of a 24-nm CoO film on four unit cell
STO-buffered Si(001), showing little to no amorphous layer at the STO/Si interface and
the high degree of crystallinity of all the deposited layers with very sharp interfaces. The
out-of-plane lattice constant of CoO film was found to be 4.26 A, which is consistent
with the XRD data and bulk value of rock-salt CoO, indicating CoO film is fully relaxed.
TEM analysis also shows that the STO/Si interface is very unstable and is partially
amorphized by the E-beam during the TEM analysis. Figure 6.5b shows a cross-sectional
Z-contrast high resolution STEM image of a 13-nm CoO film on ALD TiO,, confirming
that the crystalline CoO is not epitaxial, but highly oriented. Figure 6.5b also shows that
the CoO films grown by ALD have a rough top surface, which is consistent with the

RHEED images and AFM data.

TiO, (10.8 nm) STO (1.6 nm)

STO (1.6 nm)

Figure 6.5. Cross-sectional STEM images of: (a) a 24-nm CoO film on four unit cell
STO-buffered Si(001) grown by MBE, and (b) 13-nm CoO film on a 10.8
nm ALD-grown TiO; stack layer on four unit cell STO-buffered Si(001).
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6.3.3. Visible light performance for water photooxidation

Figure 6.6 shows linear sweep voltammetry (scan rate of 25 mV/s) under dynamic
light chopping illumination of three stacks TiO2(25 nm)/STO(1.6 nm)/Si(001), CoO(12
nm)/STO(13.6 nm)/Si, and CoO(12 nm)/TiO,(14 nm)/STO(1.6nm)/Si(001). To exclude
the influence of the TiO, layer, the light source was coupled with an ultraviolet filter that
blocks all wavelengths below 420 nm. We did not observe any PEC response for the
Ti0,/STO/Si sample (black curve) as expected since TiO, has a wide band gap (3.2 eV)
and cannot absorb visible light photons. On the other hand, the CoO/STO and
CoO/Ti0,/STO/Si stacks clearly suggest visible light water photooxidation activity (blue
curve and red curve, respectively). XPS was used to check the Co oxidation state of these
three stacks before and after PEC testing. Co 2p XP spectra showed a slight difference of
the area ratio of Co 2p main peaks: Co 2p satellite peaks (2-8%) for these stacks before
and after PEC testing (not shown). This is due to the CoO on the surface reacting with O,
to form a very thin layer of Co304 as the CoO films were exposed to air. It also gives
further indication that the photocurrent observed is due to the water photooxidation
potential, rather than some other photooxidation process. The demonstration of
photocurrent in visible light with CoO/Ti0,(STO)/Si heterostructures is a promising
result, although, the photocurrent density is still quite low (on the order of pA/cm?). We
note that our planar CoO thin films have significantly fewer active sites than
nanostructured TiO, materials for electrocatalysis and, additionally, our films are quite
thin and do not allow for the absorption of a large fraction of the incident photons. We
believe that conformally coating CoO on one dimensional nanostructured TiO, materials
such as nanotubes, nanowires etc., could greatly enhance the visible light water splitting

activity of the materials.
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Figure 6.6. Linear sweep voltammetry (25 mV/s) of CoO(12 nm)/TiO,(14 nm)/STO(1.6
nm)/Si ( red curve), CoO(12 nm)/STO(13.6 nm)/Si (blue curve), and
Ti0,(25 nm)/STO(1.6 nm)/Si (black curve). An UV filter that blocked all
wavelengths <420 nm was used as the light source.

6.3.4. Band offsets of the CoO/STO and CoO/TiO; hererojunctions

6.3.4.1. Experimental measurements

The band alignment of the layers in the entire structure is crucial to understanding
the increased photoactivity of the CoO/STO and CoO/TiO; heterostructures compared to
plain STO or TiO,. To study the band offset of the two heterojunctions, thick STO (16
nm), thick TiO; (12 nm), and thick CoO (14 nm) films were first grown on four unit cell
STO-buffered Si(001) and transferred in vacuo to the XPS chamber. The valence band
XP spectra (Figures 6.7a, 7c, and 7e) were used to determine the valence band maxima
(VBM) for the individual materials by using a linear extrapolation method.®”®' VBM
were found to be 2.93 £0.05, 3.45 £ 0.05, and 1.12 £ 0.05eV for STO, TiO,, and CoO,
respectively. The binding energies were found to be 458.79, 459.49, and 780.82 eV for
STO Ti 2psp, TiO; Ti 2ps35, and CoO Co 2ps), respectively (Figures 6.7b, 7d and 7f). The

Ti 2p3» to VBM separation measured is consistent (a 0.09 eV difference) with the value
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obtained by Chambers e al. for Nb-doped single crystal STO.*> The binding energy
difference between the core levels and the VBMs were used to reference the VBM of
each material in the two heterojunctions CoO/STO and CoO/TiO; to the associated core
level. To determine the binding energy difference between the Ti 2ps,; and Co 2ps); levels
for each of the two heterojunctions CoO/STO and CoO/TiO,, a thin layer of CoO (2.0
nm) was grown on thick ALD STO (14 nm)and TiO, (12 nm) samples. In-situ XPS was
again used to check the binding energy differences. The core level positions and VBM of
individual materials combined with core level differences of heterojunctions were used to
calculate the valence band offset (VBO) as shown in Equations 1 and 2 (VBM of
individual materials and core level binding energies associated with the two equations are
listed in Table 6.1):
AE, (CoO/STO) = (Ece2p - Evem)coo - (Etizp — Evem)sto - (Eco2p- Etizp)coorsto (1)
AE, (CoO/Ti02) = (Eco2p - Evem)coo - (Etizp - Evem)Tioz - (Eco2p- Etizp)coorrioz 2)
The VBOs of the two heterojunctions CoO/STO and CoO/TiO, were determined
tobe 1.21 £0.10 and 1.61 £ 0.10 eV, respectively, with the CoO valence band maximum
higher in energy than the STO or TiO; valence band maximum. Using the experimental
VBOs from this work, the conduction band offsets were calculated according to
Equations 3 and 4:
AE. (CoO/STO) = AE, (CoO/STO) - Egsto) *+ Egco0) 3)
AE. (CoO/Ti0,) = AE, (CoO/TiO3) - Egtio2) + Eg(co0) 4)
where Egist0), Egio2,and Egcoo) are the band gap of STO, TiO,, and CoO films,
respectively. Taking the band gaps for STO, TiO,, and CoO to be 3.22, 3.20, and 2.40
eV, respectively,'”!"” the values for conduction band offsets AE, (CoO/STO) and AE.
(CoO/Ti0Oy) are found to be 0.39 eV £ 0.10 and 0.81 + 0.10 eV, respectively, with the

CoO conduction band minimum higher in energy than the STO or TiO, conduction band
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minimum. Figure 6.8c summarizes the measured band alignment for the two types of

heterojunctions CoO/STO and CoO/TiOs,.

Materials CoO STO TiO, CoO/STO CoO/TiO,
Co 2p3, (eV) 780.82 - - 781.25 781.39
Ti 2ps2 (V) - 458.79 459.49 458.62 459.34
VBM (eV) 1.12 2.93 3.45 - -

Table 6.1. VBMs of pure CoO, STO, TiO, and associated core level binding energies
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Figure 6.7. Valence band XP spectra for STO (a), TiO; (¢), and CoO (e), core level XP
spectra for STO Ti 2p (b), TiO; Ti 2p (d), and CoO Co 2p (f).

6.3.4.2. Theoretical calculations

Density functional calculations using the local spin density approximation with
the Hubbard U correction (LSDA+U) were carried out to determine the valence band
offsets expected from an ideal CoO/STO (001) interface. The CoO overlayer is assumed

to be in the type-II antiferromagnetic state, which is the ground state of CoO bulk
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crystal.’’ We first calculate the valence band offset in the Schottky limit where no
interaction is present between the two oxides to be 1.84 eV, with the CoO valence band
maximum inside the band gap of STO. To calculate the offset at the heterointerface, a
STO/CoO interface with a lateral size of 2x2 unit cells is constructed with the CoO
strained to match STO. Note, the CoO overlayer is strained due to computational
resource limitations. In Figure 6.8a, we plot the constructed heterostructure and
calculated layer-by-layer projected density of states. The states at the top of the valence
band in STO are mainly O 2p states, while they are mainly the Co 3d ¢, states in CoO.
By comparing the valence band maximum position in the bulk-like region of STO and the
bulk-like region of CoO, we calculate the valence band offset to be 1.85 eV, with the
CoO valence band maximum positioned at higher energy. The theoretical result is larger
than the measured value (1.21 eV) which may be a result of the large strain in STO in the
theoretical calculation and the assumption of a defect-free interface. The presence of
defects such as oxygen vacancies have been known to reduce experimentally measured
band offsets from the ideal, theoretical values.”® The actual calculated band offset using
the heterostructure is close to that in the Schottky limit because the charge transfer from
CoO to STO is largely screened by O lattice polarization at the interface.”” In Figure 6.8b,
we show a schematic of the carrier generation, separation, and reaction with water that
occur in the CoO/STO heterostructure. Since the Co #,, states are positioned inside the
band gap of STO, it effectively reduces the band gap of the entire system and allows
absorption of visible light by exciting electrons from the Co ¢, states to the empty Ti 3d
states at the interface. As a result of the band alignment, with the CoO conduction band
being higher in energy than the STO conduction band, the photogenerated electrons are

swept into the STO layer, through the Si substrate (zero conduction band offset to STO®")
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and into the Pt counter electrode to reduce water. The photogenerated holes on the other

hand, can move to the surface of CoO and react with water to form oxygen molecules.
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Figure 6.8. (a) Ball-and-stick model and layer-by-layer projected density of states
(pDOS) of the CoO/STO (001) heterostructure. The STO layer is 4 unit cells
thick and the CoO layer is 3 unit cells thick with a (2x2) in-plane cell size
(dimension = 7.79 A x 7.79 A). The type-II antiferromagnetic phase is
considered for the CoO layer with spin-up (1) Co®" and spin-down (|) Co**
represented with dark-blue and orange balls. (b) Schematic of band
alignment of the Si/STO/CoO (001) heterostructure, generation and
separation of electron-hole pair across the interface, and oxidation and
reduction of water to form oxygen and hydrogen at the surfaces. (c) Band
alignment for two types of heterojunctions CoO/STO and CoO/TiO,
determined experimentally using in-situ high-energy resolution core level
and valance band XPS.
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6.4. SUMMARY

The band alignment of CoO and two widely used photocatalysts TiO, and STO
hold promise of catalytic activity in the visible region of the spectrum. Epitaxial CoO
films were grown on STO-buffered Si(001) and on ALD STO, while highly oriented CoO
films were grown on ALD TiO, by ALD at a temperature range of 170-180 °C. The
crystallinity was determined by RHEED, XRD and TEM. The low temperature was used
to minimize the reaction between CoO and Si due to the oxygen diffusion through four
unit cell STO. The two heterostructures CoO/STO/Si and CoO/TiO,/STO/Si indeed
demonstrate the visible light water photooxidation activity. The band alignment of two
heterostructures CoO/STO and CoO/TiO, was measured using in-situ XPS, and the
electronic structure was calculated using DFT with the assumption of a defect-free
interface. The band alignment clearly suggests a mechanism for visible light water
photooxidationactivity. We believe that conformal deposition of CoO on one dimensional
nanostructured TiO, materials will greatly enhance the visible light water photooxidation

activity of the materials.
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Chapter 7: Atomic layer deposition of CoO on SrTiO;-buffered Si(001),
Si0,/Si, and MgO(001) substrates and methods to form thin magnetic
Co metal films

7.1. INTRODUCTION

Cobalt oxides have a wide range of applications, such as optical sensors, magnetic

detectors, catalytic membranes, photocatalysis, and bateries, etc."® Thin films of cobalt

oxides have been grown on different substrates exhibiting a variety of properties.'®

Cobalt (IT) oxide has a band gap of 2.4 eV, which has been used for visible light driven

for photoelectrochemical water oxidation.” Cobalt spinel, Co3O4, a semiconductor with a

band gap of 1.6 eV has been used for sensing, spintronics, and catalysis applications.'®7

The growth of CoO and Co3;04 have been performed using different growth techniques,

8-10 11,12

such as molecular beam epitaxy (MBE),” " pulsed laser deposition, chemical vapor

deposition (CVD),"* " and atomic layer deposition (ALD).>'*'® Among them, ALD
offers great film uniformity and conformality over large substrates, which are desired for
most of applications. There have been a number of reports on the growth and
characterization of cobalt oxides using ALD.>'®*

Compared to cobalt oxides, cobalt metal is a widely-studied material for
microelectronic and memory applications. Co is well-known to have a good adhesion on
the Cu surface, Co and Co alloys thin films have been studied as a capping layer material
in the back end of line (BEOL) interconects as a Cu electromigration barrier.*" %
Attempts to deposit Co metal on SiO,, carbon-doped oxide, and Cu has been reported by
ALD using bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) and H». The levels of
C and N incorporation into the resultant cobalt thin film becomes problematic when it is

used for BEOL interconnect applications.”>°
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Recently, Co and Co alloys, such as CoFe and CoFeB have been proposed as
potential magnetic materials for the magnetic tunneling junction (MTJ ). A basic MTJ
is composed of two ferromagnetic layers (known as the fixed and free layers) separated
by an ultra-thin insulating tunneling barrier. While magnetic moment orientation of fixed
layer remains unchanged, the magnetic moment orientation of free layer can be switched
during device-functioning. Crystallographic structure, particle size, and texture deeply
effect magnetic properties, such as anisotropy, coercivity, and the magnetization reversal
process. Therefore, the study of magnetic behavior of Co and Co alloys has attracted
considerable attention.”> > Co metal can be used as either the fixed or free layer
depending on its structure and particle size.”>* The deposition of Co and Co alloys thin
films has been performed by both physical vapor deposition®>” and CVD?® techniques.
However, with down-scaling feature sizes of electronic devices thin film uniformity and
conformality become very important. As such, ALD is a very attractive technique for
magnetic films deposition. The advantages of ALD are precise thickness control at the
Angstrom level because the precursors will adsorb and subsequently desorb from the
surface areas where reaction has reached completion to form a monolayer.”” The self-
limiting behavior of ALD also produces very smooth and conformal films to the
underlying substrates.

More recently, the spin-transfer torque random-access memory (STT-RAM)
structure has been proposed.**™ A basic STT-RAM cell is composed of a transistor, an
MT]J, a word line (WL), a bit line (BL), and a source line as shown in Figure 7.1a. STT-
RAM is currently being developed by Everspin, Grandis, Hynix, IBM, Samsung, TDK,
and Toshiba. Figure 7.1b shows a schematic of a STT-RAM cell structure proposed by
NASCENT. There are many challenges in forming a memory element and in connecting

the elements electrically along the close-spaced word line (WL) direction and ultimately
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in the transverse bit line (BL) direction with a magnetic material. Our study is to explore
chemical routes to the growth of Co thin films in the desired BL direction without the
need for subsequent etching to remove excess or undesired material because there will be
difficult to align etch masks once the WLs are formed. Then selective area deposition
becomes one of critical steps for the STT-RAM fabrication. This makes ALD an ideal
technique for fabricating the STT-RAM device.

Since ALD film growth necessarily involves a film nucleation step, it is possible
to engineer the surface energy of the substrate to cause preferential wetting and
nucleation in only desired areas, resulting in area selective ALD. Unlike conventional
photolithography-based fabrication, such a bottom-up patterning approach could
eliminate the need for subsequent etch steps, reducing the cost of fabrication and
overcoming down-scaling limitations in manufacturing devices. This project explored the
first steps toward a sufficiently conductive and magnetic bit line.

(a) (b)

Self-assembled diblock
copolymer

FreeLayer (Co) p
Tunnel Layer (MgO) 4
Pinned Layer (Fe) A

Transistor

Etched film stack
(p-Si, n-Si, Fe, MgO)

Figure 7.1: (a) Basic STT-RAM cell structure (Adapted from Ref. 43), (b) A schematic of
STT-RAM structure proposed by NASCENT.

In Chapter 6 I explored the growth of CoO as a thin film for photocatalytic water

splitting.” CoO films were grown on four unit cell MBE-grown SrTiO; using cobalt

bis(diisopropylamidinate) and water. During CoO growth, the Co precursor and water
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were held at 56 and 26 °C, respectively, while the substrate was maintained at a
temperature range of 170—180 °C. This low temperature is used to minimize the potential
reaction between CoO and Si due to the oxygen diffusion through four unit cell SrTiO;.
Attempts to deposit CoO films at higher ALD temperatures resulted in some reduced Co
species.’

In this study, we report the deposition of CoO on SrTiOs-buffered Si(001),
Si0,/Si, and single crystal MgO(001) substrates at a temperature range of 170-270 °C by
ALD using bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) and water as co-
reactants. Growth at temperatures above 305 °C results in C-incorporated Co films. In
situ x-ray photoelectron spectroscopy (XPS) is used to determine the oxidation state of
cobalt and film stoichiometry. Reflection high energy electron diffraction (RHEED) is
used to determine crystallinity and film structure. While the CoO thin films grown on
Si0,/Si are polycrystalline, the CoO thin films grown on SrTiOs-bufered Si(001) and
single crystal MgO(001) substrates are crystalline and epitaxial. Our study also shows
that poly(trimethylsilylstyrene) deposited on MgO by spin-coating inhibits the nucleation
of CoO. This suggests anarea selective deposition of CoO may be possible for fabricating
the STT-RAM structure. The transformation of CoO to Co304 is also presented in this
report. We demonstrate the reduction of CoO forming carbon-free Co metal by using Al
and Sr metals to scavenge oxygen from CoO. Scanning superconducting quantum
interference device (SQUID) is used to determine the magnetization and magnetic

coercivity of the resultant cobalt thin films.
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7.2. EXPERIMENTAL

Four-inch wafers of SiO,/Si were prepared by a thermal oxidation method. The
0.5 mm-thick wafers were then cut into 20 x 20 mm® pieces. MgO (001) substrates 10
mm X 10 mm x 0.5 mm are commercially available from MTI corporation. The
substrates were ultrasonically cleaned with acetone, isopropyl alcohol, and deionized
water for 5 min each, followed by UV/ozone treatment for 15 min to remove residual
carbon contamination. The substrates were loaded into the system and vacuum annealed
at a temperature of 650 °C and pressures lower than 1x10™ Torr for 30 min. The SrTiO;-
buffered Si(001) substrates were prepared by MBE.* The substrates were then in-situ
transferred to the ALD chamber for CoO deposition. The ALD system is a custom-built,
hot-wall stainless steel rectangular 20-cm long chamber, with a reactor volume of 460
cm’. Ultrahigh purity argon was used as a purge/carrier gas. The substrate temperature
was monitored with a reference thermocouple in the ALD chamber that was previously
calibrated against an instrumented wafer.

Bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) and water were used as
co-reactants for the ALD growth. During CoO growth, the Co precursor and water were
held at 80 °C and room temperature (26 °C), respectively, while the substrate was
maintained at a temperature range of 170-270 °C. The water dosing was regulated using
an in-line needle valve. Each cycle of CoO growth consisted of a 2 sec dose of Co, a 10
sec purge of Ar, a 2 sec dose of H,O, and a 10 sec purge of Ar. The deposition of Sr and
Al metals was performed in a customized DCA 600 MBE system with a base pressure of
5x10” Torr.™

X-ray reflectivity (XRR) was used to determine the CoO film thicknesses and
growth rate. The growth rate of CoO was found to be 0.03 nm/cycle on SrTiOs-buffered
Si(001), Si0,/Si and MgO(001) substrates. The CoO film crystallinity and orientation
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were determined by RHEED. XRR was conducted by a Panalytical X’PERT Pro
diffractometer using a sealed tube Cu Ka radiation source (A ~ 1.5406 A) operating at 40
kV and 30 mA. RHEED was performed using a Staib Instruments RHEED gun operated
at 18 keV energy and 3° grazing incidence. The in-situ VG Scienta R3000 XPS system
with a monochromated Al Ko source at 1486.6 eV was used to determine film
stoichiometry and composition, and the oxidation states of cobalt. The absolute energy
scale of the analyzer of the XPS system is calibrated using a two-point measurement such

that the Ag 3ds), core level is at 368.26 eV and the Fermi edge of Ag is at 0.0 eV.

7.3. RESULTS AND DISCUSSION

7.3.1. Growth of CoO on amorphous SiO,/Si and single crystal MgO(001) substrates

Figure 7.2a shows the Co 2p x-ray photoelectron (XP) spectra of 3-nm-thick CoO
films grown on SiO, (red color) and on MgO(001) (blue color) at a temperature of 180
°C. All XPS peak positions were shifted by taking the CoO O 1s elemental peak to be at
530 eV. The binding energies of the main peaks are at 780.5 eV and 796.5 eV for Co
2psp and Co 2pyp; levels, respectively, and at 786.4 eV and 803.0 eV for the Co 2ps,, and
Co 2py), for satellite peaks, respectively. The 2p binding energy position in conjunction
with the very strong satellite at ~ 6 eV higher binding energy is consistent with Co being
in the +2 valence state with high spin.*’ Figures 7.2b and 7.2¢ show RHEED images of
CoO thin films grown on SiO, and MgO(001) substrates, respectively. The centered-ring
patterns (as shown in Fig. 7.2b) indicate that the CoO thin films grown on SiO; have
polycrystalline microstructure. The RHEED images in Fig. 7.2¢ show clear dotty streaks,

which means that the CoO films grown on single crystal MgO(001) are epitaxial with the
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underlying substrate and have some surface roughness. The growth rate of CoO was

found to be ~ 0.3 A/cycle on both Si0,/Si and MgO(001) substrates.
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Figure 7.2: Co 2p XP-spectra of 3-nm-thick CoO films on SiO,/Si and MgO(001)
substrates grown by ALD at ~ 180 °C [Fig. 7.2a (red color) and Fig. 7.2b
(blue color), respectively]. RHEED images of a 3-nm-thick CoO film grown
on Si0; (Fig. 7.2b) and a 15-nm-thick CoO film grown on MgO(001) (Fig.
7.2¢).

The formation of CoO films on four unit cell SrTiOs-bufferd Si(001) was
observed in a temperature range of 170-190 °C in our previous study.’ The formation of
CoO films on MgO(001) is observed in a wider temperature range of 170-270 °C in this
study. In the growth of CoO on SrTiOs-buffered Si(001), CoO reacts with Si due to the O
diffusion through four unit cell of SrTiOs, while there is no reaction between MgO and
CoO in the CoO growth on MgO(001). At temperatures higher than 305 °C, cobalt metal
formation was observed instead of CoO. We note the growth above 270 °C may not be a

true ALD process. Figure 7.3(a) displays Co 2p XP-spectra of 200 cycles of CoO films

grown at temperatures of 270 (black color), 305 (red color), and 345 °C (blue color).
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While the film grown at 270 °C still shows the presence of CoO, the films grown at 305
and 345 °C show the presence of Co metal. However, there is ~ 31 % of carbon
incorporated into the 305 and 345 °C cobalt films as estimated using XPS (Fig. 7.4). The
C 1s XPS intensity remains the same after a 15 min vacuum anneal at 500 °C (Fig. 7.4a).
This is different from the residual C (<2%) detected on the surface of as-deposited CoO
films, which disappears after a slight vacuum anneal. Carbon incorporation into Co films
has also been reported using the same precursor (bis(N-tert butyl, N’-
ethylpropionamidinato) cobalt (II)) and hydrogen as a reducing agent.”>® Figures 7.3b
and 7.3c represent RHEED images of Co metal grown on MgO(001) substrate at 345 and
305 °C, respectively. The ring centered-patterns shown in Figs. 7.3b and 7.3¢ indicate
that the thin Co films grown at 305 and 345 °C are polycrystalline on MgO(001).
However, the spotty patterns are in well-ordered meaning that the Co films have a certain

orientation preference.
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Figure 7.3: (a) Co 2p XP-spectra of 200 cycles of CoO films on single crystal MgO(001)
substrates grown by ALD at ~ 270 (black color), 305 (red color), and 345 °C
(blue color). (b) and (¢) RHEED images of 200 cycles of CoO films on
MgO(001) grown by ALD at 345 and 305 °C, respectively.
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Figure 7.4: (a) C 1s XP-spectra of a 200 ALD cycles of CoO film on MgO(001) grown at
345 °C as-deposited (red color) and after a 15 min vacuum anneal at 500 °C
(blue color). (b) C 1s XP-spectra of an as-deposited 200 ALD cycles of CoO
film on MgO(001) grown at 305 °C.

In addition to the growth of CoO on SiO,/Si and MgO substrates, the deposition
of CoO was explored on poly(trimethylsilylstyrene) at 180 °C using ALD was also
performed in this study. A 50-nm-thick poly(trimethylsilylstyrene) was deposited (by the
Willson group) on amorphous MgO/SiO,/Si by spin-coating. The sample was ex-situ
transferred to the ALD chamber for the deposition of 300 cycles of CoO. There was no

detectable Co 2p or O 1s XP-spectra after 300 ALD cycles of CoO (Fig. 7.5). This

indicates that poly(trimethylsilylstyrene) inhibits the nucleation of CoO. The result could
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enable the selective area ALD of CoO on STT-RAM structure at mild conditions in

future work.
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Figure 7.5: (a) Co 2p and (b) O 1s XP-spectra after 300 ALD cycles of CoO film on 50-
nm-thick poly(trimethylsilylstyrene) on amorphous MgO/Si10,/Si.

7.3.2. Transformation of CoO to Co spinel, Co3;04

The CoO was found to oxidize to form Co3O4 in air upon being exposed to
mercury ultraviolet (Hg UV) light with a wavelength of ~ 200 nm for 30 min. The red
color in Fig. 7.6a represents the Co 2p XP-spectra of a 4.5-nm-thick CoO film grown on
MgO(001) substrate at 180 °C. The as-deposited CoO film was unloaded from the ultra-
high vacuum and exposed to the Hg UV light for 30 min at room temperature. The film

was reloaded into the analysis system. XPS and RHEED were used to re-characterize the
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film after exposing it to the Hg UV light. Figure 7.6a shows Co 2p XP-spectra of the film
before (red color) and after exposing it to the Hg UV light (blue color). Co 2p XP-
spectrum shows characteristic strongly suppressed shake-up satellite peaks at 786.4 eV
and 803.0 eV as compared to CoO.*® Figure 7.6b confirms the crystalline quality of the
4.5-nm-thick CoO film grown on MgO(001) with bright streaks along with clear Kikuchi
lines. After exposing the CoO film to Hg UV light, extra streaks appear in between the
original CoO streaks (Fig. 7.6¢) indicating the in-plane lattice constant of new cobalt
oxide structure is twice as the CoO in-plane lattice constant. This is consistent with the
Co spinel XPS data and consistent with the lattice constant of both CoO and C030,.*"**

The formation of epitaxial Co3;O4 from epitaxial CoO films should motivate further

studies on Co30,4 for magnetic and catalytic applications.
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Figure 7.6: (a) Co 2p XP-spectra of a 4.5-nm-thick as-deposited CoO film on MgO(001)
substrate grown by ALD at 180 °C (red color) and the CoO film after
exposing to Hg UV light for 30 min at room temperature (blue color). The
Co 2p XP-spectrum shows characteristic strongly suppressed shake-up
satellite peaks at 6 eV and +22 eV as compared to CoO indicating the
formation of Co304. (b) and (c) are RHEED images of the as-deposited CoO
and after exposing to Hg UV light for 30 min at room temperature,
respectively.
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7.3.3. Transformation of CoO to Co metal and magnetization of Co films

Our previous study’ showed that CoO films grow epitaxially on SrTiOs-buffered
Si(001) at a temperatures from 170—-190 °C using ALD. The as-deposited CoO films have
some residual carbon contamination (<2%), which disappears after a slight vacuum
anneal. During the vacuum anneal, the heterostructure CoO/SrTiO; (1.6 nm)/Si also
produced Co metal species due to the reaction between CoO and Si. We surmised oxygen
diffuses through 1.6 nm SrTiO; and reacts with Si to form Co and Si0,.} Figure 7.7a
shows Co 2p XP-spectra of a 4-nm-thick CoO film grown on four unit cell SrTiOs-
buffered Si(001) as-deposited (red color), after a 30 min vacuum anneal at 500 °C (green
color), and after an additional 30 min vacuum anneal at 550 °C (black color). The
formation of Co metal after the vacuum anneals was observed by the appearance of the
Co 2p metal peaks at ~ 778 eV. Figures 7.7b and 7.7c show Si 2p and O 1s XP-spectra,
respectively, of the same CoO film as-deposited and throughout the annealing process.
Significant increases in the Si 2p oxide peak at the biding energy of ~ 103.5 eV and the
appearance of another O 1s peak at the biding energy of 533 eV after the vacuum anneals
are consistent with the appearance of Co metal peak. These demonstrate the reaction
between Si, which is acting as a stong oxygen-gettering substrate, and CoO to form SiOy

and Co metal.
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Figure 7.7: (a) Co 2p, (b) Si 2p, and (c) O 1s XP-spectra of a 4-nm-thick CoO film grown
on four unit cell SrTiOs-buffered Si(001) as-deposited (red color), after a 30
min vacuum anneal at 500 °C (green color), and after an additional 30 min
vacuum anneal at 550 °C (black color).
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To better understand the reaction between Si and CoO, thicker SrTiO; (~ 15 nm)
on Si(001) was grown by MBE. Another 4-nm-thick CoO film was grown by ALD on top
of it. The CoO/SrTiO3(~15 nm)/Si(001) heterostructure was in vacuo transferred to an
annealing chamber. After 30 min vacuum anneal at 500 °C, there was a very small
feature of Co metal in the Co 2p XP-spectrum. An additional 90 min vacuum anneal at
600 °C was performed on the heterostructure and Co 2p XP-spectrum remain unchanged
(Fig. 7.8a). The small increase in the O 1s XP-spectra as shown in Fig. 7.8b after vacuum
anneals is consistent with the appearance of the small feature of Co metal. The results
suggest that a ~ 15-nm-thick SrTiO; is a good O diffusion barrier. This study
demonstrates that CoO is thermally unstable only if there is a sink that is readily available
for the O.

Based on this observation, we develop a chemical method to form C-free Co films
by reducing ALD-grown CoO films. We cap the CoO with metals that have a high
affinity for oxidation, such as Al and Sr, and will form a capping oxide on the Co storage

layer.
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Figure 7.8: (a) Co 2p and (b) O 1s XP-spectra of a 4-nm-thick CoO film grown on ~ 15-
nm-thick SrTiOs-buffered Si(001) as-deposited (red color), after a 30 min
vacuum anneal at 500 °C (green color), and after an additional 30 min
vacuum anneal at 550 °C (black color).

Figure 7.9a shows Co 2p XP-spectrum of an as-deposited 3-nm-thick CoO grown
on SiO; substrate by ALD at 180 °C (red color). The as-deposited film was transferred in
vacuo to the annealing chamber and vacuum-annealed at 500 °C for 30 min. Co 2p XP-
spectrum of the CoO film after vacuum-annealing (blue color) is roughly coincident with
that of as-deposited CoO film, indicating that CoO/SiO; is thermally stable in vacuum at
500 °C and is consistent with the preceding results. The sample was then in-situ

transferred to the MBE chamber where a 3-nm-thick of Sr metal was deposited on it at
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the substrate temperature of 200 °C. Co 2p XP-spectrum (green color) shows the
appearance of Co metal species at the binding energy of 778 eV. This suggests that the Sr
reacts with CoO to form SrO and Co. The heterostructure was vacuum-annealed at 500
°C for 30 min. Only the Co metal peak with higher intensity for the Co 2p XP-spectrum
(black color) is observed meaning that more Sr reacts with CoO forming more SrO and

Co. At 500 °C, SrO starts evaporating‘“’42

and that is why the intensity of Co 2p peak
becomes higher after the vacuum anneal. The reaction between Sr and CoO is also
demonstrated by the Sr 3d XP-spectra as shown in Fig. 7.9b. The broad Sr peak [Fig.
7.9b (green color)] of the as-deposited Sr on CoO/Si0,/Si indicates the presence of a
mixture of Sr and SrO. After the vacuum anneal, the Sr 3d XPS peak becomes narrower
and appears at the binding energy at ~ 134 eV for Sr 3ds,, indicating more SrO formed
via the reaction between Sr and CoO. This demonstrates a method to reduce CoO
forming Co using Sr as an oxygen scavenger. The SrO formed could then be removed by

annealing the heterostructure in vacuum at high temperature.**~°
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Figure 7.9: (a) Co 2p XP-spectra of: an as-deposited 3-nm-thick CoO film on SiO; grown
by ALD at 180 °C (red color), the CoO film after a 30 min vacuum anneal at
500 °C (blue color), the CoO film after a deposition of 3-nm-thick Sr on it
(green color), and the Sr/CoO/Si0,/Si heterostructure after a 30 min vacuum
anneal at 500 °C. (b) Sr 3d XP-spectra of the Sr/CoO/S10,/Si1
heterostructure as-deposited (green color) and after a 30 min vacuum anneal
at 500 °C (black color).

Likewise, Al metal can be used as another scavenger to reduce CoO forming Co.
Figure 7.10a again represents the Co 2p XP-spectra of a 3-nm-thick CoO on SiO; grown
by ALD at 180 °C. A 3-nm-thick Al metal was deposited on it at 200 °C using MBE. The

blue color in Fig. 7.10a shows that Co formation is observed after the deposition of Al

metal. The result demonstrates that Al reacts with CoO at a temperature of 200 °C. A 30
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min vacuum anneal at 500 °C is also performed for the heterostructure. The green color
in Fig. 7.10a is roughly coincident with the blue color, which means that majority of CoO
reacts with Al before the vacuum anneal. This is also confirmed by the Al 2p XS-spectra
in Fig. 7.10b. The small feature at a binding energy of ~ 73 eV is for Al metal, while the
bigger feature at a binding energy of 75.5 eV is for Al,O3.”' After the vacuum anneal,
there is more Al,O3 and less Al metal formed in the heterostructures. Unlike SrO, Al,O;
is very stable. For some applications, the presence of Al,O3; may be undesired and the use

of Sr might be preferred.
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Figure 7.10: (a) Co 2p XP-spectra of: an as-deposited 3-nm-thick CoO film on SiO,
grown by ALD at 180 °C (red color), after a deposition of 3-nm-thick Sr on
the CoO/Si10; (blue color), and the Sr/Co0O/Si0,/Si heterostructure after a 30
min vacuum anneal at 500 °C. (b) Al 2p XP-spectra of the Al/CoO/Si0,/Si

heterostructure as-deposited (blue color) and after a 30 min vacuum anneal
at 500 °C (green color).

Magnetic properties of the Co metal films were measured using a Quantum
Design SQUID magnetometer. The magnetization as a function of applied magnetic field
was measured at 300K. Figure 7.11 shows the magnetization for both SrO/Co/SiO,/Si

and Al,O3/Co/S10,/Si heterostructures at room temperature. The hysteresis loops of
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magnetization are observed with the direction of applied magnetic field showing
ferromagnetic behavior at room temperature for both heterostructures. Interestingly, a
magnetic coercivity for the SrO/Co/Si0,/Si heterostructure was found to be ~ 250 Oe
(Fig. 7.11a), while the one for Al,O3/Co0/S10,/Si was found to be ~ 30 Oe (Fig. 7.11b),
which is 89 times lower. Further study is on-going into what leads to the different

coercivity between the two heterostructures.
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Figure 7.11: Magnetization of: (a) SrO/Co/SiO,/Si and Al,03/Co/S10,/Si heterostructures
as a function of applied magnetic field measure at 300K. The sample size of
10x5x0.5 mm® was used for the measurement. The applied magnetic field
was parallel to the substrates.

The use of Sr metal as a O scavenger is also explored for the epitaxial

heterostructure CoO/MgO(001). Figure 7.12 presents the Co 2p XP-spectra of CoO films
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with different thicknesses (3 and 15 nm) grown on MgO(001) as-deposited (red color),
after a 3-nm-thick Sr deposition (blue color), and after a 30 min vacuum anneal at 500 °C
of heterostructures (green color). The deposition of Sr metal was also performed in the
MBE chamber at a substrate temperature of 200 °C. As shown by blue color on both
Figs. (Figs. 7.12a and 7.12b), the reaction between Sr and CoO is observed as the Sr layer
deposited on CoO at 200 °C (indicated by the appearance of a peak at a binding energy of
~ 778 eV in the Co 2p XPS). Figure 7.12a shows a complete reduction of 3-nm CoO to
SrO/Co/MgO (green color) after the vacuum anneal, while Fig. 7.12b shows an
incomplete reduction of 15-nm CoO to SrO/Co/CoO/MgO (green color) after the vacuum
anneal. Figure 7.13 displays the magnetization of the two heterostructures as a function
of magnetic field applied. The SrO/Co/MgO shows the coercivity of ~ 250 Oe, which is
consistent with the Co formed on SiO, as discussed above. However, the
SrO/Co/CoO/MgO shows the coercivity of ~1,000 Oe. The presence of CoO layer or

differences of Co microstructure may effect the coercivity is under current investigation.
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Figure 7.12: (a) Co 2p XP-spectra of: a 3-nm-thick CoO on MgO(001) grown by ALD at
180 °C (red color), after a deposition of a 3-nm-thick Sr on top of the 3-nm
CoO (blue color), and after a 30 min vacuum anneal of the
St/CoO/MgO(001) heterostructures at 500 °C. (b) Co 2p XP-spectra of: a
15-nm-thick CoO on MgO(001) grown by ALD at 180 °C (red color), after
a deposition of a 3-nm-thick Sr on top of the 15-nm CoO (blue color), and
after a 30 min vacuum anneal of the Sr/CoO/MgO(001) heterostructures at

500 °C.
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Figure 7.13: Magnetization of: SrO/Co/MgO(001) (blue color), and
SrO/Co/CoO/MgO(001) (red color) heterostructures as a function of applied
magnetic field measured at 300K. The sample size of 10x5x0.5 mm’ was

used for the measurement. The magnetic field was applied parallel to the
substrates.

7.4. SUMMARY

We show the growth of CoO on SiO,/Si and MgO(001) substrates by ALD in a
temperature range of 170-270 °C. While the CoO films grown on SiO,/Si are
polycrystalline, the CoO films grown on single crystal substrate MgO(001) are crystalline
and epitaxial. Attempts to grow CoO at temperatures higher than 305 °C result in ~ 31 %
C-incorporated Co films. The transformation of CoO to spinel Co3;04 is observed by
exposing CoO films to Hg UV light at room temperature for 30 min. We demonstrate the
reduction of CoO forming carbon-free Co metal using Al and Sr metals to scavenge
oxygen from CoO. The room temperature ferromagnetic behavior of the resultant Co
films is observed. However, further studies are needed to explore the change in coercivity
of the Co films and the ability to control it. We will also perform further study on the

reduction of CoO by thermal reducing in the presence of carbon monoxide and hydrogen.
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Chapter 8: Research Summary

8.1. CONCLUSION

Lanthanum aluminate (LAO) films were grown epitaxially on Si(001) by atomic
layer deposition (ALD) using a buffer layer of strontium titanate (STO) grown by
molecular beam epitaxy. The ALD growth of LAO was done at 250 °C by using
tris(N,N’-diisopropylformamidinate)-lanthanum, trimethylaluminum, and water as co-
reactants. Reflection high-energy electron diffraction, X-ray diffraction and transmission
electron microscopy were used to determine film crystallinity. The as-deposited LAO
films were amorphous and became crystalline after vacuum annealing at 600 °C for 2 h.
In-situ X-ray photoelectron spectroscopy (XPS) was used to characterize the
LAO/STO/Si interfaces at various stages throughout the growth and annealing process.
XPS analysis showed minimal Si-O bonding at the STO/Si interface after the ALD
process and after post-deposition annealing at 600 °C for 2 h. The results demonstrate a
method to integrate epitaxial LAO films on Si(001) substrates by ALD.

Crystalline lanthanum aluminate (LAO) films were grown epitaxially on
StrTiO3(001) and on Si(001) with a buffer layer of four unit cells of SrTiOs by atomic
layer deposition. The SrTiO; buffer layer was grown by molecular beam epitaxy.
Tris(N,N’-diisopropylformamidinate)-lanthanum, trimethylaluminum, and water as co-
reactants were employed at 250 °C for atomic layer deposition. Films were characterized
using ex-situ reflection high-energy electron diffraction, X-ray diffraction and in-situ X-
ray photoelectron spectroscopy. The as-deposited LAO films were amorphous. Different
annealing conditions were necessary to realize crystalline films because of different
degrees of tensile strain between crystalline LAO and the SrTiO; or the Si(001) substrate.
When grown on SrTiO3(001), with a lattice mismatch of 2.9%, annealing temperatures of

750 °C for 2 h were necessary. Crystalline films were realized at 600 °C under vacuum at
134



2 h for SrTiOs-buffered Si(001), with a lattice mismatch of 1.3%. By keeping the
annealing temperature relatively low (2 h at 600 °C under vacuum), the interfacial
amorphous layer at the STO/Si interface was minimized to about one monolayer and an
abrupt interface between SrTiO; and LAO was maintained.

Atomic layer deposition (ALD) of epitaxial c-axis oriented BaTiO; (BTO) on
Si(001) using a thin (1.6 nm) buffer layer of SrTiO; (STO) grown by molecular beam
epitaxy is reported. The ALD growth of crystalline BTO films at 225 °C used barium
bis(triisopropylcyclopentadienyl), titanium tetraisopropoxide, and water as co-reactants.
X-ray diffraction (XRD) reveals a high degree of crystallinity and c-axis orientation of
as-deposited BTO films. Crystallinity is improved after vacuum annealing at 600 °C.
Two-dimensional XRD confirms the tetragonal structure and orientation of 7-20-nm thick
films. The effect of the annealing process on the BTO structure is discussed. A clean
STO/Si interface is found using in-situ X-ray photoelectron spectroscopy and confirmed
by cross-sectional scanning transmission electron microscopy. The capacitance-voltage
characteristics of 7-20 nm-thick BTO films are examined, and show an effective
dielectric constant of ~660 for the heterostructure.

We report the formation of a quasi-two-dimensional electron gas (2-DEQG) at the
interface of y-Al,O3/TiO,-terminated SrTiO; (STO) grown by atomic layer deposition
(ALD). The ALD growth of Al,O3 on STO(001) single crystal substrates was performed
at temperatures in the range of 200-345 °C. Trimethylaluminum and water were used as
co-reactants. /n situ reflection high energy electron diffraction, ex situ x-ray diffraction,
and ex situ cross-sectional transmission electron microscopy were used to determine the
crystallinity of the Al,Os3 films. As-deposited Al,Os films grown above 300 °C were
crystalline with the y-Al,Os phase. In situ x-ray photoelectron spectroscopy was used to

characterize the Al,O3/STO interface, indicating that a Ti** feature in the Ti 2p spectrum
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of STO was formed after 2-3 ALD cycles of Al,Os at 345 °C and even after the exposure
to trimethylaluminum alone at 300 and 345 °C. The interface quasi-2-DEG exhibits
moderately high mobility, with measured values of ~ 30 and 3,000 cm*V's™ at room
temperature and 15 K, respectively. The interfacial conductivity depended on the
thickness of the Al,Os layer. The Ti’* signal originated from the near interfacial region
and vanished after annealing in an oxygen environment.

Cobalt oxide (CoO) films are grown epitaxially on Si(001) by atomic layer
deposition (ALD) using a thin (1.6 nm) buffer layer of strontium titanate (STO) grown by
molecular beam epitaxy. The ALD growth of CoO films is done at low temperature (170-
180 °C), using cobalt bis(diisopropylacetamidinate) and water as co-reactants. Reflection
high-energy electron diffraction, X-ray diffraction, and cross-sectional scanning
transmission electron microscopy are performed to characterize the crystalline structure
of the films. The CoO films are found to be crystalline as-deposited even at the low
growth temperature with no evidence of Co diffusion into Si. The STO-buffered Si (001)
is used as a template for ALD growth of relatively thicker epitaxial STO and TiO; films.
Epitaxial and polycrystalline CoO films are then grown by ALD on the STO and TiO;
layers, respectively, creating thin-film heterostructures for photoelectrochemical (PEC)
testing. Both types of heterostructures, CoO/STO/Si and CoO/Ti0,/STO/Si, demonstrate
water photooxidation activity under visible light illumination. /n-situ X-ray photoelectron
spectroscopy is used to measure the band alignment of the two heterojunctions,
CoO/STO and CoO/TiO,. The experimental band alignment is compared to electronic
structure calculations using density functional theory.

We show the growth of CoO on SiO,/Si and MgO(001) substrates by ALD in a
temperature range of 170-270 °C. Reflection high-energy electron diffraction is used to

determine crystallinity and surface morphology of the films growth. While the CoO films
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grown on SiO,/Si are poly-crystalline, the CoO films grown on single crystal substrate
MgO(001) are crystalline and epitaxial. Attempts to grow CoO at temperatures higher
than 305 °C result in ~ 31 % C-incorporated Co films. Polytrimethylsilylstyrene inhibits
the nucleation of CoO on MgO, enabling selective area ALD on the proposed spin-
transfer torque random access memory structure. The transformation of CoO to spinel
Co304 is observed by exposing CoO films to Hg UV light at room temperature for 30
min. We demonstrate the reduction of CoO forming carbon-free Co metal using Al and
Sr metals to scavenge oxygen from CoO. The room temperature ferromagnetic behavior
of the resultant Co films is observed. The magnetic coercivity of the resultant Co films
varies from 30 to 1000 Oe depending on the method of reducing CoO. However, further
studies are needed to explore the change in coercivity of the Co films and the ability to

control it.

8.2. RECOMMENDATION FOR FUTURE WORK

The successful integration of c-axis orientation BaTiOs; on SrTiOs-buffered
Si(001) demonstrates potential for integrating epitaxial oxides on Si(001) for use as a
ferroelectric field effect transistor (FeFET). BaTiOs can also be integrated epitaxially on
Ge(001), which will allow for the fabrication of the FeFET by an all chemical route. A
graduate study in the Ekerdt group is researching the fabrication of FeFETs.

To continue exploring the two-dimensional electron gas (2DEG), different
material systems, such as LaTiOs3/SrTiO; and Eu-doped SrTiOs/LaAlO; will be studied.
A better understanding of 2DEG mechanisms is necessary to further support which

mechanism for 2DEG formation is most probable. If oxygen vacancies are majority
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carriers in the case of amorphous oxides/SrTiOs3;, why the SrTiO3 termination matters is
still questionable.

For magnetic Co thin film work, the investigation of resultant cobalt film
microstructure is being studied using x-ray diffraction to understand the correlation
between structure and/or crystalline size of Co and magnetic property. This will give us
ability to control the magnetic property of Co. Thermal reduction of CoO is also being
studied using carbon monoxide and hydrogen. Selective area ALD of CoO will be further
explored to enable selective deposition of CoO on spin-transfer torque random access
memory structure. Additional ferromagnetic materials, such as Fe, Ni and alloys will also

be studied in this research.
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