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Monolithic Integration of Functional Perovskite Structures on Si

Miri Choi, Ph.D.

The University of Texas at Austin, 2014

Supervisors: Alexander A. Demkov and Chih-Kang Shih

Functional crystalline oxides with perovskite structure have a wide range of
electrical properties such as ferroelectric, ferromagnetic, and superconductive, as well as
unique properties that make them suited for a wide variety of applications including
electro-optics, high-k dielectrics, and catalysis. Therefore, in order to realize the potential
of perovskite oxides it is desirable to integrate them with semiconductors. Due to the high
surface energy of oxides compared to that of semiconductors and the low number of
oxides that are thermodynamically stable against SiO, formation, it has been extremely
difficult to integrate epitaxial oxides with Si directly. However, in 1998, McKee and co-
workers finally succeeded in depositing SrTiO; on Si directly using a Sr template via
molecular beam epitaxy. This breakthrough opened the possibility of integrating the
perovskite oxides with Si to realize potential device applications.

In this dissertation, alkaline earth metal (Sr and Ba) templates on semiconductors,
which enable epitaxial growth of complex oxides on semiconductors, are investigated
using molecular beam epitaxy (MBE) for growth and in-situ X-ray/ultraviolet
photoemission spectroscopy (XPS/UPS) for the electronic structure analysis. An epitaxial
layer of SrTiO; on Si using such alkaline earth templates is used as a pseudo-substrate for

the integration of perovskite oxides on Si. Through the use of post-deposition annealing
viil



as a function of oxygen pressure and annealing time, the strain relaxation behavior of
epitaxial SrTiOs; films grown on Si is also investigated to determine how the SiO,
interlayer thickness affects the SrTiO; lattice constant. This ability to control strain
relaxation can be used as a way to manipulate the properties of other perovskite oxides
grown on SrTiOs/Si. Additionally, SrTiOs can be made conductive by doping with La.
Conductive SrTiO; can be used as a thermoelectric, a transparent conductive layer, and a
quantum metal layer in a quantum metal field-effect transistor (QMFET). The structural,
electrical, and optical properties of strained conductive La-doped SrTiO; are studied in
order to understand the relation between elastic strain and electrical properties for
electronic device applications.

Oxide quantum well systems based on LaAlOs/SrTiO; are also investigated using
spectroscopic ellipsometry to understand how the quantum well layer structure affects the
electronic structure. Such quantum well systems are good candidates for the monolithic
integration of functional perovskites on semiconductors. Oxides quantum wells can be
used in various device applications such as in quantum well cascade lasers, laser diodes
and high performance transistors.

As part of the growth optimization for high quality complex oxide
heterostructures, the surface preparation of SrTiOs; substrates using several different
methods was also extensively studied using angle-resolved photoemission spectroscopy
(ARPES). We found that acid-free water-based surface preparation is actually more
effective at removing SrOy crystallites and leaving the surface TiO,-terminated compared

to the more commonly used acid-based methods.
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Figure 7.8

Figure 7.9

Sections of SrTiO; slabs corresponding to several of the systems studied
using DFT calculations of the surface electronic structure. All slabs are
(1x1). (a) A TiO,-terminated slab with one O replaced by F. (b) Same
as (a) with the addition of a H bonded to Ti. (c) A TiO,-terminated slab
with a single hydroxyl group. (d) Same as (c) with a H bonded to Ti.

(e) A fully hydrogenated slab with two hydroxyl groups, and a H bonded
O T ettt 118
(a-g) DFT calculations of the surface electronic structure for SrO-and
Ti0O,-terminated slabs as well as slabs shown in Figure 7.8(a-¢)
respectively. DFT calculations predict a pronounced, dispersing
surface state about 980 meV above the valence band states that roughly
follows the dispersion of the STO bulk bands which is not present in the
case of an SrO-terminated slab. Because of the dispersing nature of the
surface state in (b), it is unlikely the origin of the mid-gap state
discussed in Figure 7.7, despite the TiO,-termination that results from
the Arkansas preparation. As seen in (d) and (f), a likely explanation
for this mid-gap state is the termination of the Ti dangling bond with H.
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Figure 7.10 Normal emission XPS survey spectrum for a STO (001) sample prepared
by BHF etching. The F Is core level has a binding energy of ~685 eV,
and, if present, should be located in the region highlighted with a red
circle. Despite etching with BHF, the concentration of F on the surface

is negligible (we estimate < 1 % of all anions within the probe depth).

Other sample preparations yield equally low concentrations of F (see

Figure 7.11 (a) The charge density of the non-dispersing band for the F-substituted
slab with H on Ti. There is no charge density on the F (not shown). (b)
The charge density of the nondispersing band for the H on O, H on Ti
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Figure 7.14 XPS spectra of the Sr 3d core level for different surface preparations.
Data was fit using two spin-orbit split doublets, one (blue)
corresponding to the primary STO lattice, and the other (green) to SrOy
crystallites on the surface of STO........cccceevviieviinciiiiieeieeeee e, 132

Figure 7.15 The relative Sr and Ti concentration of the near surface region of STO
(001) as determined by XPS measurements for samples prepared using a
variety of methods. As expected, methods reported to leave the surface
Ti10,-terminated have a higher Ti concentration in the surface region.134

Figure 7.16 (a) RHEED image and (b) STM image of STO surface etched by

buffered by HF. STM image taken by Jisun Kim in the Dr. Shih group.

......................................................................................................... 135
Figure 7.17 AFM image of the STO surface 10 days after the etching. ............. 136
Figure 7.18 AFM image of the STO surface etched by HCI/HNOs;. .................. 137

Figure 7.19 (a) AFM image for the STO surface boiled in DI water and (b) one day

after boiling water preparation...........ccceeeevveeeieeeniieeesciie e 138
XX1V



Figure 8.1 1-V curve of (a) Pt/Au, (b) In/Au, and (c) Ti/Au electrodes........... 147

Figure 8.2 (a)The schematic view of measurement and (b) the system for electrical
measurement of LSTO .......cocoviiiiiiiniiiinieeceeeeeee 148

Figure 8.3 The RHEED patterns of 25 % LSTO on LSAT along <100> direction

(a) after growth, (b) after vacuum annealing, and (c) after air annealing.

Figure 8.4 The AFM images of 25 % LSTO on LSAT (a) after vacuum annealing
and (c) after air anNealing. ...........ccceecveevienieeniieeieeeeeee e 149
Figure 8.5 Representative core level spectra of (a) Sr 3d, (b) La 3d, (¢) Ti 2p, and
(d) O 1s from LSTO films using in situ XPS........cccceoerienvnnennnne 150
Figure 8.6 (a) The ratio of [Ti] / [La+Sr+Ti] determined by XPS (open triangles)
and RBS (filled squares) and (b) measured La dopant concentration
(RBS and XPS) compared to the target concentration.................... 151
Figure 8.7 (a) X-ray diffraction pattern of (002) LSTO peaks and substrate peaks.
Inset shows the rocking curve of 5 % doped LSTO films on LAO. (b)
Measured out-of-plane lattice constants and expected out-of-plane lattice
constants as a function of La concentration. (¢) Reciprocal space map of
(103) Bragg peak for an LSTO film on DSO substrate with 25 % La
concentration. The in-plane lattice constant of the film is the same as
that of DSO substrate. (d) Unit cell volume changes as a function of La

concentration for the different substrates........ccooeevevvveveeeeeeeeenennnnn. 153

XXV



Figure 8.8

Figure 8.9

Carrier concentrations of 5, 15, and 25 % doped LSTO films with 20 nm
thickness on four different substrates obtained from Hall Effect
measurements (a) and the ratio [Ti* J/([Ti* ]+[Ti’"]) using in-situ XPS.
The dashed lines indicate the theoretical values of carrier concentration

assuming that each La atom donates one electron to the conduction band

Dielectric function of 20 nm thick LSTO films on STO with 5 % and 15
% La. Data for a bulk (undoped) STO substrate are shown for

COMPATISON. ..uvvieutieeerieereeiteeteeeeseenseeseseeseessseeseesssessseessseeseesssesses 158

Figure 8.10 (a) Mobility and (b) resistivity of 5, 15, and 25 % doped LSTO films

grown under four different strain configurations..........c..cccceevuenee 160

Figure 8.11 (a) The calculated density of states effective mass is plotted as diamonds

Figure 9.1

Figure 9.2

Figure 9.3

with interpolation (solid line) and the occupied conduction band width is
plotted as squares with interpolation (dashed line), as a function of
carrier concentration. (b) Plot of the constant relaxation time
conductivity as a function of carriers using a supercell approach with
INEEIPOLAtION. Leeiiiiiiieeiiie et eree e sree e 164
The quantum well structure consisting of LaAlO; and SrTiOs...... 168
The RHEED patterns of 7 uc LAO/10 uc STO on LAO along (a) <100>,
and (b) <110> dIr€CtionS. .......ccueeerieeeiieeeiieeeieeeeiee e eree e 172
(a) Survey scan and representative core level spectra of (b) Al 2p, (c) La
3d, (d) Sr 3d, and (e) Ti 2p from 7 uc LAO/10 uc STO on LAO using in

SITU XPS. oo 173

XXVi



Figure 9.4

Figure 9.5

Figure 9.6

Figure 9.7
Figure 9.8

Figure 9.9

(a-b) Z-contrast STEM image of a 7 uc LAO/10 uc STO structure on
LAO, (c) the spacing of the A-site atoms (Sr or La) and (d) Z-contrast
STEM image of a 7 uc LAO/5 uc STO structure on LAO ............. 175
AFM images of 7 uc LAO/5 uc STO on LAO (a) 5 pm x 5 um, and (b)
1O M X 10 PNttt 176
(a) XPS valance band spectrum of the STO substrate. The red line
indicates the linear extrapolation to determine the VBM energy. (b) The
energy band diagram of bulk STO and bulk LAO, and a thin LAO film
on Nb-STO, as determined using XPS. (c) The calculated energy band
alignment across the LAO/STO/LAO quantum structure. ............. 177
Schematic diagram of the principle of ellpsometry®™.................. 179
(a) Square of the absorption coefficient of 10 uc QW STO plotted as a
function of photon energy. The red line is the linear extrapolation to
determine the onset of the absorption coefficient. (b)Square of the
absorption coefficient of STO vs photon energy for bulk STO and for
STO QW StIUCLUIES. ....veieiciiiiieeciiiee ettt e e aaee e 181
Quantized states of a two unit cell thick STO QW (Poisson-Schrédinger

modeling by Matthew Bucher in the Demkov group). ................... 182

XXVil



Chapter 1. Introduction

The first integrated metal-oxide-semiconductor (MOS) capacitors and transistors
utilized an SiO, layer as the gate dielectric. However, the scaling down of device
dimensions has reached a practical limitation that the gate dielectric thickness is now
only about 1.2 nm thick or less, resulting in substantial gate tunneling currents that can
cause problems with proper device operation'. Therefore, alternative high-k dielectric
materials are needed that can allow for larger physical thickness while maintaining high
gate capacitance. One class of promising alternative materials is the family of perovskite
oxides.

These functional complex oxides with perovskite structure exhibit a wide range of
electronic behavior such as having high dielectric constant’, multiferroicity’,
ferroelectricity®, ferromagnetism’, superconductivity®, colossal magnetoresistivity’, and
Mott insulating® behavior. Because many perovskite oxides have a high dielectric
constant, as well as some functional (magnetic/ferroelectric) properties useful for novel
devices, researchers have exerted considerable effort in integrating them with
semiconductors. However, there were several challenging issues to overcome. In the
early stage of epitaxial growth of thin film oxides on Si, attempts at depositing the high
Tc superconducting oxide YBa,Cu3;O7.50n Si (001) were reportedg’lo. However, without
proper buffer layers, the elements in the oxide film diffused into and reacted with Si,
resulting in interdiffusion or an interfacial compound. Such degraded oxides on Si gave
poor properties compared to the original oxide properties. As a result of the necessity of
growing an oxide in the presence of oxygen and the high affinity of silicon for oxygen,
unwanted by-products such as SiO,, metal silicides, and silicates readily form. In 1996,

K. J. Hubbard and D. G. Schlom published a summary of the thermodynamic stability of
1



binary metal oxides against SiO, formation''. According to this paper, binary oxides of
alkaline earth and rare earth metals on Si are stable against SiO, formation. However,
most transition metal oxides such as TiO, are thermodynamically unstable on Si, so
proper buffer layers for growing materials such as SrTiOs; would be needed.

The first attempt at depositing SrTiO; on Si was accomplished by the use of thick
SrO buffer layerslz’B. In 1998, McKee et al. demonstrated crystalline SrTiO; films
without amorphous SiO, on Si (001) using a buffer consisting of submonolayer of Sr
(reported to be 1/4 monolayer (ML)) on Si (001) using molecular beam epitaxy'®. By
showing the direct growth of SrTiOs films on Si and measuring the capacitance of the
system, a new opportunity for the integration of functional perovksite oxides on Si (001)

opened up (Figure 1.1).
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Figure 1.1 (a) Z-contrast cross-section STEM image and (b) capacitance as a function
of voltage'* of a SrTiOj; film on Si (001).



After this pioneering work, much research effort (both theoretical and
experimental) was directed to studying the physical and electronic structure of the
interface between SrTiO; and Si, as well as on studies of the growth evolution and

electrical properties of the SrTiOs/Si system'>'®

. Because relatively high quality
crystalline SrTiO; films could now be grown on Si (001), this materials system was also
widely utilized as a peudo-substrate for the integration with Si of other functional
perovskite oxides such as LaCoO319, Pb(Zro,gTio,g)ngo, BaTiO321'23 , and
Lag 7StosMnO5**. The key reason for the successful integration of perovskites on Si is the
1/2 ML Sr template. Each Si atom on the topmost layer of bulk Si has two dangling
bonds. These two surface atoms of Si (001) undergo the so-called 2x1 dimer
reconstruction, bonding together and reducing the number of dangling bonds to one per
Si atom™°. Further gain in energy of the surface is achieved through a rehybridization
producing a tilted, asymmetric dimer with an up dimer atom (s-like orbital, occupied) and
a down dimer atom (p-like orbital, empty), as shown in Figure 1.2(a). When 1/2 ML Sr is
deposited on a clean, reconstructed Si (001) surface, Sr atoms occupy the trough sites
between the dimer rows. As each Sr atom donates its two electrons to one dimer, the
asymmetric dimer is un-tilted as in Figure 1.2(b). This 1/2 ML Sr template on Si has been
studied intensely both theoretically and experimentally. However, the mechanism of how
the Sr template facilitates perovskite epitaxy is not yet clear. In this dissertation, I focused
on the surface reconstructions of the Sr template as a function of Sr coverage and

investigated its effects on the electronic structure of the surface. In addition to Sr on Si

(001), Ba templates on Si were also studied in this work.
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Figure 1.2 (a) Asymmetric tilted dimer of clean Si (001) and (b) flattened dimer of Si
(001) with 1/2 ML Sr.

Other topics that were investigated in this dissertation are the strain relaxation
behavior of epitaxial SrTiO; films on Si using in sifu oxygen annealing, and the structural
and electrical properties of conductive La-doped SrTiO; films that were grown under
different biaxial strains (tensile and compressive). Perovskite oxides can accommodate an
imposed strain via structural distortions such as a change in crystal lattice symmetry
(cubic to tetragonal or orthorhombic), which is accompanied by tilting and/or rotation of

BOg octahedra in the ABOj; perovskite structure”’ %

. The resulting structural changes due
to the strain can give rise to exotic properties that are not found in bulk oxides. For
example, LaCoO; films with biaxial tensile strain in-plane shows insulating
ferromagnetic behavior, which is not observed in unstrained LaCoO; as shown in Figure
1.3(a)"”?". Another interesting example is that of tensile strained EuTiO3, which becomes
ferromagnetic from its normally antiferromagnetic state as seen in Figure 1.3(b)’'.

These transitions from non-ferromagnetic to ferromagnetic behavior are obtained solely

by an external epitaxial strain.
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Figure 1.3 Magnetic properties changes as a function of strain in (a) LaCoOj3 and (b)

EuTiOs. (c) A variety of oxide substrates with different lattice constants that
can be used to impose strain in oxide thin films.

Strain is a powerful tool to control the properties of a material and offers great
promise for device applications. To utilize the emergent properties from the strained

films, strained SrTiO; films on Si or on oxide substrates with various lattice constants can

be utilized (Figure 1.3(c))*>.



In Chapter 2, I review the technique of molecular beam epitaxy (MBE) and in situ
reflection high electron energy diffraction (RHEED). These two techniques are used
heavily and in conjunction with each other during my research to grow high quality oxide
thin films

In Chapter 3, the characterization methods I used in my work are presented and
described in some detail. These include X-ray/Ultraviolet photoemission spectroscopy
(XPS/UPS), X-ray diffraction (XRD), and atomic force microscopy (AFM).

In Chapters 4 and 5, I present the results of the study of atomic reconstruction of
Sr on Si (001) as a function of Sr coverage, and the corresponding surface core-level
shifts of Si (001) with Sr and without Sr using XPS. I also studied the behavior of another
alkaline earth metal Ba on Si, and compared its behavior with Sr on Si. This work is
supported by theoretical calculations done by Hosung Seo in the Demkov research group.
These theoretical results will also be discussed in this dissertation.

In Chapter 6, I show the results of the study of the strain relaxation behavior of
SrTiO; on Si (001). As a result of oxygen annealing, an SiO, layer is formed at the
interface between SrTiOs; and Si (001). The strain relaxation behavior due to the post-
deposition annealing as a function of oxygen pressure and annealing time were
investigated. The effect of the SiO, interlayer thickness on the strain relaxation behavior
is discussed.

In Chapter 7, I prepared the surface of bulk SrTiO; substrates using three different
methods to obtain a clean surface. The surfaces were prepared by: (1) etching in a
buffered solution of HF (BHF), (2) etching with Arkansas method, (3) water leaching and
(4) water boiling. Using high-resolution angle-resolved photoemission spectroscopy

(ARPES), the electronic structures of the surfaces were studied. The measurements were



done by Dr. Richard C. Hatch, and accompanying theoretical calculations were done by
Kurt D. Fredrickson in the Demkov group.

In Chapter 8, I present the structural and electrical properties of La-doped SrTiO;
films grown on four different substrates that impose various levels of strain: LaAlOs,
LSAT, SrTiOs, and DyScOs. I measure the carrier density, resistivity and mobility as a
function of strain, and also investigated the structural changes as a function of doping
concentration. This work was done in collaboration with Dr. Stefan Zollner at New
Mexico State University for optical measurements, and with Andy O’Hara in the
Demkov group for theoretical calculations to explain the transport measurements.

In Chapter 9, I investigated the optical properties (complex dielectric function) of
SrTiOs quantum wells (QW) grown by MBE. The QW is composed of LaAlO;
(LAO)/STO on LAO substrate with different STO thicknesses. Optical properties were
measured using spectroscopic ellipsometry (SE) in the range of 1.0 eV to 6.0 eV at room
temperature. This work was done in collaboration with Dr. Stefan Zollner at New Mexico
State University for optical measurements to explain the absorption edge shift as a
function of QW thickness. The Z-contrast cross-section STEM images were taken by Dr.
Qian He and Dr. Albina Borisevich at Oak Ridge Ntional Laboratory.

In Chapter 10, a summary of the entire work and future outlook will be presented.



Chapter 2. Molecular beam epitaxy and in-situ RHEED

2.1 HISTORICAL OVERVIEW

Molecular beam epitaxy (MBE) is a powerful thin film deposition method that is
capable of controlling the growth process at the atomic-level. The term “Epitaxy” is
derived from Greek word, “epi” meaning “on” and “taxis” meaning “arrangement”. This
refers to the growing of a single crystalline film which has a particular orientation on top
of another single crystal substrate. The substrate serves as a “seed” crystal whose
structure the crystalline film follows.

The early “molecular beam epitaxy” concept was developed by Giinther in 1958
3. For the growth of III-V compound semiconductors (GaAs), Giinther had controlled
three different temperatures, i.e., the temperatures of the group V and the group III
element sources, and the growth temperature. The sample was not grown on a substrate
epitaxially. However, his growth concept later evolved into molecular beam epitaxy.

The beginning of MBE in earnest was a result of the highly demanding nature of
the epitaxial growth of III-V compound semiconductors. Researchers had the challenge to
make thin crystalline semiconductor materials having a direct band gap along with their
high electron mobility for their potential use in electronic and photonic devices as well as
their lattice match to other III-V compounds. These significant advances between 1968
and 1973 were brought from Bell Laboratories in Murray Hill, NJ, with John Arthur, Jr.,
examining the mechanisms of GaAs growth® and Alfred Cho (‘father of MBE™),
developing the instrument technology and optimized growth conditions for device quality

material. This new technique was first named “molecular beam epitaxy” by Cho ef al. in
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1970%. This method allowed one to control the growth as a sequenced layer by layer
deposition. In addition, another driving force of modern MBE systems was caused by the
parallel developments in vacuum technology’’.

Based on the fundamental research of MBE, epitaxial growth of crystalline oxides
using MBE started in the 1980s spurred by the discovery of the high-temperature
superconductor, YBa,Cu307.5 38 Later on, researchers focused on functional oxides with
perovskite structure that possess other novel properties like colossal magnetoresistance
(Re; xAxMnO3, where Re is a rare earth metal and A is a divalent alkali)7, ferro-, pyro-,

piezoelectricity’”, and multiferroicity™.

2.2 MOLECULAR BEAMS EPITAXY — PRINCIPLE

2.2.1 Kinetic theory of gases

In MBE, elemental sources are evaporated from effusion cells that are focused
onto the substrate, which is at an elevated temperature under ultra-high vacuum (UHV)
conditions (10°-107'° Torr). The arriving atoms then combine to form the epitaxial film
on the substrate. Under UHV, the mean free path of atoms is much larger than the
distance between the substrate and the source. Therefore, the word “beam” used in MBE
means that atoms or molecules are travelling to the substrates without collisions or
interactions with other atoms or molecules until they reach the substrate as a result of the
large mean free path. Molecular beam epitaxy has been described as “spray painting a
surface slowly with atoms or molecules™'.

In a solid source MBE system, materials (Sr, Ba, Al, La, etc) are heated in

Knudsen effusion cells until they start to evaporate into the vacuum chamber. The

Knudsen effusion cell or K-cell is composed of a crucible, heating filaments, water
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cooling, and heat shields. Each material to be evaporated is inside a Knudsen effusion
cell, which has an enclosure with a small hole. Because the evaporating surface is much
larger than the area of the small hole within enclosure, the molecules maintain the
equilibrium vapor pressure peq inside the effusion cell. To understand how molecules
spread out from the effusion cells, we need to consider the kinetic theory of gases. In the
kinetic theory of gases, the assumptions are that the gas molecules do not interact with
each other and the momentum is unchanged after their collisions. Under these
assumptions, the velocity distribution of the molecules is calculated in accordance with
the Maxwell-Boltzmann distribution. The Maxwell distribution law gives the velocity
distribution as:

L]3/Ze—mv2/2de3§
2mkT )

f(P)d3v = n[ 2.1)

where n = N/V, n is the number of molecules per unit volume, m and v are the
mass and velocity of a molecule, f(#)d3¥ is the mean number of molecules per unit
volume with velocity in the range between ¥ and ¥+dv. Usually, it is more convenient
to convert the velocity distribution to the speed distribution of the molecules because the
energy of the molecule depends on its speed, not on its velocity.

The Maxwell distribution for the speeds is:

f(v)dv = 47mv2[2:?]3/26‘m”2/2”d317. 2.2)

The mean speed is calculated as
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Let us figure out how many molecules of a gas strike a unit area in unit time. If
we consider that dA is a unit area of the wall where the hole is, and molecules move in
the z-direction normal to the unit area in Figure 2.1, we can calculate how many

molecules pass through the unit area.

Figure 2.1 Molecules evaporate from the hole of a crucible. Molecules move a distance
vdt through unit area, dA, with speed v and at angle 6 from the normal to
dA. This crucible is from DCA.

Consider the molecules with speed |¥| that move a distance |¥|dt in time
interval dt. All the molecules within area dA and height |¥|dtcos€ will strike the wall.
The number of molecules of the gas which strike the wall is equal to the number of
molecules of the gas which leave the hole. Therefore, the number of molecules which
will pass through dA in dt is f(#)d3¥ dA|¥|dtcosd. When molecules are evaporated
through the small hole, they create a flux defined as the number of molecules per unit

area per unit time that leave the hole. Thus, the flux of molecules is ®(B)d3¥ =
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f(¥)|¥|cosOd3D. If we consider @, as the total flux of molecules per unit area per unit

time, we can obtain

d, = f f(9)|P|cosOd3v .

0 @] 2.4)
;>0

Because there are no collisions when the molecules pass through the hole, we

only focus on v, > 0. By converting to spherical coordinates, the total flux of molecules

. 42
1S

2T
b, = fvzdvsiné?f(v)vcosede do

0
1,>0
s

00 5 21
=f f(v)v3dvf sianost do
0 0 0

= nfooof(v)v3dv

1
- g = —b 2.5)
4 2nmkT

since n=p/kT.

Equation 2.5** was derived by Hertz" in 1882, using the kinetic theory of gases
and the Maxwell distribution of velocities of gases. Additionally, he found
experimentally that vaporization flux was proportional to (peq — p), where peq is the
equilibrium vapor pressure and p is the hydrostatic pressure acting on the evaporant in the
gas phase in the vacuum chamber. Since effusion occurs in an UHV chamber, p can be
practically set to zero. Later, in 1915, Knudsen** found that vapor molecules impinging
on the condensed phase were reflected back. So, he introduced the sticking coefficient,
a,, for vapor molecules on the surface. This value is between 0 and 1. Hence, we can

write vaporization flux, Jv as:
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The Equation 2.6 is the Hertz-Knudsen equation. This equation describes the case
of an ideal Knudsen cell which has a thin walled orifice. However, in practice, the orifice
of a Knudsen cell has a finite wall thickness, so we need to modify Equation 2.6%. The
total effusion rate, which is the total number of molecules effusing from the Knudsen cell

into the vacuum through A (hole area) per unit time is given by
dN AeaA 1
dt _]‘U - aU peq 2T[kaT . (27)

2.2.2 Vapor Pressure of materials

As shown in Equation 2.5, the total effusion rate/total flux of molecules is related
to the vapor pressure of a material at a certain material temperature. In an MBE system,
the vapor pressure is controlled by the effusion cell temperature. Figure 2.2 shows the
vapor pressure as a function of the material temperature for various elements. To achieve
a flux of about 1 monolayer (ML) per min, the vapor pressure should be around the 10°
3~10 Torr region because the total flux is ~P (Torr, vapor pressure) X 0.5x10*' /em®
sec as derived from Equation 2.5. Therefore, it is possible to find the expected effusion
cell temperature that corresponds to the flux of 1 ML/min by looking at vapor pressure

charts such as Figure. 2.2.
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2.2.3 Effusion - Geometry

The process by which evaporation occurs through a small hole is referred to as
“effusion”. Since evaporating molecules are emitted from a small hole, effusion has a
dependence on the direction and is not isotropic. Hence, we need to investigate the
geometry of the evaporation and the relative position of the substrate when deposition

occurs.

——————
N

Figure 2.3 Schematic view of the angular distribution of flux of molecules over the
solid angle dQ on a sphere of radius r between the angle 6 and 6+ df. The
molecules are condensed on the surface S.

Consider the molecules within a volume V with an exit angle of 6 distributed at a
temperature T. We assume a molecule of gas moves though the small hole with velocity
in the z-direction. To find the flux of molecules over the solid angle, d(), we need to
modify the flux of molecules that pass through dA intime dt with a velocity between v
and v+dv using Equation 2.5 since the molecules with velocity in the z-direction can

leave the effusion cell:
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@ m \z -
dJ =J. n( ) e 2kBTpcosO v?sinfdOdpdv
0

2k T
1
= —nvcosfdf)

41 (2.8)

where dQ=sin6d0d¢ and v,=vcosH.

Therefore, the total flux J is

dl = 0 aqn

] =]Jcos - (2.9)

Equation 2.9 is called the cosine law of vapor emission®’. This means that the flux
of molecules through the effusion cell has a directional dependence. Let us consider S to

be an area which the molecules are condensed in Figure 2.3. The area S is given by

r2dQ
S =
cosy

(2.10)

Using Equation 2.10 and 2.11, the flux of the molecules per unit area where

condensation occurs is given by

dJ dQ 1 cosfcosy

ds ' n ds =J 2 2.11)

If the deposition area is on a spherical surface, 6 is equal to y and 1y is equal to r

in Figure 2.3. Therefore,

ﬂ ]
ds — 4mr?

(2.12)
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From Equation 2.12, spherical geometry guarantees that the flux of molecules is

uniform, compared to infinite plane substrate geometry and hemispherical geometry™.
2.3 MOLECULAR BEAM EPITAXY (MBE) — EQUIPMENT

I used the DCA 600 oxide MBE deposition system for my experiments. The
MBE chamber is connected to a transfer tube, which enables the movement of samples to
the analyzer chamber and the atomic layer deposition (ALD) growth chamber in situ. The
schematic view of the system is shown in Figure 2.4. The total pressure of the residual
gas in the chamber is maintained around 3x10™'° Torr. To maintain the ultra-high vacuum
(UHV), which is defined as the pressure regime below ~10” Torr®, we need to consider
several things, such as baking the chamber, low outgassing materials, high speed pumps,

cooling systems and a chiller.
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ALD system
XPS/UPS system ~

Oxide MBE system

Figure 2.4 DCA 600 oxide MBE deposition system which is connected to the transfer
chamber equipped with another growth chamber and the XPS/UPS analysis
system. The image comes from the group home page*’.
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2.3.1 The component descriptions of Molecular Beam Epitaxy (MBE)

Cooling panel —

substrate

-
RHEED /*K Phosphor

—— -
gun screen
Thickness
monitor

\\__ﬁ T

Effusion cells

and shutters 0, ,N, gas with
RF plasma

Figure 2.5 Schematic view of the oxide MBE system.

e Chamber : The chamber is made from stainless steel, which is not oxidized and
outgasses less compared to other structural metals. When the chamber is exposed
to the air, water molecules and other gases are adsorbed on the chamber walls.
The vacuum pumps by themselves are not enough to remove all the adsorbed
gases especially water vapor, so heating of the chamber to over 200 °C for
sufficiently long time (around 72 hours) is required.

e Pumps : A combination of a scroll pump and a turbomolecular pump allows the
chamber pressure to be pumped down from atmosphere down to ~10"° Torr (high

vacuum region). To achieve UHV, an ion pump or cryopump has to be used. Both
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of these are oil-free vacuum pumps, so that the chamber is not contaminated by
oil back streaming. The transfer chamber in the lab is pumped with three ion
pumps from the Gamma Vacuum company. In contrast to ion pumps, cryopumps
are much less susceptible to damage if the pressure goes up high all of a sudden
due to their capability of handling higher gas loads. Also, when Sr, Ba or Eu is
outgassed (these materials are so reactive that they are easily combined with O,
and H,O vapor in the atmosphere), the partial pressures of water vapor and
oxygen are extremely high. Due to their higher pumping speeds, the growth
chamber is equipped with CTI On-Board cryogenic vacuum pump (model 8). This
cryopump has high pumping speed, especially for water vapor (7500 liters/sec).
Heating system for the sample : Direct heating method (Joule heating) is not
compatible with an oxygen environment. If the wires are connected to the sample
for heating in oxygen, the wires are easily burned. So, the sample is indirectly
heated by heat radiating from a silicon carbide heating block behind the sample.
For growth uniformity, the sample stage is rotated during the growth.

Cryopanels : An alcohol cooled cryopanel surrounds the upper half of the main
chamber wall. This prevents re-evaporation from the chamber walls when
effusion cells are hot. In addition, a water cooled cryopanel is also placed in the
horizontal plane of the effusion cell apertures in the lower part of the main
chamber. Water cooling provides the thermal isolation between the hot effusion
cells and the rest of the chamber. The Figure 2.6 shows the alcohol-filled upper

cryopanel inside the MBE chamber.
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Figure 2.6 The cryopanel inside the main MBE chamber.

Quartz crystal microbalance (QCM) or thickness monitor : A QCM is an
instrument that measures the mass accumulation or deposition rate of a material.
The QCM consists of a thin and round slice of crystalline quartz with gold
electrodes on each side. When an electric field is applied to the quartz, it oscillates
at its resonant frequency. When a mass is deposited on the quartz, the resonant
frequency of the QCM decreases. Equation 2.13*°°, which is called the
“Sauerbrey equation”, shows that the resonant frequency change is proportional to
the mass change. The QCM instrument displays amounts of deposited material as
an average thickness. When I check the flux of a certain material, the shutter of
that source is opened for over 10 min prior to recording the deposition rate
(A/min) over a 5 min interval. This measurement is repeated several times. The
average rate value is then used as the rate of deposition.
Af = —Cy X Am (2.13)

where Af = the observed frequency change in Hz

Cf = the sensitivity factor of the crystal in Hz/ng/cm®
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Am = the change in mass per unit area in g/cm’

e Effusion cell : The effusion cell is a crucial component to produce a molecular
beam in MBE. The effusion cell has a source material in condensed phase inside
an inert crucible. The source in the crucible is heated using a resistance heated
filament. The filament is coiled up around the crucible and supported by Pyrolytic
Boron Nitride (PBN) which prevents the filament from moving. The cell
temperature is carefully controlled to maintain a reproducible flux of the material
source. Both the filament and the crucible are surrounded by a radiation shield
to minimize heating of areas outside the effusion cell. The cell temperature is
monitored using a thermocouple that is attached to the bottom of the crucible

supporter in the DCA 600 MBE system. Figure 2.7 shows the effusion cell used in

my group.

Thermocouple

Water cooling

Power feedthrough

Figure 2.7 The effusion cell used in MBE system.

Depending on the material sources, we need to think about several important

considerations when selecting crucibles to use. The crucible has to be chemically and
22



thermally compatible with the material source. Further, outgassing impurity levels should
be very low when the crucible is heated up. In the MBE system in my group, there are six
effusion cells that are placed around the chamber and all directed towards the substrate.
Low temperature effusion cells are operated up to 1300 °C, while high temperature
effusion cells are operated up to 1900 °C. Table 2.1 shows the crucibles which are

currently used in DCA 600 MBE system.

High temperature effusion
Low temperature effusion cell
cell

Sr Eu Ba Al Ti La

PBN PBN PBN PBN TiC \\

Table 2.1 Crucible selection depending on the materials to be evaporated.

e E-beam evaporator : The electron beam evaporator is an alternative tool to
evaporate materials that have a very high melting point. The electron beam is
generated by a thermionic emission from a heated filament (cathode). The emitted
electron beam is then directed and accelerated toward the crucible (anode) by
applying a large voltage (~8 kV). The emitted electron beam is focused on the
material by magnetic and electrostatic fields which allows the beam to be bent as
well as rastered. The electron beam makes the material heat up and evaporate.

e RF plasma source : A 13.56 MHz RF discharge is used to generate reactive
oxygen species, atomic oxygen O and metastable excited molecular oxygen O,
Many transition metals exhibit several oxidation states. The low oxidation states

are obtained very easily using molecular oxygen, but the higher oxidation states
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may not be obtained easily. As a result, to get the fully oxidized states for some

materials, we usually use the RF plasma source.
2.4 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION (RHEED)

2.4.1 Technical Description

RHEED is a very popular technique for monitoring the crystalline surface and
morphology of the sample in-situ during sample growth. An electron beam of high
energy (10-30 keV) hits the sample surface at a grazing angle of a few degrees (typically
0°~5°). The low grazing angle keeps the electron beam penetration depth small and
provides high surface sensitivity (a few atomic layers). The schematic view of the basic
set up of RHEED is shown in Figure 2.8.

Phosphor
screen

-

Diffracted beam,k;

Electron beam,k,
S

Figure 2.8 The experimental set up of the reflection geometry for RHEED.

The diffracted electron beam is directed to the phosphor-coated viewport

equipped with a charge-coupled device (CCD) camera. The diffracted electron beam is
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detected by the emission of visible light due to the fluorescence effect. As a result, we
can observe and capture the diffraction patterns on the computer to which CCD camera is
connected. The electron gun and the phosphor screen are aligned perpendicularly to the
growth direction in an MBE chamber. As a consequence of this condition, RHEED
allows us to monitor the sample surface structure or surface reconstruction in situ without
any interruption of the growth. In addition, when the sample is rotated by ¢ as shown in
Figure 2.8, we can observe the diffraction patterns in all azimuthal directions. The small
grazing angle of incidence makes the penetration depth limited to a few atomic layers.

For this reason, the RHEED is highly sensitive to the surface.

2.4.2 The principle of electron diffraction

To interpret the diffraction pattern of RHEED, we need to recall some basic solid
state physics. The analysis of electron diffraction is usually based on the kinematic theory
of diffraction®®. The basic assumptions are as follows: elastic scattering occurs so that
there is no energy transfer from electrons to the sample. This implies that since the
intensity of the scattered beam at the scattering sites is much smaller than that of the
incident beam, it is possible to ignore the energy loss of the incident beam after the
scattering occurs at the scattering sites. The kinematic theory also assumes that the
scattered beam does not act as a new incident beam. As a result, we can write |k—0| =
|k—1| = k, where kT) and k—l are the incident and diffracted wave vectors, respectively.
The geometrical construction of diffraction can be visualized by the Ewald sphere
construction in reciprocal space. The Ewald sphere construction is combined with energy,
|k—0| = |k—1| = k, and momentum conservation, El = EO +G where G is a reciprocal

lattice vector.
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The Ewald sphere can be constructed with a radius 2m/A. The wavelength A
corresponding to the electron energy E is given by the Equation 2.14 | where my is the

electron mass.

2moE E q7V? 12.247 .
A=+ ] ~ 4] (2.14)
h VE(1+ 1076E)

2mgc?

Generally, I used 21 keV for generating electrons in my lab. By plugging the
electron energy into the Equation 2.14, the wavelength is 0.0836 A. The radius of the
Ewald sphere construction is 75.2 A”. In comparison, the reciprocal lattice spacing of
SrTiOs [100] is 1.6 A (the lattice constant of SrTiO; is 3.905 A). The wave vector of the
incident beam is much larger than the distance between the adjacent points of reciprocal
lattice of the crystal. Here, since we are dealing with surface diffraction, we need to
consider that reciprocal lattice points are replaced by infinite reciprocal lattice rods
perpendicular to the surface as shown in the side view of Figure 2.9(a). The rods are
labeled using two Miller indices (hk) where h represents the Laue zone, k means rods
which can be negative (denoted with a bar on top of the number) or positive, depending
on which side of the axis defined by the incident beam in Figure 2.9(b) they are on. The
intersection between the reciprocal rods and the Ewald sphere gives rise to the diffraction
spots on a semi-circular arc of diffraction patterns on the RHEED screen, as shown in
Figure 2.9(b). The diffraction spots satisfy Bragg’s law and the Laue condition which
determine the constructive interference for electrons. The rings are called “Laue zones or
Laue rings” and are labeled Oth, 1st, 2nd etc. Figure 2.9(b) shows the Laue zones, Oth in

cyan, st in orange, and 2nd in purple.
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Figure 2.9 Schematic view of Ewald sphere constructions. (a) Side view of the Ewald
sphere with the reciprocal lattice rods with indexes. (b) Top view of the
Ewald sphere and the Laue zone labeled Oth, 1st, and 2nd.
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Reciprocal rods

o

wald Sphere

Figure 2.10 (a) The intersection of the Ewald sphere with reciprocal rods forms spots
aligned along the semi-circular arc. The RHEED patterns from (b) the
perfectly flat surface, (c) the surface with monolayer roughness, (d) the
surface with large roughness, and (d) amorphous or polycrystalline film.
(The RHEED images are from (b) STO substrate, (c-¢) STO films on Si,
taken by Miri Choi in UT Materials Physics Lab.)
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From the RHEED patterns, we can evaluate the surface structures or the surface
roughness of a sample. If a crystalline surface is perfectly ordered, we can observe a
series of clear diffraction spots on the Laue rings as shown in Figure 2.10(a,b). However,
if the surface has imperfections such as roughness or steps, the rods broaden to have a
finite width. Therefore, we can observe “streak” diffractions as shown in Figure
2.10(c). If a surface is very rough or has islands from 3D growth (Volmer-Weber growth
), the reciprocal rods are replaced by bulk reciprocal lattices due to the surface
asperities. Since the diffraction pattern is produced in transmission through the surface
asperities, the RHEED patterns show many spots which are different from the spots
which are produced on the Laue rings, as shown in Figure 2.10(b) and (d). For a
polycrystalline surface, a polycrystalline ring pattern occurs in the RHEED image (Figure
2.10(e)). Besides being able to qualitatively know the surface structures of the film using
RHEED, the growth rate can be also determined by RHEED beam intensity oscillations
>3 The intensity of the primary RHEED spot (the 00 rod -- even though the sample is
rotated, one can definitely see the bright spot that doesn’t change its position) depends on
the overall surface roughness, with a smooth surface producing an intense spot, while a
rough surface producing a weak spot. The beam intensity can be used to track the fraction
of a monolayer (ML) growth of the material. When the atoms are deposited below 0.5
ML, the reflected beam become scattered due to the several growth centers and the
destructive scattering. At 1 ML coverage, the beam intensity becomes bright again. At
0.5 ML, the minimum intensity is observed, while the maximum intensity is observed at
1 ML in Figure 2.11. One single oscillation means the completion of 1 ML of growth of
the material. From the period of one oscillation, we can estimate the growth rate of the

material and then calibrate the beam fluxes accordingly.
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fi10]

Figure 2.11 The mechanism for RHEED intensity oscillations from specular spot during
the growth of one ML. The original caption is from®’, copyright 2002.

If we know the number of oscillations, we can also determine the thickness of the
film. However, if the film becomes very rough or when the surface is sufficiently
disordered (either thermally or structurally), the total intensity of the primary RHEED
spot becomes smaller as the deposition progresses. In summary, in situ RHEED is a very

powerful tool to monitor the growth of film deposition in real time and to calibrate the

fluxes.
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Chapter 3. Experimental Techniques

Experimental techniques commonly used for sample characterization are
described in detail in this chapter. X-ray diffraction (XRD), X-ray reflectivity (XRR), X-
ray photoelectron spectroscopy (XPS), Ultraviolet photoelectron spectroscopy (UPS) and
atomic force microscopy (AFM) are employed to characterize the morphological,
structural, chemical and electrical properties of oxide films and the Sr and Ba templates

on Si (001).
3.1 INTRODUCTION

X-ray diffraction (XRD) is a characterization technique used to determine the
degree of crystallinity, crystal orientation, and lattice spacing of the films. A crystal is
composed of arrays of planes in which atoms are positioned periodically. When an X-ray
beam is incident onto the lattice planes of a crystal, the X-rays are scattered by the
electrons of the constituent atoms (scattering centers) without a change in wavelength.
Because the wavelength is not changed after scattering, this process is called “elastic
scattering™®™’. At specific directions, the amplitude of the scattered x-ray beam is
enhanced as a result of constructive interference between x-rays scattered from different
lattice planes.

When Bragg’s law is satisfied, diffraction patterns can be observed. The condition
is summarized in Equation 3. 159’60, where the integer n is the order of the diffracted beam,
A is the wavelength of the incident X-ray, d is the distance between parallel planes of
atoms in real space, and 0 is the angle of the incident X-ray beam, as shown in Figure
3.1(a). For diffraction to take place, the scattered X-ray beams must be in phase and the

difference in path length can be expressed as an integer multiple of wavelengths.
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nA = Zdhleine (31)

Because the incident and the diffracted X-rays can be represented by its
wavevector, diffraction can also be explained using the Ewald sphere construction in
reciprocal space. The incident X-rays have wavevector k;, while the diffracted X-rays
have wavevector ky. Because elastic scattering occurs during the diffraction, the length of
the wavevector is |k;| = |kf| = 2nm/A. The difference between the wavevectors of
incident and diffracted X-rays is expressed by ¢y, which is perpendicular to the lattice
planes (hkl) in real space. The Laue condition for constructive interference will occur if
the difference between incident and diffracted wavevectors, Gpyi= Ef — Ei is equal to a
reciprocal lattice vector. Using trigonometry, |Gni;| can be expressed by |Gnil
=27/dn=2 | k;|sin® as shown in Figure 3.1(b). The amplitude of |Gpnx;| is equal to
4nsin®/A. Therefore, we can conclude that the Laue condition is equivalent to Bragg’s
law.

My XRD measurements were performed on a Philips X’pert commercial
diffractometer with Cu Ko radiation (A=1.5406 A). For selected films, in-plane and out-
of-plane XRD measurements were carried out at the National Synchrotron Light Source

(L =1.5407 A) in Brookhaven National Laboratory (BNL).

32



(a) Real space (b) Reciprocal space

Ewald Sphere

A, incident X-rays A, diffracted X-rays
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Figure 3.1 Bragg diffraction in (a) real space and (b) reciprocal space.

3.1.1 0-20 diffraction

In the symmetric 6-20 measurement, 0 is the angle of the incident X-rays, as well
as the angle of the diffracted X-rays with respect to lattice planes. The angle between the
incident and diffracted X-ray beam is equal to 26. From a 6-20 diffraction scan, one is
able to determine the interatomic spacing d perpendicular to the lattice planes. The d-
spacing can be labeled by the Miller indices h, k, 1 according to the unit cell of the
material.

STO has a perovskite structure, which is a simple cubic crystal with lattice
constant a=b=c. As a result, the d-spacing can be expressed in terms of Miller indices in

Equation 3.2.

1 h24+k*>+1?
az- &

dpp = —
SNy

Combining Equation 3.1 and 3.2, we obtain:

(3.2)
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(3.3)

sin?0 = 4)1—; (h* + k* +1%)

Once the STO (001) diffraction pattern is obtained, the lattice constants can be
calculated using Equation 3.3. In this case, a is equal to the out-of-plane lattice constant
(a=c for the cubic structure), h and k are equal to 0, 1 is an integer, and 0 is determined
from the peak positions in the diffraction pattern. The 0-26 diffraction scan can also be
used to determine whether the film is strained or not. Figure 3.2 shows the (002)
diffraction peak of an STO epitaxial film on Si (001). When the STO is not strained, the
peak position of the STO (002) is located at 46.5° (20), indicated as a green line in Figure
3.2. However, the (002) peak position of a tensile strained STO epitaxial film is
positioned to the right hand side of the unstrained STO (002) peak. This diffraction scan
in Figure 3.2 indicates that the STO film on Si (001) is tensile-strained. If the film is
under compressive strain, the peak position of the film will be on the left side of the
unstrained STO (002) peak. This basic diffraction scan has been employed to investigate

the strain as discussed in Chapter 6 and 8.
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Figure 3.2 The diffraction peak of STO (002) film on Si (001).

3.1.2 20-® scan

From a reciprocal space map of a two-dimensional region of reciprocal space,
both in-plane and out of plane lattice constants can be obtained at the same time. This
reciprocal space map can be accomplished by combining a series of asymmetric ® scans
at different values of the sample tilt y, as shown in Figure 3.3. To determine the in-plane
lattice constant of STO, a reciprocal space map should be acquired around the (103)
Bragg reflection. The tilt angle y is defined as the angle between [001] and [103]
directions and 20 can be calculated from the relation, A=2d;¢3sinf. The angle ® is then
defined as @ = 260/2 + y according to the scattering geometry.

First of all, at a given tilt angle y (20-o scan) to the q, of the crystal, an w-scan is
performed by rotating the sample around the w-axis. Then, the tilt angle y is changed to
y+Oy so that scattering vector has a small amount of dq. At y+dy, another w-scan is
performed, and so on. These series of ® scans with varying y is done until the reciprocal

map around (103) Bragg reflection is obtained.
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The w-scan samples reciprocal space along the circumference of the scattering
vector with fixed magnitude at a given tilt angle, and the 20-o scan samples a portion of
the radial direction of the scattering vector from the origin. Therefore, through the
combination of the two scans, the reciprocal space map around the (103) Bragg reflection
(the outlined area in Figure 3.3) can be accomplished. Due to geometric constraints, there
is a forbidden scattering area indicated by a shaded area in Figure 3.3. In this forbidden
region, the detector and x-ray source are on opposite sides of the sample. This type of
diffraction scan has been employed to investigate the in-plane lattice constants of La-

SrTiOs films in Chapter 8.

Figure 3.3 The schematic of the scattering geometry of 26-» scan.
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3.1.3 Rocking curve (®-scans)

The 6-20 diffraction scan only gives the out-of-plane lattice constants of the film,
not the crystalline quality. On the other hand, rocking curve or m-scans can be used to
determine the degree of disorder of a particular orientation in epitaxial films

During an m-scan, the X-ray source and the detector are fixed at a specific Bragg
peak, but the sample is rocked around the Bragg peak slightly. Strong diffraction comes
only from an aligned plane which satisfies with Bragg’s Law. If a relatively wide profile
in the w-scan is observed, this means that there are several sets of planes satisfying with
Bragg’s Law at slightly different ® positions, as shown in Figure 3.4(a). The more
aligned the planes, the narrower the full width at half maximum (FWHM) becomes,
therefore, the peak width from the ® -scan provides a way to quantify the crystal quality
of the epitaxial films. In Figure 3.4(b) and (c), ®-scans of a La doped SrTiO; film on Si
and a La doped SrTiO; film on LaAlO; are shown. The FWHM of (b) and (¢) is 0.286°
and 0.633°. From this figure, we can determine that La doped SrTiO3 film on LaAlOs has

better crystalline quality.
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Figure 3.4 (a) Several sets of planes satisfying with Bragg’s Law at slightly different ®
positions. ®-scans of (b) the La doped SrTiOs film on Si and (c) the La
doped SrTiO; film on LaAlOs.

3.2 X-RAY REFLECTIVITY

X-ray reflectivity is a useful technique to determine the thickness of a film. In
addition to the determination of the thickness, the density and roughness of a film can
also be obtained. A monochromatic X-ray beam with a wavelength A irradiates a sample
at a grazing angle, ® = 20/2. When the incident angle is below the critical angle, Oc, total
external reflection occurs. However, beyond the critical angle Oc, the incident X-ray
beam can penetrate into the sample. The incident X-ray beams are reflected at the surface
of the film and also at the interface between the film and the substrate. Reflected beams
interfere with each other. Depending on the phases of the reflected beams, the total
reflected intensity shows maxima and minima, which are called interference fringes or

Kiessig fringes®'. As shown in Figure 3.5, the periods of the interference fringes are
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related to the thickness and the change in the intensity of the overall baseline is related to
the film roughness. The critical angle and the oscillation amplitude depends on the
density difference between the film and substrate®®. Figure 3.5 shows the reflectivity
curve of a SrTiO; film with 78 A thickness on Si (001). For the data analysis, a
simulation program was used®. This tool was utilized to figure out the film thicknesses in

chapter 6 and 9.

K

Figure 3.5 Reflectivity curve of SrTiOs film with 78 A thickness on Si (001).

3.2.1 X-ray reflectivity — film thickness

As shown in Figure 3.6, the path difference mA between the reflected and
refracted beam can be described by the Equation 3.4, where m is an integer and A is the
wavelength of the X-ray. Equation 3.4 is analogous to Bragg’s Law, however, we need to
consider the Snell-Descartes’s Law due to the different index of refraction of air and the
film. The critical angle in Equation 3.5 is expressed by cos6, =n =1 -6 (B ~0) where

n is the index of refraction, 0 is the dispersion (B is the absorption) of the X-ray in the
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2
medium, with cosf, approximated as 1 — %C at small angles. Using Equations 3.4 and

3.5, the expression for the film thickness can be written as Equation 3.6. From the X-ray
reflectivity curve, incident angles for the mth interference can be plugged into the

Equation 3.6. By plotting 62 as a function of m® from XRR data, the linear slope,

)2 : . : :
(Z) can be used to determine the film thickness. Moreover, the y-intercept, J., is

related to the density of the film and the critical angle.

n,~ 1 (air)

n,=1-8,+iB(film)

Figure 3.6 Reflection of X-rays at material surface and at the interface. The material
has the index of reflection n,

mA = AB + BC 34
= 2tsin0,

Using Snell’s Law of reflection (n1~1),
cos@,, = n;cosfl, (3.5

cosf,, = (1 — 6.)cosb,

mA = Ztsz

02 — 26,2 = m? (%)

(3.6)
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3.3 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) is a powerful and widely used surface
analytical tool. Using XPS, we can determine the element identity, atomic compositions
of all the elements in the sample, chemical oxidation states and even electronic structures
%4 The basic principle of XPS is the photoelectric effect® . Based on this effect, Dr. K.
Siegbahn and his research group at the University of Uppsala (Sweden) developed XPS
in the mid-1960s. In 1981, he was awarded the Nobel Prize for physics for his work using
XPS®. For my experiments, I utilize an x-ray photoelectron spectroscopy (XPS) analysis
chamber (VG Scienta R3000) that allows for in situ transfer with the MBE chamber. The
analyzer is calibrated using a two-point measurement of the Ag 3ds,, core level at 368.28
eV and the Fermi edge of Ag at 0.00 eV. The resolution of the XPS spectra is limited by
the x-ray source line width, which is approximately 300 meV. The beam spot size I used

1s 3 mm x 1 mm.

3.3.1 The principle of X-ray photoelectron spectroscopy

XPS is carried out under ultra-high vacuum (UHV) conditions to reduce the
electron scattering from gas molecules and to maintain the surface cleanness of the
samples. The X-rays are generated by an anode made of aluminum (Al) (or magnesium
(Mg)). The generated X-rays contain several components including the Al Ka (electron
transitions from a 2p orbital (L shell) to the K shell) line, bremsstrahlung continuous
background, and other satellite lines. For high resolution measurements, all the
components except for the Al Ka line must be removed using a monochromator. A set of
7 quartz crystals is placed at the end of the monochromator chamber (Figure 3.7). The
aligned quartz crystals create a concave X-ray grating. The generated X-ray beams are
directed onto the quartz crystals, and then the X-ray beams that satisfy Bragg’s law are

reflected, with the focus of the concave grating being governed by the Rowland circle
41



condition®. Therefore, only intense monochromatic Al Ko radiation with energy of
1486.7 eV is emitted from the monochromator. When the monochromatic X-rays hits the
sample surface, electrons in solid sample are excited and are emitted from the surface.
The kinetic energy of the emitted electrons is analyzed by the hemispherical energy

analyzer.

'\*—;
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Figure 3.7 The chamber of X-ray photoemission spectroscopy in UT Materials Physics
Lab.

As shown in Figure 3.8, X-ray photons have sufficient energy hv to excite not
only the outer valence shells but also the core levels of all elements causing them to be
ejected as photoelectrons. From energy conservation, the kinetic energy Eyj, of a
photoelectron is written as Eyi,=hv — ¢y, — Ep, where Ey;, is the kinetic energy of the

emitted electron, @, is the work function of spectrometer, and Ey, is the binding energy.
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The sample stage is connected electrically to the spectrometer, so the Fermi levels of the
sample and the spectrometer are aligned. The value of @, is compensated automatically
using SES software program (from VG Scienta) and the kinetic energy Eyi, is measured
by the energy analyzer. Therefore, the binding energy E,, is easily converted from Ey,
and hv. Ey is element specific, so that we can determine the composition of the sample
from the various lines present in the collected spectrum. Specific values of E, and relative

intensities give composition information of the sample.
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Figure 3.8 The schematic diagram of the photoemission spectroscopy.

3.3.2 Sampling Depth

When X-rays are irradiated onto the sample surface, X-rays penetrate a substantial
distance into the sample in a range of 1~10 um. However, only electrons that are a few
tens of A below the surface can escape and reach the analyzer due to the electron-electron

and electron-phonon scatterings during the escape to the surface. Here we need to
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introduce the term of “electron inelastic mean free path (IMFP), A”. IMFP can be defined
as “the distance over which the probability of an electron escaping without significant
energy loss due to inelastic processes drops to e of its original value”®*. The probability

can be expressed by

z
P(2) = exp(= 705 (3.6)

where z is the length of travel without experiencing inelastic scattering, and the
angle 0 is measured with respect to the surface normal. At normal angle, one has
z=A=IMFP. If there is an overlayer through which the electrons have to go through, the
intensity 10 will be attenuated. The intensity I emitted from the sample with thickness z is
given by, [ = [yexp(— AC(Z)—Se). For normal angle, with z equal to 32, -In(1/Ip)=0.050 or 95
% of electrons come from the sample thickness z=3A. The sampling depth is defined as
the depth from which 95 % of electrons that reach the surface come from.

IMFP can be calculated various methods. First of all, an article related to IMFP

I 69

has been published by Tanuma ef al.” in 1993. The equation is shown in Equation 3.7.

) C D
a=5/{B3merE) - (3) + ()1} (3.7)
E E
where E=electron kinetic energy in eV
E,=28.8 (Nvp/M)"2 is the electron plasmon energy
p=density in g cm™
Nv=number of valence electron per atom or molecule

M=atomic or molecular weight

B=-0.0216+0.944/(Ep*+ Eg?)1/2+0.738¢™ p
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v=0.191 p°?
C=1.97-0.91U
D=53.4-20.8U
U=Nv p/M= E,*/829.4
The other method to calculate IMFP was presented by Seah and Dench™.
According to their calculation, the IMFP is proportional to (kinetic energy, KE)". The
exponent n is related to the materials, and is usually between 0.5 and 0.9. Several other

methods to calculate IMFP have also been reported’' .

3.3.3 Spin-Orbit splitting

Due to the interaction between the electron spin angular momentum and the
orbital angular momentum, all orbital levels except the s levels (1 = 0) shows a doublet
with two possible states that have different binding energies in XPS. This binding energy
separation is known as spin-orbit splitting or j-j coupling. For p, d and f peaks, two peaks
are observed. For 2p, two states arise from the quantum numbers n=2, L=1, and S=1/2,
with the total angular momentum J values give rise to, J=1/2 and 3/2. The degeneracy g;
can be written as g;=2J+1. The relative peak intensities of doublet (branching ratio) are
given by the ratio of 1:2 which are from degeneracy, J=1/2 (g;=2) and J=3/2 (g;=4). The

binding energy of the lower J] member of the doublet is higher.

3.3.4 Quantification of sample stoichiometry

To quantify the amount of each element present in a sample, we need the
integrated area of a specific peak and also the corresponding relative sensitivity factor
(RSF)”*. RSF is the relative intensity ratio of a pure element sample A to a standard pure
element as indicated in Equation 3.8, where I, is the intensity of element A at depth
from 0 to oo. Wagner et al.”” used the fluorine (F) compounds as a standard, and derived
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RSF values compared to Iz’ . The empirical RSF values from Wagner were applied to

my data analysis.

IOO
RSF = 2

(3.8)

IF,1s

For H or He, RSF values are too small to be useful. These RSF values can be used
to determine the relative composition of each element in the sample. The relative
concentrations can be determined by Equation 3.9 where R; is the relative atomic
concentration of element i in the sample and index j refers to the number of elements in
the sample.

I;/RSF;

Ri(atomic %) = W X 100(%) (39)
]7] y)

For example, core level spectra of Sr 3d, La 3d, Ti 2p, and O 1s from the La
doped SrTiO; sample by in situ XPS at room temperature are shown in Figure 3.9. From
these spectra, we can estimate the composition of the sample as relative ratios between

the different elements present.
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Figure 3.9 Representative core level spectra of Sr 3d, La 3d, Ti 2p, and O 1s from a La
doped STO film using in situ XPS.

Once we obtain core level spectra, the total area can be determined using the
CasaXPS program and hence, the composition of the film can be derived using Equation
3.9. The quantitation results for this sample are shown in Table 3.1. The composition of
this sample from the relative concentrations is found to be (Lag17Sr053)TiO32s.
Depending on the thickness of the sample, the total intensity of each element should be
adjusted due to the different IMFP for different binding energies. This intensity

calibration can also be easily implemented with the CasaXPS program.
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Sensit
Total area
-ive Concentration Relative concentration
(Intensity)
factor
91644.0/1.843 = 4973 x 10*
St | 1.843 | 91644.9 (4.973 + 6.010 + 6.010 + 19.54) x 10*
4.973x104
137627.5/13.6 = 6.010 x 10*
La | 13.6 | 137627.5 (4.973 + 6.010 + 6.010 + 19.54) x 10*
6.010x104
120254.0/2.001
1.012 x 10*
Ti | 2.001 | 120254.0 = (4.973 + 6.010 + 6.010 + 19.54) x 10*
1.012x104
152374.4/0.78= 1.954 x 10°
O | 078 | 152374.4 (4.973 + 6.010 + 6.010 + 19.54) x 10*
1.954x105

Table 3.1 The quantitation results of the La doped STO sample.

3.3.5 Experimental details

From the survey scan, we can confirm the presence and rough amount of each
element of which the sample is composed of in Figure 3.10(a). After this survey scan,
high resolution scans as shown in Figure 3.10(b) are carried out to determine the
compositions of the sample, chemical shift or oxidation state, etc. Figure 3.10(a) shows
that the XPS spectrum has a stepped background where the intensity of background at
higher binding energy is greater than that at lower binding energy. This is due to the

inelastic process from the photoelectrons which have kinetic energy between 100 and

48



1500 eV’®. The details of the background shape depend on the material. During the
electrons escape to the surface, some of them lose part of their initial energy. These
electrons which lost some of their initial energy contribute to the background of the
spectrum. To account for the background, a Shirley background shape’’ (see Figure
3.10(b)) was subtracted for the data analysis in my experiments. Using the CasaXPS
program, the spectrum can be analyzed, using a constrained peak fitting model (area,
peak positions, and FWHM). For example, the Ti 2p component includes a spin-orbit
split pair located 5.6 eV higher in binding energy with a branching ratio fixed at the

theoretical value of 0.5 in Figure 3.10(b).

(a) B (b)

+ Guarticaton Paameter o e

Spin-orbit coupling

Pegors Compararts | Dats Bdtor | Papest Souc. | RPT Rapart |

| LYY
v -I 'Ilall'.'-. W ) . . ‘L‘-’; -'b :
) L - % Shirley background

Figure 3.10 (a) survey scan and (b) high resolution scan of Ti 2p component.
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The peak shape is determined by both the lifetime of the core-hole (Lorentzian),
and instrument effects (Gaussian) such as resolution of the analyzer, energy spread of the

X-rays. Therefore, the peak is fitted with a Voigt function.

3.4 ULTRA-VIOLET PHOTOELECTRON SPECTROSCOPY (UPS)

UPS was used to determine the work function (ionization energy) in my
experiments in chapter x. Light based on helium (He) I (hv =21.22 eV) is used for the UV
radiation source. This light comes from the transition, He ('P1) — He ('Sp) + 21.22 eV.
The plasma-based UV source has more photons (flux) with a narrower line width (~10
meV) compare to a laboratory x-ray source and it is suitable for measuring the valence
band structure and work function of samples.

A schematic view of the photoexcitation of electrons from the valence band of a
material by photons with energy hv is shown in Figure 3.11(a)’*, and the measured
spectrum of 0.3 ML Sr on Si (001) is shown in Figure 3.11(b). The background of the
spectrum is due to the secondary electrons as a result of inelastic scattering. These
electrons still have enough energy to escape into vacuum, so that they are detected as
secondary electrons and form the background of the spectrum. The work function of a
sample can be determined by subtracting the width of the spectrum from the energy of
the incident UV light source. This width is the energy separation between the onset of the
secondary electrons to the Fermi edge. UPS measurement has been employed to
investigate the work function change of Si (001) as a function of Sr and Ba coverage, as

will be discussed in Chapters 4 and 5.
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Figure 3.11 Schematic view of (a) the photoexcitation of electrons from the valence band
by photons energy of hv and (b) the measured spectrum of 0.3 ML Sr on Si
(001).

3.5 ATOMIC FORCE MICROSCOPY (AFM)

Atomic force microscopy (AFM) was used to investigate the roughness of the
sample surface in Chapter 7, 8 and 9. The AFM measurements were performed in
ambient using a commercial Veeco Multi-mode V commercial AFM. Tips were model
TESP from Bruker, with specified resonant frequency between 306 and 350 kHz and

spring constant k=20~80 N/m.

3.5.1 Atomic force microscopy (AFM) — principle

AFM is widely used as a non-destructive tool to investigate the morphology of
sample surfaces. AFM was invented and demonstrated by Gerd Binnig, Calvein Quate
and Christoph Gerber in 1986” to remedy the limitation of the technique of scanning

tunneling microscopy (STM), which was not suited for measuring non-conductive
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samples. The basic idea of AFM is that a sharpened tip on a spring cantilever is brought
very close to the sample surface. The forces between the sharpened tip and the sample
surface affect the deflection of the cantilever. The deflection of the cantilever is a direct
measure of the topography of the surface. In the initial prototype of AFM, cantilever
deflection was measured by the tunneling current between a tip and the backside of the
cantilever. However, these days, the cantilever deflection is measured by the change in
position of a laser beam reflected from the backside of the cantilever®.

AFM uses the repulsive or attractive forces between a tip and a sample. There are
three different modes of operation; contact mode, non-contact mode, and tapping mode.
These modes are related to the distance and the force between the tip and the sample
surface. Tapping mode will be described here because I used this mode for measuring the
roughness of the surface.

In tapping mode, the tip has a large spring constant (20~50 N/m) with a resonance
frequency of 100~400 kHz. The tip is forced to be oscillated with a certain oscillation
amplitude at the resonance frequency. Because the tip keeps oscillating, the oscillated
laser beam is detected in a photodiode detector, and then the laser beam signal is
converted to a root mean square (RMS) amplitude value (DC voltage). When the tip is
engaged to the surface and is then moved along the sample surface, the cantilever’s
oscillation amplitude is changed depending on the sample surface height. The changed
oscillation amplitude is measured by the photodiode detector, which has four elements
arranged as a quadrant photodiode as seen in Figure 3.12. The surface height difference is
detected by the vertical beam difference (A+B)-(C+D)/sum where the sum is equal to
A+B+C+D. Through the feedback loop, the oscillation amplitude maintains the RMS
value. If the reflected beam has the higher set point value (RMS), the z motion piezo

moves down to match the values between RMS and the reflected beam. The z-motion
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piezo change is recorded in the computer and then the program converts that information

to a topography image.
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Figure 3.12 Feedback loop of the tapping mode AFM. Image taken from reference®’.

The roughness of the sample is expressed as root mean square (RMS) roughness
within a given area. The RMS roughness is the standard deviation of the z values. The
profile of the image shows the relative height difference compared to the surrounding

area.
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Chapter 4. Alkanline earth metal Sr on Si (001) : Charge transfer in Sr
Zintl template on Si (001)

The Sr Zintl template on Semiconductors is necessary to deposit the SrTiO; films
on Si (001) directly. The formation of the half monolayer (ML) Sr Zintl template layer on
Si (001) is investigated using in situ reflection high energy electron diffraction, in sifu x-
ray photoelectron spectroscopy (XPS), and density functional theory. To compare the Sr
template on Si (001), the same periodic table group, Ba on Si (001) also investigated.
This work is accompanied with theoretical calculation using density functional theory
(DFT). Therefore, the theoretical work also described in this chapter. Theoretical
calculations were done by Hosung Seo. This work was published in : (1) M. Choi, A. B.
Posadas, H. Seo, R. C. Hatch and A. A. Demkov, “Charge transfer in Sr Zintl templates
for epitaxial oxide growth on Si (001).” Appl. Phys. Lett. 102, 031604 (2013)
photoemission experiment and density functional theory for the Sr Zintl template for

oxide heteroepitaxy on Si (001).”, J. Vac. Sci. Technol. B 31, 04D107 (2013)

4.1 INTRODUCTION

Over a decade ago, McKee and co-workers achieved a breakthrough in the
epitaxial growth of single crystal perovskite SrTiOs; on Si (001) using 1/2 monolayer
(ML) of Sr on clean Si (001) 2x1 as a template”. At 1/2 ML coverage, Sr atoms assume
positions between Si dimer rows, and inhibit formation of the amorphous SiO, layer
during the subsequent SrTiO3 deposition in a relatively wide range of temperatures and
pressuresM’Sz'SS. Epitaxial growth of SrTiOs; on Si (001) has enabled replacing the SiO,
gate dielectric with an epitaxial oxide in a field effect transistor, and more importantly,

19,86-93

the monolithic integration of functional perovskite oxides on Si . To date, no other

template layer has been reported that enables direct perovskite epitaxy on Si (001).
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The composition of 1/2 ML Sr on Si is expressed by SrSi,, which is similar to a
bulk SrSiy Zintl-Klemm intermetallic compound. ‘Zintle phase’ which was named after
German Chemist, Eduard Zintl is compounds which comprise electropositive elements
such as alkali or alkaline earth metals with the electronegative elements in the periodic
group between 13 and 16. In Zintl phase followed by the Zintl-Klemm formalism,
valence electrons transfer from electropositive to electronegative atoms and “covalent
interaction” happens after transferring electrons. In the system of MSi, (M=Sr, and Ba in
this dissertation) which is one of the Zintl phase, M metal donates its electrons to Si, and
Si' and M™ form covalent bonds which is fulfilled by octet rule. By using Zintl phase,
SrSi,, SrTiO; films were directly deposited on Si (001) without any buffer layers.
Therefore, the understanding of the Sr template formation on Si (001) is crucial to
controlling the growth of epitaxial oxides on silicon and possibly extending this
mechanism to other semiconductors’* .

X-ray photoemission has been extensively used to study Si (001), and ample
literature exists describing the bulk and surface core-level states both experimentally and
theoretically””'”’. At room temperature in vacuum, a clean Si (001) surface exhibits 2x1
reconstruction with buckled asymmetric dimers'®, giving rise to two surface states of
which one is filled (the so-called “up atom” of a dimer) and the other is empty (the
“down atom”). Experimentally, the Si 2p core level spectrum of 2x1 Si (001) can be
described (fitted) with seven spin-orbit split pairs of surface core-level components.
Specifically, the spectrum is decomposed into one bulk component (B), and six surface
components (Sy, C, Sq¢, SS, D and L) including the up (S,) and down (Sq) surface states'*°.
The C component is positioned in energy between the bulk and S4 components and

102

originates from one half of the third layer atoms . The SS component has been

associated with either the second layer of Si atoms or with one half of the third layer plus
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the fourth layer of Si atoms'®’. The D and L components are observed on the higher
binding energy side of the spectrum with their origin debated in the literature. However,

101,109

the D component is likely due to surface defects , while the L component is related

to a surface loss process via interband transitions in surface bands'®.
The detailed changes in the Si 2p core level spectrum depend on the specific
adsorbing atom and show a unique trend since core level shifts are related to the

110-112

electronic structure of the system For example, when Mg and Ca are adsorbed on

Si (001) to form MgSi, and CaSi,, the Si 2p core-level shifts observed as a function of Ca

and Mg coverage indicate charge transfer from alkaline-earth metals to Si (001)''?

. Using
density functional theory (DFT), we recently proposed that at sub-monolayer coverage,
Sr on Si (001) results in un-tilting of the dimers due to Zintl charge transfer from the
electropositive metal to Si''>. This structural change is an essential factor in creating the
template for the subsequent SrTiO; growth''. Though the electronic structure of Sr on Si
(001) has been studied using x-ray standing wave'’ and x-ray photoemission

115,116

techniques , our understanding of the relationship between the surface reconstruction

and the electronic structure changes induced by Sr deposition is still incomplete.

4.2 EXPERIMENT AND THEORETICAL CALCULATIONS

B-doped (~10" cm™) prime Si wafers were cut into 20 mmx20 mm pieces and
ultrasonically cleaned in acetone, deionized water and isopropanol for 5 minutes each,
then exposed to ultraviolet (UV)-ozone lamp to remove carbon impurities at the surface.
The Si substrates were then introduced into a customized DCA 600 molecular beam
epitaxy (MBE) system with a base pressure of 3x10"'" Torr. To remove the native SiO,
layer, the substrates were heated up to 875 °C and annealed for three hours under

ultrahigh vacuum. After annealing, a sharp 2x1 reconstruction pattern is observed by in
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situ RHEED. The samples are then transferred in situ to the x-ray and ultraviolet
photoelectron spectroscopy (XPS/UPS) analysis chamber (VG Scienta R3000). The C 1s
and O 1s core level spectra are measured to verify the cleanness of the Si (001) surface.
After confirming that there is no detectable SiO; layer at the surface, the sample is moved
to the MBE chamber for subsequent Sr deposition. The Sr flux is calibrated using a
quartz crystal monitor and fine tuned using RHEED oscillations to yield a rate of 1 ML
per minute, where we define 1 ML as the atomic surface density of an ideal
unreconstructed Si (001) surface (1 ML = 6.78x10'* atoms/cm®). Measurements of the
surface core level shifts and work function as a function of Sr coverage at room
temperature are performed with in situ XPS using monochromatic Al Ka radiation (hv =
1486.6 V) and in situ UPS using a bright monochromatic He plasma light source (He I
radiation hv = 21.22 eV). The analyzer is calibrated using a two-point measurement of
the Ag 3ds,; core level at 368.28 eV and the Fermi edge of Ag at 0.00 eV. The resolution
of the XPS spectra is limited by the x-ray source line width, which is approximately 300
meV, while that of UPS is analyzer-limited and is <30 meV.

To assist with the interpretation of the XPS spectra, we perform DFT calculations
of SCLS within the local density approximation''’, along with the projector augmented
wave pseudopotentials''® to describe Si and Sr. The valence electron configurations for
the elements are 3s°3p” and 4s’4p°5s” for Si and Sr, respectively. We model the Si
surface using a 16-layer thick slab with a surface cell (dimension = 10.81 A x 10.81 A),
which is separated from its periodic images along the c-direction by 15 A of vacuum.
Both surfaces of the slab are treated as active surfaces and no hydrogen passivation is
used. A cutoff energy of 500 eV is used for the plane-wave expansion along with a

4x4x2 Monkhorst-Pack k-point grid for the Brillouin zone integration.

57



4.3 RESULTS AND DISCUSSION

Figure 4.1 shows the RHEED patterns for clean 2x1 Si (001) and Si with various
coverage of Sr. As the Sr coverage increases, the RHEED pattern evolves from a 2x3
reconstruction between 1/6 and 1/4 ML of Sr into a 2x1 structure between 1/3 and 1/2
ML of Sr coverage. At 1/2 ML Sr coverage the RHEED pattern is identical to that of
clean 2x1 Si (001). After Sr deposition and RHEED imaging, the samples were

transferred in situ to the photoemission analysis chamber.

Figure 4.1 RHEED patterns of the Si (001) surface as a function of Sr coverage for (a)
0, (b) 1/6, (c) 1/3, and (d) 1/2 ML Sr coverage on 2x1 Si (001) deposited at
600 °C. All patterns are viewed along the Si<110> azimuth.
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Si 2p core-level photoemission spectra of 2x1 reconstructed Si (001) and 1/2 ML
Sr-induced 2x1 reconstruction on Si (001) are taken at normal emission at room
temperature and analyzed as shown in Figure 4.2. We model the Si 2p core-level spectra
using six components labeled S,, S4, C, SS, L, and B (for bulk). For buckled asymmetric

Si dimers, the S, and Sy components represent up and down dimer atoms, respectively.
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Figure 4.2 Si 2p core-level spectra of (a) clean 2x1 Si (001), and (b) 1/2 ML Sr
deposition on clean 2x1 Si (001) by in situ XPS at room temperature. Insets
are theoretical structures of clean 2x1 Si (001) and 1/2 ML Sr on Si (001)
obtained from the DFT calculations.

The intensity and full width at half maximum (FWHM) of the two dimer
components are constrained to be equal to each other, in accordance with the known
structure of a clean Si (001) surface. The C component, which can be readily resolved in
Si 2p core-level synchrotron measurements, is reported to be from the 3rd layer beneath

12 In the present study, the C

the troughs formed by the dimer rows (S3’ in Figure 4.2(a))
components in Figure 4.2 are somewhat difficult to assign precisely due to the resolution

limit. The SS component is assigned to sub-surface components of the 3rd and 4th layers
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(S3 and S4 in Figure 4.2(a)). The L component is needed to fit the tail of the spectrum on
the higher binding energy side'*®. All components include a spin-orbit split pair located
0.605 eV higher in binding energy with a branching ratio fixed at the theoretical value of
0.5. The energy positions of all components are expressed in terms of the binding energy
relative to binding energy of the well-resolved bulk component. The peaks are fit with the
Voigt function that is 90 % Gaussian and 10 % Lorentzian using Casa XPS software''’.
The value of the FWHM from the bulk component is constrained to be the same as that of
Su, C, and S4 components. For SS and L, FWHM is constrained to be 1.5 times wider
than that of bulk because the SS component is a combination of two very closely spaced
features (3rd and 4th layers) that cannot be effectively resolved, while the L component
has a broad tail in the higher binding region.

For clean 2x1 reconstructed Si (001), the surface core-level shifts (SCLS) of the
Su, S4¢, and SS components are -0.43 eV, 0.12 eV, and 0.22 eV, respectively and are
shown in Figure 4.2(a). These values are in good agreement with recent synchrotron-
based measurements.'*""'” After 1/2 ML Sr deposition on clean 2x1 Si (001), the
asymmetric tilt of the dimer is eliminated as a result of Sr atoms donating their two
electrons to the Si (001) surface, giving rise to a single merged peak in place of
previously separate S, and S4 components. The SCLS of the merged dimer peak is -0.33
eV as shown in Figure 4.2(b).

An unexpected result in the Si 2p core-level spectra of the 1/2 ML Sr on Si (001)
is that the bulk component shifts toward higher binding energy by 0.49 eV even though
two electrons are donated to the Si (001) surface. From a purely electrostatic point of
view, when electrons are donated to a system, the bulk core-level is expected to move to
lower binding energy because the extra charge raises the electric potential. However, in

the case of 1/2 ML Sr on Si, an opposite shift towards higher binding energy is observed.
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In addition, we observe that the shape of Si 2p spectra broadens in the higher binding

region after 1/2 ML Sr deposition.
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Figure 4.3 Valence band edge of the clean 2x1 Si (001) and 1/2 ML Sr on Si (001)
measured using XPS. The zero of energy is set at the Fermi level.

To verify the charge transfer, the location of the valence band edge was measured
for both clean Si (001) and 1/2 ML Sr on Si (001) as shown in Figure 4.3. The valence
band edge positions are determined using the linear extrapolation method'*. The energy
shift of the valence band for 1/2 ML Sr on Si is approximately 0.42 eV toward higher
binding energy when compared to that of clean Si (001). This value of the valence band
shift confirms that it is the entire spectrum that shifted, supporting the presence of charge
transfer from the Sr atoms.

To identify the possible origin of core level shift to higher binding energy induced
by the Sr deposition, we calculated the 2p SCLS’s at the Si (001) p(2%2) and 1/2 ML Sr-

adsorbed 2x1 Si (001) surfaces. In the initial state approximation, the 2p core level
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binding energy is calculated from the difference between the 2p energy level €, and the
Fermi level er. However, when a core hole is created at a Si atom, the system is excited
and electrons tend to screen the core hole positive charge'?!. This relaxation energy gain
is included on top of the initial state effect in the final state calculations. Therefore, the
difference between the initial and final state calculations could be used as a measure of
the screening ability of the system'®"'"”. The larger relaxation effect tends to push the 2p
peak toward the lower binding energy.

The 2p core level binding energy in the final state theory is calculated as where
E(n,) is the ground state energy and E’(n; — 1) is the system’s energy with a screened core
hole. In order to ensure the overall charge neutrality of the system, one electron is added
to the system (complete screening picture). First, we calculate the SCLS at the Si (001)
p(2x2) surface and the positions of the S, and Sq components are -0.53 eV and -0.12 eV,
respectively, in good agreement with our experimental results in Figure 4.2 (a) as well as
existing theoretical work'®*'*"'7 For Sr on Si (001), we find that the tilted dimer rows of
the Si (001) p(2x2) surface are flattened due to the charge transfer' . As a result, there is
only one dimer peak remaining at -0.35 eV in good agreement with the -0.33 eV found in
the experiment as shown in Figure 4.2(b). (See supplementary information for the
detailed theoretical calculation'*?).

Considering the bulk SrSi,'*, we calculate the 2p chemical shift induced by the
charge transfer from Sr to Si to be -0.35 eV. Strikingly, however, our experiment on 1/2
ML Sr on Si shows that the bulk 2p peak and all other surface 2p peaks shift in an
opposite way compared to the bulk case. Using the initial state theory, we calculate the
bulk 2p binding energy shift to be almost zero. This can be explained by the bulk 2p level
rising up due to the surface dipole layer induced by the charge transfer, simultaneously

with the Fermi level rising upward due to the change of the surface electronic structure.
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On the other hand, using the final state theory we calculate the bulk 2p binding energy to
be increased by 0.42 eV in excellent agreement with experiment. Since there is a
negligible shift in the initial state calculation, we note that the shift of 0.42 eV originates

from the reduced relaxation energy gain (screening effect) when the 1/2 ML Sr is

deposited.

5.21 o » Experiment

S ; O Theory

© 481 ¢

5

- 4.4 ]l;

Q

: 1

‘E 40 . straight chain ,..—g 1 straight chain

A

S ~— zig-zag chain

e 3.6- zig-zag chain

= & 0
3.2 checkerboard iy

00 01 02 03 04 05
Sr coverage (ML)

Figure 4.4 Work function variation as a function of Sr coverage on 2x1 Si (001) from
experiment (filled squares) and theory (open circles). For the work function
calculation for the Sr coverage of 1/6 ML, 1/4 ML, and 1/3 ML, we use the
structural model proposed in Ref.'**and Ref.*, respectively.
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Figure 4.4 shows the work function of Si (001) as a function of Sr coverage from

122

experiment and theory “*. We measure the work function of clean 2x1 Si (001) to be 4.82

eV using in situ UPS"*'%

. The change in the work function with Sr coverage is
determined by the onset of the secondary electron cutoff. The work function decreases
with increasing Sr coverage. The deposition of 1/2 ML of Sr causes a change of
electronic structure of Si (001), which leads to a decrease in the work function by 1.35 eV
and, considering experimental uncertainty, is in excellent agreement with theory. Similar
work function changes caused by the interface electronic properties were also observed

. : . 126,12
when organic molecules were deposited on metals or oxides'**'*.

4.4 SUMMARY

In conclusion, we establish the key features of the Sr-based Zintl template on Si
(001) by investigating the change in the electronic structure of 1/2 ML Sr-induced 2x1
reconstruction on Si (001) from that of clean 2x1 Si (001) using XPS, UPS and DFT. As
a strong evidence of the charge transfer from 1/2 ML of Sr into the 2x1 Si (001)
substrate, the bulk component of the Si 2p spectrum shifts toward higher binding energy
by 0.49 eV and the previously separate Su and Sd dimer components merge into a single
surface component at -0.33 eV with respect to the bulk This indicates that, though intact,
Si dimers of the Zintl template are un-tilted, in agreement with density functional theory
predictions. Theoretical calculations using the final state theory are quantitatively
consistent with the experimental results for the shift of the Si 2p spectrum and the

decrease of the work function of the system upon Sr deposition.
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Chapter 5. Alkanline earth metal Ba on Si (001) : Charge transfer in Sr
Zintl template on Si (001)

We report a study of the x-ray surface core level shifts in the Ba/Si (001) and
Sr/Si (001) Zintl templates using density functional theory and in-situ x-ray
photoemission spectroscopy. We demonstrate that charge transfer from a half-monolayer
of Ba or Sr to the silicon surface leads to a single dimer related peak in the surface core
level spectra. We find that the use of the final state theory is necessary to describe the
evolution of the dimer peak. Most interestingly, we observe that the Si 2p bulk peak is
sensitive to the surface structure and is shifted by 0.39 and 0.49 eV toward higher binding
energy as a half-monolayer of Ba and Sr are deposited, respectively. Final state
calculations show that this shift of the bulk peak results because the Si (001) surface state
in the bulk band gap is destroyed after Ba or Sr deposition. Theoretical calculation is
done by Hosung Seo. This work was published in : H. Seo, M. Choi, A. B. Posadas, R. C.
Hatch, and A. A. Demkov, “Origin of anomalous Si 2p core level shifts of Zintl templates
on Si (001) from ab-initio final state theory and in-situ X-ray phoemission experiment”,

submitted to PRB.

5.1 INTRODUCTION

As mentioned in Chapter 4, sub-monolayer coverages of alkaline earth metals
(AEM), such as Sr or Ba, on semiconductor surfaces, such as Si (001) or Ge (001), have
been identified as Zintl templates enabling epitaxial growth of complex oxides on
semiconductors. Early theoretical calculations of half-monolayer (1/2-ML) Ba on Si
(001) revealed that the charge transfer from AEM to Si (001) passivates the dangling
bonds on the surface and leads to the 2x1 surface reconstruction observed in

experiment'*"*°. And, Ba Zintl template also contributes to integrate the functional
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perovskite with Si (001) such as BaTiO; on Si'*'. However, there are a number of
important issues that remain unresolved. The Zintl templates are known to protect against

oxidation of Si (001) substrates'*'**

, while the mechanism that protects the substrates is
largely unknown''>'**. A detailed understanding of the evolution of the atomic and
electronic structures of Si (001) induced by sub-monolayer AEMs would be invaluable
for advancing the epitaxial growth of crystalline oxides on semiconductors.

Core-level x-ray photoemission spectroscopy (CXPS), combined with first-
principles calculations are ideal tools for providing such understanding®*'**. While
maintaining the atomic character, core-levels are highly sensitive to the local electronic
environment through electrostatic effects, resulting in core-level shifts (CLS) for different
physical environments. To trace the origin of the CLS, theoretical modeling is crucial and
various theoretical methods have been developed®. When a core electron is excited by a

photon with an energy of hv and emitted from a sample with a kinetic energy, Ekin, then

the binding energy, EB of the electron is defined by

Es =hv-E4 —@=E(n, -1)-E(n,) (5.1)

where ¢ is the work function, E(n;) and E’(n.-1) are the system’s ground and
excited state energies, respectively, with nc being the number of the core electrons. The
quantities on the left-hand side can be determined in experiment, and the total energies on
the right-hand side are the subject of theoretical calculations. A simple theory to calculate
the CLS is based on the Koopmans’ theorem in the Hartree-Fock theory, stating that the
binding energy is the same as the orbital energy under the frozen orbital approximation

35 Thus, in this theory, the CLS are the same as the shifts of the orbital energy in the
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ground state due to the change of the local electrostatic potential. This contribution to the
CLS is called the initial state effect.

When a core hole is created, the system tends to screen it (final state effect) as
much as possible, providing a relaxation energy gain for the emitted electron and pushing
the core level binding energy toward lower binding energy from the initial state result.
The final state theory has been largely developed for understanding the chemical shifts in
metallic alloys using the so-called Z+1 approximation'*®. The change in the final state
effect between different chemical environments could be small, especially for metallic
systems, due to the short metallic screening length'*’. However, the final state relaxation
at the surface of even metallic systems can be noticeably different to those in the bulk,
playing an important role in the SCLS"*'%,

The proper account of the final state effect becomes even more critical when it
comes to the SCLS of semiconductor surfaces, which may undergo drastic surface

99-10LI06107.141 “"pehlke and Scheffler have suggested that the surface

reconstructions
electronic structure and site-sensitive screening of core holes play important roles in the
determination of the SCLS of Si (001) and Ge (001) '°’. They found a large relaxation
energy gain for the peak derived from the down atom of a surface dimer at Si (001). It
has been explained that the potential induced by a core hole at the “down atom” places
the empty dangling-bond state below the Fermi level. Subsequently, the lowered
localized state is occupied by an electron from the Fermi level, leading to effective
screening of the core hole.

Using combined in-situ x-ray photoemission spectroscopy and density functional
theory, we have recently investigated the change in the SCLS of Si (001) induced by 1/2-

122,142

ML Sr deposition . We have shown that charge transfer flattens the tilted dimers,

resulting in a single dimer-related peak in the photoemission spectrum, compared to two
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dimer-related peaks for pure Si (001). Additionally, we have found that the final state
theory is necessary to describe the evolution of the Si 2p dimer peaks, with respect to the
2p bulk peak, as a function of Sr coverage.

Additionally, we observed that the 2p bulk peak of Si (001) is shifted toward
higher binding energies by 0.49 eV upon 1/2-ML Sr deposition, but the origin of this

122,192 Based on the simple charge transfer picture, the extra electrons

effect was unclear
transferred to Si (001) should push the Si 2p levels toward lower binding energy, but the
opposite shift was observed experimentally. We note that similar observations have been

110,112,143,144

reported for other sub-monolayer metal/Si (001) systems , and the origin of

110 - . .
¥ is of particular interest

these shifts remains unknown. The case of Ba on Si (001)
because of its similarity to that of Sr/Si (001), in terms of the charge transfer and 2x1
surface reconstruction. However, from the data reported in Ref. ''° for a Ba coverage of
0.6 ML, the bulk 2p shift is less than 0.3 eV, which is a factor of two smaller than for that
of 1/2-ML Sr/Si (001). The main question is what makes the bulk peak so sensitive to the
surface structure. Answering this question may provide valuable insight in the surface
electronic structure of Zintl templates on Si (001) and will advance the oxide
heteroepitaxy on semiconductors.

In this chapter, we discuss the evolution of the electronic structure of Si (001)
induced by 1/2-ML Sr or Ba deposition using in-situ x-ray photoemission spectroscopy
combined with the first-principles final state calculations. We find that the bulk Si 2p
peak of Si (001) is shifted by 0.49 eV and 0.39 eV toward higher binding energies as 1/2-
ML of Sr and Ba are deposited, respectively. Theoretical calculations reveal that the shift
originates from the elimination of the surface states in the energy gap of Si due to the

presence of AEM. We explain the difference in the bulk 2p peak shifts between the Sr

and Ba in terms of the surface electronic structure near the Fermi level.
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5.2 EXPERIMENT AND THEORETICAL CALCULATIONS

B-doped (~10'® cm™) prime Si wafers were cut into 20 mmx20 mm pieces and
ultrasonically cleaned in acetone, deionized water and isopropanol for 5 minutes each,
then exposed to ultraviolet (UV)-ozone lamp to remove carbon impurities at the surface.
The Si substrates were then introduced into a customized DCA 600 molecular beam
epitaxy (MBE) system with a base pressure of 3x10"° Torr. To remove the native SiO,
layer, the substrates were heated up to 875 °C and annealed for three hours under
ultrahigh vacuum. After annealing, a sharp 2x1 reconstruction pattern is observed by in
situ RHEED. The samples are then transferred in situ to the x-ray and ultraviolet
photoelectron spectroscopy (XPS/UPS) analysis chamber (VG Scienta R3000). The C 1s
and O 1s core level spectra are measured to verify the cleanness of the Si (001) surface.
After confirming that there is no detectable SiO; layer at the surface, the sample is moved
to the MBE chamber for subsequent Ba deposition. The Ba flux is calibrated using a
quartz crystal monitor and fine tuned using RHEED oscillations to yield a rate of 1 ML
per minute, where we define 1 ML as the atomic surface density of an ideal
unreconstructed Si (001) surface (I ML = 6.78x10'* atoms/cm®). Measurements of the
surface core level shifts and work function as a function of Ba coverage at room
temperature are performed with in situ XPS using monochromatic Al Ka radiation (hv =
1486.6 eV) and in situ UPS using a bright monochromatic He plasma light source (He I
radiation hv = 21.22 eV). The analyzer is calibrated using a two-point measurement of
the Ag 3ds,; core level at 368.28 eV and the Fermi edge of Ag at 0.00 eV. The resolution
of the XPS spectra is limited by the x-ray source line width, which is approximately 300

meV, while that of UPS is analyzer-limited and is <30 meV.
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We use density functional theory (DFT) as implemented in the VASP code''’.

The exchange-correlation energy is approximated within the local density approximation
(LDA), using the Ceperley-Alder data parameterized by Perdew and Zunger'®. We
employ projector augmented wave (PAW) pseudopotentials''® to describe Si, Sr and Ba,
for which 3s3p?, 4s4p°5s?, and 5s°5p®6s® electrons are treated as valence, respectively.
The electronic total energy is converged to 10 eV/cell for each electronic self-consistent
calculation. Using a plane-wave cutoff energy of 500 eV along with a 8x8x8 Monkhorst-
Pack k-point grid, we calculate the lattice constant and the band gap of Si to be 5.403 A
and 0.47 eV, respectively, which are underestimated compared to the experimental lattice
constant of 5.431 A and 1.12 eV for the band gap in Si'**'*’. Higher cutoff energies and
denser k-point meshes have been tested for convergence.

We model Si (001) using slab geometry. For structural optimization, we use a 12-
layer thick Si slab with 15 A of vacuum to separate the slab from its periodic images
along the (001) direction. The in-plane cell size is 2x2 with dimensions of 7.64 A x 7.64
A. We treat both surfaces of the slab as active surfaces to satisfy the periodic boundary
condition along the (001) direction with no hydrogen passivation. We fix the middle 4
bulk layers, while both surfaces are relaxed until the Hellmann-Feynman forces are less
than 10 meV/A using 500 eV cutoff energy and 6x6x2 k-point grid.

To calculate the Si 2p core level binding energies, we consider slab thicknesses
from 16 to 32 layers. We increase the bulk region of the 12-layer thick relaxed slab by
increment of 4 Si layers. The initial state calculations are done by calculating the core-
level eigenvalues with respect to the Fermi level. In the PAW formalism, the information
of the core-levels can be recovered by a linear transformation. For the final state
calculations, we use the PAW method in the frozen core approximation'*', in which a 2p

core hole is generated at an atomic site of interest followed by full relaxation of the
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valence band. To consider the completely screened final state, which sets the lower
bound of the binding energy, we add one electron to the system. This extra electron also
ensures the charge neutrality of the system in the presence of the core hole. In order to
minimize the interaction between a core hole in the slab and its periodic images on the
same Si layer, we increase the surface cell size to  (dimension = 10.81 A x 10.81 A).
For the total energy calculations in the final state theory, a cutoff energy of 600 eV is
used along with 6x6x2 (6x6%1) k-point meshes for 16 and 20 layer-thick (24 to 32 layer-
thick) slabs.

5.3 RESULTS AND DISCUSSION

Figure 5.1 shows the RHEED patterns for clean 2x1 Si (001) and Si with various
coverage of Ba. RHEED patterns of sub-monolayers of Ba on Si (001) shows the same as
the those of Sr on Si (001). As the Ba coverage increases, the RHEED pattern evolves
from a 2x3 reconstruction between 1/4 and 1/3 ML of Ba into a 2x1 structure between
1/3 and 1/2 ML of Ba coverage. At 1/2 ML Ba coverage the RHEED pattern is identical
to that of clean 2x1 Si (001). After Ba deposition and RHEED imaging, the samples were

transferred in situ to the photoemission analysis chamber.
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Figure 5.1 RHEED patterns of the Si (001) surface as a function of Ba coverage for (a)
0, (b) 1/4, (¢) 1/3, and (d) 1/2 ML Ba coverage on 2x1 Si (001) deposited at
600 °C. All patterns are viewed along the Si <110> azimuth.

In Figure 5.2(a), we show the surface structures of Si (001) and 1/2-ML Sr or 1/2-
ML Ba on Si (001) obtained from first-principles calculations. The Si (001) surface, with
the asymmetric dimers, is insulating with empty p,-like dangling bond states at the down
atom sites and fully occupied s-like dangling bond states at the up atom sites'**. When
1/2-ML Sr is deposited, all trough sites on the Si (001) surface are occupied and the
passivated dimers recover the symmetric un-tilted geometry, leading to the 2x1 symmetry
as shown in Figure 5.2(a). The surface passivation mechanism works with 1/2-ML Ba in

the same way''*. However, we note that the position of Ba from the Si (001) surface is
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calculated to be higher than that of Sr by 0.167 A due to its larger ionic radius. The
theory value is in good agreement with an experimental value of 0.14 A'" and the
difference of 0.17 A between the ionic radii of Ba*" and Sr*" '*°.

In Figure 5.2(b), we show the SCLS of the 1/2-ML Ba on the Si (001) surface.
The data fitting and analysis of the Si 2p peak structures are explained in detail in

122,192 in which we also reported the SCLS spectra of the pure Si (001)

previous papers
surface and the surface with 1/2-ML Sr. For pure Si (001), there are two dimer-related
peaks at -0.43 eV (S,) and 0.12 eV (Sq) with respect to the 2p bulk peak'**'**. For the
2x1 surface with 1/2-ML Ba, all the surface Si atoms are symmetrically equivalent,
yielding a single dimer-related peak (S1 in Figure 5.2(b)), measured to be at -0.33 eV
with respect to the 2p bulk peak. Using the final state theory, we calculate the position of
S1 for the Ba/Si (001) surface to be -0.50 eV, which is in reasonable agreement with
experiment. Interestingly, we also observe a shift of the 2p bulk peak toward higher
binding energies by 0.39 and 0.49 eV, respectively, as we deposit 1/2-ML Ba and 1/2-ML
Sr on the pure Si (001) surfaces. This is shown schematically in Figure 5.2(c). We note

that all bulk peaks are very sharp in experiment and their positions are insensitive to the

fitting process of the surface-related peaks.
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(a) Ball-and-stick models of the p(2x2) surface reconstruction of Si (001)
(left) and the 2x1 reconstruction of Si (001) induced by 1/2-ML Sr or Ba
deposition (right). (b) Si 2p core-level spectrum of 1/2-ML Ba/Si (001) by
in-situ XPS at room temperature. The detailed description of the sub-peak
structures and the analysis procedure are explained elsewhere'**'*. (c)
Schematic to show the 2p bulk peak shifts of clean 2x1 Si (001) (bottom)
induced by 1/2-ML Ba (middle), and 1/2-ML Sr (top) depositions.

To understand the dependence of the bulk peak shift on the surface structure and

composition, we take a 24-layer thick Si (001) slab and perform the initial and final state

calculations of the bulk 2p binding energy. The initial state effect (ground state property)

for the bulk 2p states is provided by the dipole layer formed at the surface due to the

charge transfer from 1/2-ML Sr (or Ba) to the Si dimers. However, the initial state result

is calculated to be basically zero, meaning that the increase in the Si 2p energy by the

initial state surface dipole is compensated by the simultaneous increase in the Fermi level

of the system by the 2x1 surface reconstruction induced by 1/2-ML Sr or 1/2-ML Ba. On
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the other hand, using the final state calculations with equation (1), we calculate the bulk
2p binding energy to be shifted by 0.18 and 0.30 eV for Ba and Sr, respectively, with
respect to that of pure Si (001). We first note that the theoretical results qualitatively
agree with experiment. We remark, however, that a direct quantitative comparison with
the experimental values is not possible because in theory we only consider a single core
hole at a particular bulk region, while in experiment a multiple number of core holes from

various locations are present.
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Figure 5.3 One dimensional screening electron density for a bulk 2p core-hole in the
24-layer-thick pure Si (001) slab (black straight line in (a)) and in the 1/2-
ML Ba/Si (001) slab (green straight line in (c)) compared to that of the 1/2-
ML Sr/Si (001) slab (red dashed lines in (a) and (c)). Three dimensional
screening electron density for the bulk 2p core-hole near the surface of the
24-layer-thick pure Si (001) (b) and the 1/2-ML Ba/Si (001).
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To shed more light on the dependence of the final state effect on the surface
structure of Si (001), we compare the screening electron density for a bulk 2p core hole
created in the 24 layer-thick Si (001) and Sr/Si (001) slabs in Figure 5.3(a), which is

defined as

Ap(X,Y,2) =P'na Xy, Z)_pN (x,¥,2) (5.2)
where p’N+1 and pN are the charge densities of the excited and ground states,
respectively. In addition, a one dimensional profile as a function of distance normal to the

surface can be calculated as

ap(2) = [ Ap(x,y, 2)dxdy (5.3)

where L is the dimension of the surface cell. As expected, most of the screening
electron density is strongly localized around the core hole site. The rest of the screening
electron density decays outward with Friedel-like oscillations and shows a rather
noticeable difference at the surface. Notably, for pure Si (001), we observe that the final
state effect for the bulk 2p core hole involves the formation of a dipole layer at the
surface, which vanishes when 1/2-ML Sr is deposited. We call this a final-state surface-
dipole (FSSD) to distinguish it from the initial-state surface-dipole formed by the charge
transfer from 1/2-ML Sr to Si (001). From the three dimensional plot of the FSSD of the
Si (001) surface in Figure 5.3(b), we find that the p,-like state at the down atom plays an
important role. Interestingly, as seen in Figure 5.3(c), the p,-related FSSD of pure Si
(001) also disappears when 1/2-ML of Ba is deposited, but another FSSD is visible
around the Ba layer. Figure 5.3(d) also shows that the FSSD at the 1/2-ML Ba/Si (001)

surface is associated with the Ba states.
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Figure 5.4 Layer-by-layer projected density of states (pDOS) of pure Si (001) (a), 1/2-
ML Ba/Si (001) (b), and 1/2-ML Sr/Si (001) (¢). The Fermi levels are set to
be 0 eV. For each panel, the upper three plots are the pDOSs of the surface
atoms whose names are shown on the right upper corner of each plot. The
surface gaps are calculated to be 0.05 eV, 0.19 eV, and 0.45 eV for Si (001),
1/2-ML Ba/Si (001), and half-monoalyer Sr/Si (001), respectively. The
bottom plot is the pDOS calculated for one of the bulk Si atom with the bulk
gap of 0.5 eV represented by two dashed lines.

In Figure 5.4(a), we show the layer-by-layer projected density of states (pDOS) of
the Si (001) surface, showing an empty p, surface state inside the bulk gap, which is
about 0.5 eV in our LDA calculations. Considering the electronic structure of the
corresponding excited state with the bulk 2p core hole, we find that a strong s-like bound
state forms at the core hole site and is 13.0 eV below the Fermi level as shown in Figure
5.5(a). As discussed previously, using the screening electron density profile in Figure

5.3(b), we also find in Figure 5.5(b) that the empty p, surface state is partially occupied
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by the screening electron, contributing to the formation of the FSSD on Si (001). On the
other hand, when 1/2-ML Sr is deposited, the surface gap increases to 0.45 eV, which is
close to the bulk gap of 0.5 eV as shown in Figure 5.4(c). The increased surface gap for
1/2-ML Sr/Si (001) leads to a negligible FSSD as shown in Figure 5.3(a) and Figure
5.5(d) since there is no surface state for the screening charge to occupy. Figure 5.4(b)
shows the surface electronic structure of 1/2-ML Ba/Si (001). We note that the increased
surface gap of 0.19 eV for 1/2-ML Ba/Si (001) compared to that of pure Si (001) is still
smaller than that of 1/2-ML St/Si (001) by a factor of two. The smaller surface gap of
Ba/Si (001) leads to relatively larger FSSD, induced by screening charge accumulated at

the empty Ba state below the bulk Si conduction band edge as shown in Figure 5.5(c).
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Figure 5.5 (a) Density of states (DOS) of bulk 2p core-hole excited Si (001) projected
on the bulk 2p core hole site. The Fermi levels are set to be 0 eV. (b) Layer-
by-layer projected density of states (pDOS) of pure Si (001) (b), 1/2-ML
Ba/Si (001) (c), and 1/2-ML Sr/Si (001) (d) in the presence of the bulk 2p
core hole.
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These results inspire a number of questions. The first one is what could be sources
of the screening electron or the electron accumulated in the empty surface state
contributing to the formation of a FSSD on the Si (001) surface? Once a 2p core hole is
generated, a strong positive potential is induced at the core hole site, and the empty
conduction band states are pulled down in energy. If the empty states are pulled down
below the Fermi level, the screening electron could be provided by the system. We also
speculate that there could be electron accumulation in the empty surface states during the
photoemission experiment due to relaxation of photo-excited electrons, thus contributing
to the formation of a FSSD. In the three-step model of photoemission process, photo-
excited electrons travel to the surface and escape from the surface®. However, there
would be a certain number of electrons which do not escape from the surface due to the
kinetic energy loss. In the presence of the surface states below the bulk conduction band
edge, the photo-excited electrons would relax into the empty surface states'> "',

The last questions are why there is a significant amount of Sr 4d (Ba 5d) states
near the Fermi level for 1/2-ML Sr (Ba)/Si (001) and why the surface gap differs for the
Sr and Ba adsorption (Figure 5.4). Using separate atom-in-a-box calculations, we check
that the Sr 4d states are placed higher in energy by 2.2 eV than the Sr 5s states. For 1/2-
ML S1/Si (001), we calculate the center of the Sr 4d band to be about 5 eV above the
Fermi level. However, the width of the Sr 4d band is calculated to be greater than 9 eV
due to a strong interaction between 1/2-ML Sr and Si (001), giving rise to the finite
density of Sr 4d states near the Fermi level. On top of the band broadening, the
importance of covalent interaction between AEMs and Si (001) has been previously

. 128,152
pointed out'*%"

. Using a Wannier function method, Garrity and co-workers suggested
that the surface gap is related to a covalent interaction between the Si dangling bonds and

Sr orbitals. In our calculations, the dominant interaction occurs between the Sr 4d,, and
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Si 3sp, states. On the Si (001) surface, Ba sits 0.167 A higher than Sr, which results in
less hybridization and subsequently a smaller surface gap opening for the 1/2-ML Ba/Si
(001) template. Experimentally, there is not yet a direct observation of the empty Sr 4d
(Ba 5d) states of 1/2-ML Sr (Ba)/Si (001) system. However, empty Sr 4d states near the
Fermi level have been observed for a Sr/Si (001) 2x3 surface using scanning tunneling

133134 "By considering a possible structural model of the Sr/Si (001) 2x3

spectroscopy
surface'®, we also checked that the surface electronic structure of the 2x3 surface shows

a similar interaction between Sr 4d,, and Si 3p, states near the Fermi level.

——OML
——0.5ML Ba

Intensity (a.u.)

15 | 10 | 5 | 0
Binding Energy (eV)

Figure 5.6 Valence band edge of the clean 2x1 Si (001) and 1/2 ML Br on Si (001)
measured using XPS. The zero of energy is set at the Fermi level.
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To verify the charge transfer, the location of the valence band edge was measured
for both clean Si (001) and 1/2 ML Ba on Si (001) as shown in Figure 5.6. The valence
band edge positions are determined using the linear extrapolation method'?. The energy
shift of the valence band for 1/2 ML Ba on Si is approximately 0.238 eV toward higher
binding energy when compared to that of clean Si (001). This value of the valence band
shift confirms that it is the entire spectrum that shifted, supporting the presence of charge

transfer from the Ba atoms.
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Figure 5.7 Work function variation as a function of Ba coverage on 2x1 Si (001) from
experiment.

Figure 5.7 shows the work function of Si (001) as a function of Sr coverage from

experiment. We measure the work function of clean 2x1 Si (001) to be 4.82 eV using in

situ UPS'**'?_ The change in the work function with Ba coverage is determined by the

onset of the secondary electron cutoff. The work function decreases with increasing Ba
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coverage. The deposition of 1/2 ML of Ba causes a change of electronic structure of Si
(001), which leads to a decrease in the work function by 1.53 eV.
Similar work function changes caused by the interface electronic properties were

. - L 126,12
also observed when organic molecules were deposited on metals or oxides'**'?".

5.4 SUMMARY

To summarize, we investigate the surface 2p core level shifts of Si (001) induced
by deposition of 1/2-ML of Sr and Ba using the density functional final state theory and
in-situ x-ray photoemission spectroscopy. We find that, in terms of the initial state theory,
the increase of the Si 2p orbital energy in the bulk, due to the surface dipole layer formed
by the charge transfer from Sr (or Ba) to Si (001), is compensated by the Fermi level
rising due to the 2x1 surface reconstruction and results in no net shift of the bulk 2p
peaks due to initial state effects. However, we find that the bulk 2p peak shifts, induced
by 1/2-ML Sr or 1/2-ML Ba deposition on Si (001), are derived from the final state effect
induced by creation of core holes near the surface. For pure Si (001), we show that the
creation of core holes within the critical distance from the surface (31 A in our theory)
induces a final-state surface-dipole (FSSD), giving rise to an additional potential energy
shift toward lower binding energy for the bulk Si 2p peak. When 1/2-ML of Sr or 1/2-ML
Ba is deposited, this pz-derived FSSD is reduced, which reduces the potential energy
shift of the bulk 2p core level. As a result, the bulk 2p peak of Si (001) is shifted toward
higher binding energy when 1/2-ML of Sr or Ba is deposited. Comparing the Sr and Ba
cases in detail, we find that the FSSD depends on the surface gap; the greater the surface
gap (0.05 eV for Si (001), 0.19 eV for 1/2-ML Ba/Si (001), and 0.45 eV for 1/2-ML Sr/Si
(001)), the smaller the FSSD, and the more the 2p peak is shifted toward higher binding

energy. We also find that the surface band gap is controlled by the interaction between
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the AEM d states and the Si (001) surface dangling bonds. Because the larger ionic radius
of Ba results in Ba located 0.17 A higher above the Si (001) surface than Sr, the surface
gap of 1/2-ML Ba/Si (001) is smaller than that of 1/2-ML Sr/Si (001), leading to a

significant density of surface states within the Si bulk band gap.
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Chapter 6. Strain relaxation in single crystal SrTiO; grown on Si (001)
by molecular beam epitaxy

An epitaxial layer of SrTiO; grown directly on Si may be used as a pseudo-
substrate for the integration of perovskite oxides onto silicon. When SrTiO; is initially
grown on Si, it is nominally compressively strained. However, by subsequent annealing
in oxygen at elevated temperature, an SiOy interlayer can be formed which alters the
strain state of the SrTiO3;. We report a study of strain relaxation in SrTiOj; films grown on
Si by molecular beam epitaxy as a function of annealing time and oxygen partial
pressure. Using a combination of x-ray diffraction, reflection high energy electron
diffraction, and transmission electron microscopy, we describe the process of interfacial
oxidation and strain relaxation of SrTiO; on Si (001). Understanding the process of strain
relaxation of SrTiO; on silicon will be useful for controlling the SrTiO; lattice constant
for lattice matching with functional oxide overlayers. XRD data were taken by use of the
National Synchrotron Light Source, Brookhaven National Laboratory. This work was
published in : M. Choi, A. B. Posadas, R. Dargis, C. K. Shih and A. A. Demkov, D. H.
Triyoso, N. David Theodore, C. Dubourdieu J. Bruley and J. Jordan-Sweet, J. Appl.
Phys. 111, 064112, (2012).

6.1 INTRODUCTION

In 1998 McKee and co-workers demonstrated epitaxial growth of SrTiO; (STO)
films directly on Si (001) by molecular beam epitaxy (MBE)'*. The structural and
electronic properties of the interface between silicon and SrTiO; have been studied both
theoretically and experimentally®**'>>1 Initial interest in the system stemmed from its
possible applications in complementary metal-oxide-semiconductor (CMOS) technology

as a replacement for the SiO, gate dielectric. Unfortunately, the STO/Si conduction
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band offset was found to be practically zero, making it unsuitable for gate dielectric

e 82161
applications”™ o

More recently, SrTiOs; on Si has been used as a buffer layer for
integration with Si of many perovskite oxides. These include high-k dielectrics such as
SrHfO; and LaAlO; for metal-oxide-semiconductor field effect transistors (MOSFETS)
86’87, ferroelectric BaTiO388’89, ferromagnetic Lal_xerMnO390, and multiferroic BiFeoggl.
Strain plays an important role in determining the properties of many perovskites, for
example, in stabilizing a ferromagnetic state in non-magnetic LaCoO3; when grown on
STO/Si", and in the realization of a strong magnetic ferroelectric state in EuTiOs’'.
Therefore, applications of STO/Si as a virtual substrate would benefit greatly from a
thorough understanding of strain relaxation in STO films grown on Si. Controlling the
strain of oxide materials also offers another route for monolithic integration and
development of new device applications of epitaxial oxide films on Si.

STO can be grown epitaxially on Si without forming an interfacial SiO, layer by
first depositing half a monolayer of Sr metal on Si, which partially protects the Si surface
from rapid oxidation while essentially maintaining the underlying surface structure of Si
192 If a thin amorphous STO layer is then grown on the Sr-passivated Si surface near
room temperature and subsequently crystallized in vacuum, an epitaxial layer of STO can
be formed directly on Si. Thin STO grown in this manner has a compressive strain of 1.7
% at room temperature, with the STO unit cell rotated by 45° relative to the Si
conventional unit cell. Once the initial STO layer is crystallized, subsequent STO growth
can be done in two ways. If one continues the STO deposition near room temperature and
annealing in vacuum after each deposition step, a thicker STO layer with no interfacial

Si0; can be obtained after repeating the process a sufficient number of times. Below the

critical thickness, STO grows coherently strained to Si. Strained STO on Si is polar and

163,164
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Another way of obtaining thicker STO is to simply treat the initial STO layer as if
it were a regular STO substrate and deposit more STO under the usual high oxygen
partial pressure at high substrate temperature. Using this method, however, results in the
formation of a thin amorphous SiO, layer at the interface of STO and Si, since the excess
oxygen is able to diffuse through the STO into the underlying silicon. STO films grown
in this manner are found to have an in-plane lattice constant that is larger than that of
bulk STO"'*'®®_ This in-plane expansion is attributed to the thermal expansion coefficient
mismatch (the thermal expansion coefficient of STO is 8.8x107° K™' which is four times
bigger than that of Si)'°°. The presence of the SiO, interlayer itself has beneficial effects
from the MOSFET point of view: sufficient conduction band offset and improved
channel mobility, but at the price of a larger equivalent oxide thickness. Furthermore,
post-deposition oxygen annealing of the STO/SiO,/Si stack can provide a way of
controlling the strain relaxation of the STO layer by controlling the thickness of the SiO;
interlayer.

In this paper, we report on the investigation of residual strain control in STO films
by post-deposition annealing in oxygen to adjust the thickness of the SiO, interlayer (IL).
Specifically, we study the effect of oxygen partial pressure and annealing duration on the
thickness of the amorphous interfacial Si0, layer, and how that in turn affects the lattice
constant of STO films grown on Si (001). The epitaxial STO films are deposited on Si
(001) using molecular beam epitaxy (MBE). The STO/S10,/Si samples are characterized
by reflection high energy electron diffraction (RHEED), X-ray diffraction (XRD), and

transmission electron microscopy (TEM).
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6.2 EXPERIMENTS

A customized DCA 600 MBE system with a base pressure of 2x10° Torr is used
to deposit STO films on Si (001). During growth, the films are monitored in situ by
reflection high energy electron diffraction (RHEED) to ensure high crystalline quality.
STO films on Si (001) are grown by co-deposition of Sr and Ti in the presence of oxygen.
The Sr and Ti fluxes are calibrated to be the same by initial measurement of the fluxes
using a quartz crystal monitor and subsequent fine tuning using the appearance of
reconstruction spots in RHEED.

We use epi-grade prime Si (001) wafers cut into 20 mm x 20 mm pieces, which
are cleaned ultrasonically with acetone, isopropanol, and deioinized water for 5 min each.
The samples are then exposed to ultraviolet (UV)-ozone for 15 min to remove residual
carbon contamination. After cleaning, the samples are introduced into the MBE growth
chamber and outgassed at 675 °C for 15 min prior to growth. The native SiO, layer is
desorbed using a variation of the Sr-assisted deoxidation process developed by Motorola,
allowing the SiO, desorption to occur at a reduced temperature of 775 °C'®. After
removal of the native oxide as confirmed by a 2x1 RHEED pattern, the substrate
temperature is reduced to 575 °C. During the cooling, the RHEED pattern changes to 3x2
indicating sub-monolayer Sr coverage'®’. Additional Sr is then deposited until the 2x1
pattern is recovered, which corresponds to a clean Si surface covered with 0.5 monolayer
(ML) of Sr (Figure 6.1)'*'%*_ At this point, the surface is ready for STO deposition.

STO growth via co-deposition of Sr and Ti is initiated on Si (001) at 200 °C in an
oxygen environment of 8x10™® Torr. After the growth of 1.5 unit cells of STO, the
oxygen partial pressure is quickly increased from 8x10™® Torr to 7x10” Torr and an
additional 1.5 unit cells are deposited. The 3-unit cell film is then annealed at 525 °C
without oxygen for 5 min to fully crystallize the thin STO layer. An additional thirteen
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unit cells of STO are deposited at 565 °C in an oxygen atmosphere of 4x107 Torr, and
the film is subsequently annealed in vacuum at 575 °C for 7 min. All films in this study
are grown with the same recipe described above and have approximately 62 A total STO
thickness. This growth process also results in the formation of a ~20 A SiO, interlayer
prior to any post-deposition annealing under a controlled oxygen partial pressure. Aside
from post-deposition annealing, all of the samples undergo the same substrate preparation
and growth process.

For the post-deposition anneal, the oxygen partial pressure is varied from 2x107
Torr to 1x10™ Torr using an annealing temperature of 650 °C. The annealing time is
varied from 10 min to 90 min. The surface crystal structure of the films is monitored in
situ by RHEED during the annealing process. After annealing, the samples are cooled
down to room temperature without oxygen at a rate of 30 °C per minute and unloaded
from the chamber. The lattice parameters of the STO films are measured at room
temperature by RHEED and by x-ray diffraction (XRD) using a Philips X’Pert
diffractometer. The layer thicknesses are measured by a combination of x-ray reflectivity
(XRR) and transmission electron microscopy (TEM). For selected films, in-plane and
out-of-plane XRD measurements were carried out at the National Synchrotron Light

Source (A = 1.5407 A).
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Figure 6.1 2x1 RHEED pattern of Si (001) covered by Sr to form a template viewed
from the Si <110> azimuth .

6.3 RESULTS

Figure 6.2(a-d) shows the RHEED patterns along the <010> and <110> directions
of STO after each growth step. All of the STO films show qualitatively the same RHEED
patterns. The RHEED pattern shown in Figure 6.2(e, f) is for a sample annealed at 650 °C
for 30 min in a 1x10° Torr oxygen environment. After post-deposition annealing, the

streaks became sharper, indicating improvement in the crystallinity and flatness of the

STO film.
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Figure 6.2 RHEED patterns of the STO films on Si after each growth step along <010>
(b,d.f, h) and <110> (c, d, g, 1) directions. (a) and (b) are RHEED patterns
after the initial 3 ML of amorphous STO are crystallized. (¢) and (d) are
RHEED patterns after the main 13 ML STO growth at 565 °C. (e) and (f)
are RHEED patterns after a post-deposition oxygen anneal at 650 °C.
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An x-ray diffraction L scan around the 002 diffraction peak of an unannealed

STO film on Si is shown in Figure 6.3(a).
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Figure 6.3 Typical x-ray diffraction and RHEED data used to determine STO lattice
constants. (a) X-ray diffraction L scan about STO 002 peak; (b) H scan

about STO 200 peak; (¢) RHEED profile of STO film on Si. The data shown
are for an unannealed film.
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The 002 peak is used to obtain the out-of-plane lattice constant. The in-plane
lattice constant is then calculated from the measured out-of-plane lattice constant using
the bulk SrTiOs; Poisson’s ratio. The in-plane lattice parameter can be calculated
following the equation, a = agropuk + (¢ — asto, buik )'((v-1) / 2v), where asro, pui 1S the
bulk lattice parameter of STO; c is the experimental value obtained from the x-ray
diffraction 002 peak of the STO films; and v is the Poisson’s ratio of SrTiOs3 (0.232)'%.
The unannealed film has lattice parameters a = 3.935 A and ¢ = 3.902 A, indicating an in-
plane expansion of STO on Si relative to bulk due to the thermal expansion coefficient
mismatch during the cool down process'®®. During interlayer formation, the STO lattice
assumes a size appropriate to the growth temperature because the exothermic oxidation
process disrupts the epitaxy. The larger thermal expansion coefficient of STO compared
to Si (four times larger) results in an in-plane expansion during cool down from the
growth temperature because STO is clamped to the SiO, interlayer. We measured the in-
plane lattice constant of an unannealed sample using grazing incidence x-ray diffraction
at the National Synchrotron Light Source. High structural quality was confirmed from
Kiessig fringes in Figure 6.3(a) and an in-plane lattice constant of 3.936 A was obtained,
confirming in-plane expansion of the unannealed STO film (Figure 6.3(b)). As a further
check to confirm the observed trends in XRD lattice constants, in-plane lattice constants
of the deposited film were also obtained from RHEED patterns at room temperature, with
a typical measurement shown in Figure 6.3(c). RHEED confirms that the unannealed film
has an expanded in-plane lattice constant and that the lattice constant trend observed in

RHEED is the same as that in the values calculated using the Poisson’s ratio.
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Figure 6.4 Cross sectional TEM images of STO films grown on Si. (a) High-resolution
image of an unannealed film; (b) typical low-resolution image of an STO
film annealed in oxygen. The specific image is for a sample annealed under
5x107” Torr of oxygen at 650 °C for 10 min.

To obtain the SiO; thickness, we used x-ray reflectivity (XRR) and analyzed the
data with the simulation program SimulReflec®. Due to the multilayer system, various

conditions such as density, roughness, and thickness have to be considered. The fitting
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process was repeated with varying initial conditions to minimize error. We also
performed cross-section TEM on the samples and measured the thickness of the
amorphous interlayer. Figure 6.4(a) shows a high resolution image of an unannealed
sample showing highly crystalline STO layers with an initial ~20 A SiO, interlayer.
Figure 6.4(b) shows a typical low resolution cross-sectional TEM image of an annealed
STO film on Si (001). This particular film was subjected to post-annealing in 5x107 Torr
oxygen pressure at 650 °C for 10 min. The annealing results in an SiO, thickness of 45 A
as measured by TEM. The SiO, thickness obtained from the TEM images agrees well (to
within 10 %) with that from the x-ray reflectivity simulation program for all of the

samples measured.
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Figure 6.5 (a) In-plane lattice constants and (b) SiO, thickness as a function of oxygen
partial pressure. All films were annealed at 650 °C for 30 min in different
oxygen environments.
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A summary of the effect of oxygen partial pressure on the SiO; thickness and the
STO lattice constants is shown in Figure 6.5. All films shown in Figure 6.5 were
annealed at 650 °C for 30 min under different oxygen partial pressures. In Figure 6.5(a),
both the in-plane and out-of-plane lattice constants show a systematic variation as the
oxygen partial pressure is increased. The in-plane lattice constant of the STO film is
initially larger than that of bulk STO, due to the difference in thermal expansion between
Si and STO film. However, as oxygen partial pressure is increased, the in-plane lattice
constant of the STO films decreases while out-of-plane lattice constant increases. The
STO films thus become more cubic, indicating that the STO films experience relaxation
toward the bulk, stress-free lattice parameters. At the same time, the SiO, thickness
increases with increasing oxygen partial pressure, as shown in Figure 6.5(b). This
suggests that the relaxation of STO towards its bulk lattice constant is concurrent with the
growth of the SiO, interlayer during the annealing process, with the STO becoming
increasingly decoupled from Si as oxygen partial pressure is increased.

Figure 6.6 summarizes the effect of annealing time on SiO, thickness and lattice
constants of STO. All films shown in Figure 6.6 were annealed at 650 °C for different
lengths of time in an oxygen environment of 5x107 Torr. From 10 min to 60 min of
annealing, the Si0; thickness and lattice constants were unchanged to within the limits of
experimental error. However, annealing for 90 min results in an unexpected compression
of the in-plane, and expansion of the out-of-plane lattice constants. This unusual behavior
was found to be reproducible. It is not yet clear why the in-plane lattice constants
decreased as SiO; thickness was increased for the longer annealing duration at this
oxygen pressure. We also note that there is a marked difference in the evolution of the

RHEED patterns for 90 min annealing duration and 10 min annealing duration.
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Figure 6.6 (a) In-plane lattice constants and (b) SiO; thickness as a function of
annealing duration. All films were annealed in oxygen environment of
5x107 Torr at 650 °C

Figure 6.7(a) shows the RHEED pattern of the film which was annealed at 650 °C

at 5x107 Torr for 90 min. This film had 53 A SiO, thickness. During this longer

annealing, the streaks became weaker and the background of the RHEED pattern became
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brighter, indicating degradation of the STO crystallinity. However, for the film annealed
at 650 °C in an oxygen environment of 1x10” Torr for 10 min (Figure 6.7(b)), the streaks
remained very sharp, indicating that the STO crystallinity is still good even though the
SiO, thickness has increased to 71 A. One possible explanation is that the longer
annealing duration could allow for Sr and/or Ti to diffuse down to the SiO, layer (or Si to
diffuse upward) and react with Si to form a strontium silicate or titanium silicate'’*""2.
This indicates that STO on Si may be a thermodynamically unstable but kinetically-

limited state, which should be taken into consideration when using STO on Si as a virtual

substrate.

Figure 6.7 RHEED patterns along <110> direction of a film which was (a) post-
annealed at 650 °C in an oxygen environment of 5x10” Torr for 90 min, and
of film which was (b) post-annealed at 650 °C in an oxygen environment of
1x10” Torr for 10 min.

6.4 CONCLUSION

We have studied the strain relaxation behavior of STO films grown on Si through
post-deposition annealing as a function of oxygen pressure and time. STO films grown at

high temperature and high oxygen partial pressure develop a thin SiO, interlayer during
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growth. During post-deposition annealing, the thickness of this SiO, interlayer increases,
affecting the strain relaxation behavior of the STO layer. Prior to annealing, the STO
layers are initially expanded in-plane as a result of thermal expansion mismatch. As
oxygen partial pressure is increased, the STO lattice constants relax towards their bulk,
cubic values, concurrent with an increase in the SiO; interlayer thickness. The use of
post-deposition annealing can be used to tune the strain in STO films within a half a
percent. However, for prolonged annealing times (over 90 min), we find that STO films
showed evidence of decomposition as manifested by an unexpected decrease of the in-

plane lattice constant as SiO; thickness was increased.
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Chapter 7. Surface electronic structure for various surface preparations
of Nb-doped SrTiO; (001)

High-resolution angle-resolved photoemission spectroscopy (ARPES) was used to
study the surface electronic structure of Nb-doped SrTiO; (STO) prepared using a variety
of surface preparations. ARPES measurements show that simple degreasing with
subsequent anneal in vacuum is not an adequate surface preparation of STO, rather,
preparations consisting of etching with buffered HF, or HCI/HNOs, to a lesser extent,
simple water leaching resulted in surfaces with much less disorder and boiling STO in
deionized water. It was also found that ARPES was a more sensitive probe of surface
disorder than basic reflection high-energy electron diffraction (RHEED). A non-
dispersing, mid-gap state was found ~800 meV above the top of the valence band for
samples which underwent etching. This mid-gap state is not present for vacuum-
annealed and water-leached samples, as well as samples grown using molecular beam
epitaxy (MBE). Theoretical modeling of STO slabs using density functional theory
(DFT) suggests that this mid-gap state is not related to the SrO- and TiO,-terminated
surfaces, but rather, due to a partial hydrogenation of the STO surface that occurs during
etching. I prepared the samples with different etchants and Richard Hatch measured the
surface properties using ARPES. Theoretical calculation is mainly done by Kurt
Fredrickson and Chungwei Lin. This chapter is published in : (1) R. C. Hatch, K. D.
Fredrickson, M. Choi, C. Lin, H. Seo, A. B. Posadas and A. A. Demkov, J. Appl. Phys.
114, 103710 (2014) and (2) R. C. Hatch, M. Choi, H. Seo, A. B. Posadas and A. A.

Demkov in preparation.
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7.1 INTRODUCTION

Complex oxide materials exhibit a wide range of phenomena such as magnetism,
superconductivity, ionic conduction, ferroelectricity and multiferroicity, and have many

3175 Many of the more interesting oxides have perovskite

promising applications
structure'’®, with SrTiOs(STO), a cubic perovskite, being one of the most heavily studied

examples. By itself, STO possesses many notable properties such as water photolysis

177 9

, photovoltaic  effect'’, blue-light emission'” and superconductivity'®.
Furthermore, STO is favorably lattice-matched to many other complex oxides, and is a
widely-used substrate for epitaxial oxide growth. The interfaces of STO with other oxides
also display an array of interesting phenomena. Perhaps the most heavily studied of these
interfaces is that of LaAlOs/STO, motivated by the discovery of a two-dimensional
electron gas (2DEG) at the interface'®''™. This 2DEG is quite remarkable with

1 1
87.188  Qeveral

interesting magnetic effects'®, superconductivity'*®, and ferromagnetism
other STO heterostructures have notable properties as well such as magnetic ordering in
LaMnO;/STO'® superlattices and LaCoO3;/STO heterostructureswo’wl, electronic
reconstructions'”>'”* and superconductivity'”*'*® at LaTiO3/STO and LaVO;/STO
interfaces. To understand these numerous properties, and maximize the functionality of
STO-based devices it is important to gain a greater understanding of the surface
electronic structure of STO, and prepare STO substrates with high surface quality.

Since many of the unique properties of oxide heterostructures require atomically
abrupt interfaces, the preparation of atomically flat, defect-free substrates is of utmost
importance. The surfaces of STO (001) crystals, as provided by the manufacturer, do not
typically have a unique surface termination as a result of mechanical polishing. One of

the most common methods of preparing atomically-smooth, uniquely-terminated STO

surfaces is based on a process used heavily in the semiconductor industry for removal of
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SiO, on Si, and consists of etching of the surface in a buffered solution of HF (BHF)
followed by a high-temperature anneal in flowing O,"""2%. A similar process, often
referred to as the “Arkansas” method, substitutes HCI/HNO; for HF, and reportedly

minimizes surface defects resulting from the BHF etch?’!*"

. Regardless of the method,
the acid-based etching dissolves the SrO terraces more quickly than the TiO, terraces,
leaving a rough surface comprised of TiO, islands. The subsequent anneal in O, results in
large, atomically flat TiO, terraces as a consequence of mass transport' > More
recently, in an effort to avoid the safety issues of acidic etchants which have served as an
obstacle to researchers embarking on studies of interfacial properties of oxides, it has
been shown that various forms of water-leaching are able to preferentially dissolve the
SrO terraces, which, after a subsequent anneal, result in atomically flat, TiO,-terminated
STO**>2%7  While the water-leaching methods result in flat, TiO,-terminated STO, a
thorough study comparing the effectiveness of acid-based etching and water-leaching is
not yet available.

In order to study the electronic properties of STO, a number of researchers have

utilized angle-resolved photoemission spectroscopy (ARPES). These studies have

employed a number of different surface preparations including sputtering and annealing

208 209-212

, cleaving or scraping , vacuum-anneal’", epitaxial thin film growth?', and
chemical etching with vacuum anneal®>>'®. It is unlikely that sputtering and annealing
provides the desired, atomically flat surfaces because of the different sputtering cross
sections of the STO constituents which will likely result in non-ideal surface
stoichiometry. While cleaving is a moderately effective method of surface preparation
for ARPES experiments, it is expected to give rise to a large number of oxygen vacancies
at the surface, and likely contributes to the formation of a 2DEG at the surface of STO

209212 Furthermore, cleaving in ultra-high vacuum (UHV) is not a convenient method
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of preparing substrates for heteroepitaxy and the creation of heterojunctions. Regardless
of surface preparation, ARPES has been used to study a number of the electronic
properties of STO. Using n-doped STO, such experiments have shed light on the nature
of the bottom of the conduction band, or quantum-confined conduction band states and
resulting 2DEGs*®2'#2'52!% and have revealed the presence, and origin of mid-gap

209-214,217,218
states??% 214217

. Finally, a number of ARPES measurements have investigated the
valence band dispersions, with an older work sampling at a few k-points using the so-
called normal emission method®”, and, more recently, works providing detailed
measurements by utilizing a range of emission angles' ">,

Because of the sensitivity of ARPES to defects in materials, this work utilizes
ARPES as a tool to compare the effectiveness of a number of different preparations of
STO (001). The ARPES measurements show that the surface electronic structure
depends heavily on the surface preparation. Finally, a comparison of ARPES to first-

principles band structure calculations, for different STO terminations, sheds light on the

origins of a number of electronic features in STO.

7.2 VARIOUS SURFACE PREPARATIONS OF NB-DOPED SRT103 (001) — BUFFERED HF,
HCL/HNOQO3/VACUUM ANNEALING

7.2.1 Experiment — sample preparation

A. Etching in Buffered HF

This sample preparation is based on the BHF preparation described in the
literature'” %, In this case, the sample was degreased ultrasonically in acetone, IPA, and
DI H,O, with an electrical resistivity of 18 MQ-cm for 20 minutes each. The sample
was again sonicated in DI H,O at 60 °C for 20 minutes. This was followed by a 1 minute

etch in a 60 °C solution of 49 % HF and 40 % NH4F (volume ratio of 1:20 and pH of
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5.5). After a thorough rinse in DI water, the sample was annealed at 950 °C for 4 hours
in a furnace with flowing O, shown in Figure 7.1. This relatively long, furnace anneal
should result in larger terraces than in the case of a shorter 1 hour anneal, as reported

previously®’’.  The sample was then annealed at 725 °C for 1 hour in UHV.

Temp (°C)
A

950°C |
|
|
|
|
|
|
|
|
|
|
|
|
|
;

Room l

Temp. >

— Time
|
45 min. '

4 hrs.

Figure 7.1 Annealing condition of Nb-SrTiO3 substrate.

B. The “Arkansas” Etch

This sample preparation is based on the Arkansas method explained previously
201202 This particular preparation consisted of 12 minutes of ultrasonic etching in a
solution of HCI (36.5 %) and HNO;3 (69.4 %) (volume ratio of 3:1 and pH of ~0),
followed by a thorough rinse in DI water. This was followed by 10 minutes of ultrasonic
cleaning in both acetone and IPA. The final annealing in the furnace and UHV are

identical to samples prepared using BHF.

C. Thin Film Growth Using MBE
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The fifth and final preparation method was the growth of an undoped, STO thin
film (10 unit cells thick), using MBE, which was grown on an 700 °C Nb-doped STO
substrate. The substrate was prepared using BHF, as explained above. The etched sample
was then introduced into a customized DCA 600 molecular beam epitaxy (MBE) system
with a base pressure of 3x10™'" Torr. The sample was annealed for lhour in an O,
environment of 5x10® Torr. The thin film was grown at a substrate temperature of 600
°C with a partial O, pressure of Py, = 8x10™ Torr, and a total pressure of P = 2.7x10~
Torr. Growth of alternating SrO and TiO, layers was facilitated by shuttering of the Sr,
and Ti sources, and the thin film was terminated with a TiO, layer. After growth, the film
was annealed at 650 °C for 10 minutes and was then cooled to room temperature with a

partial Oy pressure of Py, = 510" Torr.

7.2.2 Experiment - measurement

The surface electronic structure of (001)-oriented, Nb-doped STO
(SrNbyg 01 Ti09903) single crystals was studied using ARPES for a variety of surface
preparations. The ARPES system consists of an electrostatic, hemispherical, electron-
energy analyzer (Scienta R3000) with a monochromated He discharge source. He la
radiation (hv = 21.22 eV) was used in all experiments except for those where a photon
energy of hv =40.81 eV (He Ila) is explicitly indicated. The combined energy resolution
was AE <20 meV for hv =21.22 eV and AE <35 meV for hv = 40.81 eV and the angular
resolution was AB ~ 1°.  All measurements presented here were performed in the ™M
direction (i.e. the [110] direction of the surface Brillouin zone) as shown in Figure 7.2(a),
and the sample temperature was between 120 K and 150 K (well above the second-order
phase transition from cubic to tetragonal structure which occurs at the critical temperature

of Tc = 105 K***?").  The approximate k-path probed in the bulk Brillouin zone, can be
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1222,223

determined using the free electron final state mode , where the wave vector

perpendicular to the sample is given by
ﬂZm N T E. cost (D)
kZ ~ h—ze 0 + EK COS2 (9) (7.1)

where me is the electron mass, Vj is the inner potential, Ex is the kinetic energy
of the photoelectron, and 0 is the emission angle. Assuming an inner potential of V( =

14.5 eV, which is consistent with literature values?*®2%*1>

and expectations based on the
depth of the oxygen valence band, as well as an STO lattice constant of a = 3.905 A, we
calculate the k-paths probed for the two photon energies and plot them in Figure 7.2(b).
These k-paths are broadened due to the range of kinetic energies measured, and because
of the finite escape depth of the photoelectrons. As seen in Figure 7.2(b), the
measurements, roughly speaking, map the band structure along the XR and I'M directions
for photon energies of hv = 21.22 and 40.81 eV respectively.

Five different surface preparations were studied in this work. The first
preparation, referred to as “vacuum anneal” consisted of ultrasonic degreasing of the
sample in acetone and isopropanol (IPA) for 10 minutes each, followed by a 4 hour
anneal in UHV at a temperature of 750 °C. The second preparation is based on the BHF
etch’”'”® with further details found in part A of the Section 7.2.1. The third

preparation is based on the “Arkansas” method”"?

with complete details found in part B
of the Section 7.2.1. The fourth sample preparation is based on water leaching®’’, and
consisted of the same ultrasonic degreasing as the vacuum annealed samples, followed by

a 48 hour soak in deionized water (DI H,O) at room temperature. The sample was then

annealed at 775 °C for 2 hours. The fifth and final preparation method was the growth
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of an undoped STO thin film (10 unit cells thick), using molecular beam epitaxy (MBE)
with the complete growth details explained in part C of the Section 7.2.1.

All surface preparations were also studied using reflection highenergy electron
diffraction (RHEED) and resulted in sharp diffraction patterns with no noticeable surface
reconstructions. Representative RHEED images taken along the [110] azimuth of STO
at an electron energy of 18 keV and glancing angle of 3° are shown in Figure 7.2(c-d).
Somewhat surprisingly, there were no obvious differences in the diffraction features for
the different surface preparations, but a more rigorous RHEED study, with a

. . . . 2
comprehensive, quantitative analysis may reveal differences®”.
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Figure 7.2 (a) The bulk and surface Brillouin zones for SrTiO3; with labeled symmetry
directions and points. (b) Paths in the bulk Brillouin zone corresponding to
ARPES measurements for two different photon energies, hv. (¢, d) RHEED
images for the vacuum annealed sample and a sample etched in buffered
HF, respectively, with the images taken just off the [110] azimuth due to
geometric constraints.

Density functional theory was used to model the bulk and surface of STO. All
calculations were done using the local density approximation and plane augmented-wave
pseudopotentials as included in the VASP code''"''®*2***" We used the Perdew-Zunger
form of the exchange-correlation potential ***. The valence configuration of 3p®4s®3d*
was used for titanium, 4s’4p°5s® for strontium, 2s*2p* for oxygen, 1s' for H and 2s2p°
for F. A kinetic energy cutoff of E.yor = 650 eV was used. For the Brillouin zone
integration, the following Monkhorst-Pack® k-point meshes were used: 6x6x6 for bulk

STO, and 6x6x1 for the relaxation of surface structures, and 18x18x2 for the surface-

band calculations. Bulk STO was optimized, and all structures were optimized with
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respect to the ionic positions until the forces on all atoms were less than 10 meV/A; for
the STO slabs, optimization was performed until the forces were less than 50 meV/A.
The energy was converged to 10~ meV per atom. The lattice constant of cubic STO was
calculated to be 3.861 A, in good agreement with an experimental value®° of 3.905 A
and a previously reported theoretical value of 3.873 A*'. The small difference in lattice
constant calculated in this work as opposed to that in Ref. 61 can be attributed to the 650
eV cutoff energy used here compared to 600 eV used previously. All slabs were

symmetrically terminated (1x1), and were 8.5 unit cells thick, with a vacuum thickness of

15 A.

7.2.3 Results

In order to better understand the differences between the surface and bulk
electronic structure of STO, DFT calculations were performed for bulk STO. Figure
7.3(a) shows the results of these calculations, where the STO band structure in the [110]
direction is projected onto the [001] surface. For convenience in comparison to ARPES
measurements, the data in Figure 7.3(a) are broadened using a Lorentzian function with a
full-width at half-maximum of FWHM = 0.3 eV with the results shown in Figure 7.3(b).
While this process neglects all photoemission matrix element effects that are present in
ARPES data, the regions of maximum amplitude correspond to bands that have less k,-
dependence, and should account for features in the experimental data. The large width of
0.3 eV is chosen to account for the strong electron-(optical) phonon coupling in STO,
which causes a significant 0.4 eV broadening of the quasi-particle peak”' **!>*%,

A similar analysis can be carried out using a tight-binding (TB) model for the
band structure as seen in Figure 7.3(c). This tight binding model uses modified

parameters from a previous work”'> which consist of the energy difference between the
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Ti 3d and O 2p energy levels, the crystal-field splitting of the Ti 3d and O 2p orbitals,
hopping parameters between nearest neighbor Ti 3d and O 2p orbitals, and second and

233 While there are subtle differences

third neighbor hoppings between O 2p orbitals
between the DFT and tight binding calculations, it will be shown that both are in

reasonable agreement with ARPES data.

max

min

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
J along [110] (A™)

Figure 7.3 (a) The surface projected band structure of bulk STO along the [110]
direction for a fine grid of kz values that spans the bulk Brillouin zone as
calculated using DFT. (b) For ease of comparison to ARPES data, each line
in (a) is broadened using a Lorentzian function with a FWHM of 0.3 eV. (¢)
Same as (b), but calculated using a tight-binding (TB) model.

Figure 7.4(a) shows the ARPES intensity map for the vacuum-annealed sample.
As shown in the literature®”’, a simple anneal results in large islands on the STO surface
that are due to strontium oxide, or strontium hydroxide segregation'*®. These islands can
serve as scattering centers for photoelectrons. Because photoelectrons can scatter off of

these numerous islands, and lose their momentum signature, the ARPES data shows
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two regions of high photoemission intensity located at energies of E-Er = -5 and -7 eV
which correspond to regions of high density of states for the primarily O 2p-derived
valence band of STO. Captured in these measurements is some indication of the STO
bandwidth, but because of the scattering, a study of the STO surface electron structure is
problematic. There are, however very subtle features present in the ARPES data that
correspond to photoelectrons which did not undergo scattering events. These features are
only visible if one resorts to taking second derivatives of the photoemission spectra in the
energy direction, as shown in Figure 7.4(b), which shows some indication of several
dispersing bands. The most notable of these bands, with an energy of E-Er = -3.75 and
parallel wavevector of k|~ 1 A, corresponds to the top of the valence band near the bulk
R point (labeled with a white arrow).

One way to remove the Sr-based islands is to dissolve them in DI water™***"",
After water leaching, ARPES data reveals very apparent, dispersing features that
correspond to the STO bulk band structure. These dispersing bands are even more
obvious after removing a simple background from the ARPES data as shown in Figure
7.4(c). This background removal was accomplished by integrating the photoemission data
over the entire angular range. The resulting angle-integrated spectrum was then scaled,
and subtracted from each constant emission angle spectrum, or energy distribution curve
(EDC). After this background removal, the top of the valence band is again visible, as
well as a downward dispersing band (both marked with white arrows) despite the fact that
no 2nd derivatives have been taken. Another interesting feature of the ARPES data is
the fact that the uppermost valence bands disperse downward as one goes away from I,
in exactly the same fashion predicted by DFT (see Figure 7.3(b)). It should be noted
that this same background removal technique was not successful in the case of the

vacuum-annealed sample because each EDC was very nearly identical due to the k-
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smearing resulting from scattering of photoelectrons off of surface defects. Finally, one
consequence of this technique is that if a state is non-dispersing, it may be somewhat
suppressed in the presentation of the dataset.

Second derivatives of ARPES data for 10 unit cells of undoped STO grown on a
Nb-doped STO substrate using MBE are shown in Figure 7.4(d). When compared to
Figure 7.4(b), for the vacuum-annealed sample, it is obvious that the sample is of higher
quality, with much more defined features. At this time, only a subset of data is available,
but, as will be discussed later, there is some indication that the surfaces of MBE-grown
films can be of equal quality to single crystals which underwent water leaching, or
etching.

The surface preparations that yield the highest quality STO surfaces, and
consequently give rise to the best ARPES data, are the preparations that etch the sample
using either BHF, or the Arkansas preparation. The photoemission data for samples
prepared using these two methods are shown in Figure 7.4(e-f). For comparison of data
measured with a photon energy of hv = 21.22 eV refer to Figure 7.4(c), 4(e) and 4(g), for
the water-leached, BHF-prepared, and Arkansas-prepared samples respectively. It is
immediately apparent that the samples which underwent etching (Figure 7.4(e) and (g))
give rise to sharper photoemission features than the water-leached sample (Figure 7.4(c)).
The presence of dispersing bands becomes much more apparent for a photon energy of hv
=40.81 eV, which, roughly speaking, maps the band structure from I" to M, as shown in
Figure 7.2(b). Any of the subtle differences in the photoemission data for the BHF- and
Arkansas-prepared samples is more likely related to data processing (primarily

background subtraction) than an actual difference in surface quality.
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Figure 7.4 ARPES data along the [110] direction for STO samples prepared in a
variety of ways for a photon energy of hv = 21.22 eV unless otherwise
stated. (a) Raw data for vacuum-annealed STO, with the 2nd derivative (in
the Energy direction) shown in (b) in order to better visualize dispersing
bands. (c-d) After water-leaching the STO surface quality is greatly
improved and the ARPES data reveals dispersing bands after a simple
background removal. (e-h) Photoemission spectra (with background
removal) for STO samples etched in BHF (e,f) and those etched using the
Arkansas method (g,h). (i) The 2nd derivative of ARPES data for MBE-
grown, undoped STO.

The most likely reason for the improvement in ARPES spectra for samples that
underwent surface preparations beyond the simple vacuum anneal is the removal of the
strontium oxide islands on the surface. Evidence of this occurring can be seen in x-ray
photoemission spectroscopy (XPS) studies shown in Figure 7.5. Figure 7.5 shows XPS
spectra of the Sr 3d core level for the vacuum-annealed sample (a) as well as for the

sample etched in BHF (b). At least two spin-orbit split doublets are required to fit the
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data with a structure-free residual. The more intense doublet corresponds to the primary
STO lattice, and the less-intense doublet, with a slightly higher binding energy, has been
attributed to strontium oxide crystallites, and the presence of F on the surface®**** As
seen in Figure 7.5(a-b), there is a noticeable decrease in intensity for the higher binding
energy doublet after etching with BHF—a clear indication that the concentration of
strontium oxide crystallites on the surface has been reduced by the etch. Water leaching
yields similar results, but the reduction in intensity of the higher binding energy doublet
is not quite as pronounced as for the case of BHF etching.

Second derivatives of ARPES data for 10 unit cells of undoped STO grown on a
Nb-doped STO substrate using MBE are shown in Figure 7.4(i). When compared to
Figure 7.4(b), for the vacuum-annealed sample, it is obvious that the sample is of higher
quality, with much more defined features. At this time, only a subset of data is
available, but, as will be discussed later, there is some indication that the surfaces of
MBE-grown films can be of equal quality to single crystals which underwent water
leaching, or etching.

There are a number of photoemission features that are not apparent in Figure
7.4(a-h), that are only apparent when looking at the energy distribution of the
photoemission data. Figure 7.6(a) shows photoemission data for a variety of sample
preparations that are integrated over a large emission angle of roughly 20°. The first
obvious difference is the higher peak-to-valley ratio for the MBE-grown and Arkansas-
prepared samples compared to the water-etched and vacuum-annealed samples. A second
difference is the background Ilevel (i.e. the number of inelastically scattered
photoelectrons) which is highest in the vacuum-annealed sample, then the water-leached
sample, with the Arkansas-prepared and MBE-grown samples having the lowest, and

very nearly identical backgrounds. These two photoemission characteristics are often
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associated with sample quality and indicate that surface-quality is best for etched and
MBE-grown samples, followed by water-leaching and finally vacuum-annealing. These

conclusions are also in agreement with the quality of ARPES data shown in Figure 7.4(a-

h).
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Figure 7.5 Normal emission XPS spectra of the Sr 3d core level for a STO(001) sample
having undergone a vacuum-anneal (a) as well as a sample etched in BHF
(b). The primary STO lattice peaks (more intense) are accompanied by
lower intensity peaks (green) which are attributed to the presence of
strontium oxide crystallites on the surface which are removed, to some
extent, after etching with BHF.
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Figure 7.6 (a) Angle-integrated photoemission data of the primarily O 2p-derived
valence band states for a variety of STO preparations with a close-up of the
gap region shown in (b). Data for the BHF-etched STO is omitted from (a)
and (b) since it is very nearly indistinguishable from the Arkansas-prepared
STO. The photoemission data reveals at least two gap-states: an oxygen-
vacancy state at a binding energy of E-Er = -1 eV and another gap state
about 800 meV above the top of the valence band located at E-Ef = -2.75
eV.

Different sample preparations also give rise to different gap states as shown in
Figure 7.6(b). The most prominent gap state present in both the water-leached and

vacuum-annealed samples is at an energy of E-Er = -1 eV. This state has been studied

179,208-212,236,237 238-246

both experimentally , and theoretically , and 1s likely due to oxygen
vacancies in the STO crystal, although it may be caused by a local screening effect,
chemical disorder or donor levels (see Ref.*'* and references therein). The oxygen
vacancy state for the water-leached sample has a higher spectral intensity than that of the
vacuum-annealed sample and may be due to the slightly higher annealing temperature
(775 °C vs. 750 °C) resulting in a higher concentration of defects. For etched samples

(both BHF and Arkansas) there is another gap state located about 800 meV above the top

of the valence band at an energy of E-Er = -2.75 eV. If this state is present for the
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water-leached sample it is not clear due to the higher spectral intensity in this energy
range. As seen in Figure 7.7, this state is located in the gap region, and has basically no

angular dependence. While the origins of additional gap states have been studied in the

214,217,247-252

literature the origins of this particular gap state have not been discussed, and

must be related to the preparation of surface using either of the two etching methods.
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Figure 7.7 ARPES data for emission angles, 0, along the [110] direction for an STO
sample prepared using the Arkansas method that correspond to the O 2p-
derived valence band and the gap region. The pronounced shoulder for
larger emission angles (at an energy of E-Er = -3.75 eV) corresponds to the
top of the valence band at the R point of the Brillouin zone. A close-up of
the shaded region is shown in the inset and shows a mid-gap state about 800
meV above the top of the valence band that hardly disperses.
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First-principles calculations of STO-based slabs can provide additional
information about the electronic structure of prepared STO surfaces, and shed light on the
origin of the gap state located at E-Er =~ -2.75 eV. In addition to STO slabs with SrO- and
TiO,-terminations, a number of additional slabs are considered in this work, and are
shown in Figure 7.8(a-e), with their corresponding surface electronic structures shown in

Figure 7.9(a-g) respectively.
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Figure 7.8 Sections of SrTiO; slabs corresponding to several of the systems studied
using DFT calculations of the surface electronic structure. All slabs are
(1x1). (a) A TiO,-terminated slab with one O replaced by F. (b) Same as
(a) with the addition of a H bonded to Ti. (c¢) A TiO,-terminated slab with a
single hydroxyl group. (d) Same as (c) with a H bonded to Ti. (e) A fully
hydrogenated slab with two hydroxyl groups, and a H bonded to Ti.
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The motivation of considering both F and H on the surface is the considerable
experimental evidence that surprisingly high concentrations of these species can be found
on the surface of STO******** The actual presence of F on the surface of our samples
after various surface preparations was monitored using XPS. As seen in the XPS
spectra of Figure 7.10, there is possibly a trace amount of F present for all samples, but
the actual concentration is noticeably less than what has been previously reported for
BHF-etched samples.””® As seen in Figure 7.9, much of the bulk-related electronic
structure is not affected by different surface terminations, and surface adsorbates. The
different surface configurations, however, do give rise to surface-related electronic states.
One such state is the surface state seen in Figure 7.9(b) (TiO,-terminated slab) that
resides in the bulk gap, is about 980 meV above the upper-most valence bands, and
whose dispersion follows that of the valence band top. The dispersion of this state of
roughly 950 meV in the [110] direction precludes this as an explanation for the gap state
located at E-Er = -2.75 eV in photoemission data. The reason this surface state is not
present in the ARPES data for the TiO,-terminated surfaces that result from various
surface preparations is not immediately clear, but it is possible that, despite the care taken
during surface preparation, there is simply too much surface disorder to support the
development of surface states which can be notoriously sensitive to surface quality. It
should also be noted that while our RHEED data does not indicate surface
reconstructions, there have been numerous reports of reconstructed STO surfaces®> >
which may or may not give rise to surface states similar to the one in Figure 7.9(b).

A more likely origin for the gap state at E-Er = -2.75 eV can be explained by DFT
calculations for the slabs shown in Figure 7.8(b) and (d). Calculations suggest that this
non-dispersing state has its origin in the H-T1 bond present in both of these slabs, and that

the H-Ti bond is unlikely to form without additional modifications to the surface. The
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first scenario considered, that enables the H-Ti bond, is shown in Figure 7.8(b), where
one surface O is substituted by F. Theory shows that, in the presence of this substituted
F, the H will not remain at an O site and relaxes to the Ti site. Theoretical calculations
for this slab are shown in Figure 7.9(d) and show the presence of states both above and
below the STO valence band. The non-dispersing, localized state that is ~810 meV above
the top of the valence band originates from the H-Ti bond which is consistent with

21 The energy of this state, as well as its dispersive character, is

previous findings
virtually identical to the gap state seen in the photoemission data. The charge density of
this non-dispersing state is shown in Figure 7.11(a). It is obvious that the surface state is
highly localized on H and Ti, with some charge on the neighboring O. There is no charge
density on the F substituted on the surface. The second scenario that enables this H-Ti
bond is shown in Figure 7.8(d) where one H and one O form a hydroxyl group, and an
additional H bonds to the Ti. For this system the same non-dispersing state is present
(see Figure 7.9(f)) which has a very similar localized charge density (Figure 7.11(b)).
Similar to the first scenario, the introduction of a single H to the surface will first form a
hydroxyl group, but with the addition of a second H, the formation of the H-Ti bond is
energetically more favorable than the creation of a second hydroxyl group. A further
confirmation of this non-dispersing state having its origin at the Ti-H bond is the fact that
neither a F-O substitution (first scenario and Figure 7.9(c)) nor the formation of a single
hydroxyl group (second scenario and Figure 7.9(e)) alone give rise to this state—it only
appears after the formation of a H-Ti bond (see Figure 7.9(d) and (f)). In light of DFT
calculations, a more likely explanation for the absence of the dispersing surface state seen
in Figure 7.9(b), is the presence of adsorbed H on the STO surface, which serves to kill
this dispersing state. This state is comprised entirely of surface O p-states, and are

destroyed by the presence of H, which lifts the bonding O out of the surface; the flat band
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is still present, but it is pushed down in energy and is found now within the bulk valence
band states. It should also be noted, that it is not necessary for every surface unit cell to
have adsorbed H, in order for the non-dispersing state to be present. DFT calculations
reveal the presence of this non-dispersing state for surfaces where only one in four
surface unit cells has both a single hydroxyl group and a H-Ti bond (results not shown).
There are also a number of surface modifications that result from H adsorption. The
calculated ionic reconstruction due to different coverage of H is given in Table 7.1. An
obvious trend is that when H bonds with either O or Ti, O or Ti rises out of the surface
relative to the original clean surface of TiO,. A surface-sensitive technique, such as
surface X-ray diffraction could be sensitive to these ionic reconstructions, assuming a
sufficient number of surface unit cells have the presence of adsorbed H. Furthermore,
the presence of both hydroxyl groups, as well as H-Ti bonds on the surface could be
verified by their vibrational signature, which could be studied with attenuated total
reflection Fourier transform infrared spectroscopy. In light of these DFT calculations, a
more likely explanation for the absence of the dispersing surface state seen in Figure
7.9(b), is the presence of adsorbed H on the STO surface, which serves to kill this
dispersing state. This dispersing state is comprised entirely of surface O p-states, and is
destroyed by the presence of H, which buries the energy levels of both surface O bands
deep in the valence band. Similarly, fully hydrogenating the STO surface leads to an
energy shift of the non-dispersing, flat band found in Figure 7.9(f); the flat band is
actually still present, but it gets pushed down in energy and is found now within the bulk

valence band states, and becomes difficult to observe with ARPES.
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H present Layer 1 Ti Layer1Oa* Layer1 Ob* Layer2Sr Layer2O

O-H 0.02 0.48 0.03 -0.30 0.07
O-H, Ti-H 0.11 0.24 -0.15 -0.17 -0.02
2 O-H, Ti-H 0.11 0.24 0.24 -0.30 0.10

Table 7.1 The ionic motion (A) of hydrogenated surfaces with respect to the clean TiO,
surface. A positive number means the ion is moving towards vacuum, and a
negative number means the ion is moving towards the bulk. *O a
corresponds to the O that is bonded to the first H. O b corresponds to the O
bound to the second H (2 O-H, Ti-H surface only).

In Figure 7.9(c) and (d), it is likely that the states below the valence band, with an
energy of E-Er = -9 to -12 eV, are related to the presence of fluorine on the surface.
This assignment is also supported by XPS data from a previous work?” which shows an
increased spectral intensity below the valence band for samples etched in BHF, which
have, on average, a ~13 % fluorine for oxygen substitution on the surface. Furthermore,
recent photoemission data on STO exposed to a 4000 L H-dosage (1 L = 9.75x10” Torr
s) also shows an increased spectral intensity below the valence band and suggests that the
states below the valence band in Figure 7.9(e-g) are related to the adsorption of H2'72E,
DFT calculations show that these low bands belong to the O p-states of the hydroxyl
group formed at the surface; note that in Figure 7.9(e-f) there is one low band present
corresponding to the hydroxyl group, and in Figure 7.9(g), there are two low bands
corresponding to the two hydroxyl groups present on the surface. The DFT calculations
also verify that the low energy bands in Figure 7.9(d), originate from the F p-states.

What likely occurs during sample etching, with both BHF and the Arkansas

method, is a partial hydrogenation of the STO surface, and the formation of a H-Ti bond,

in much the same fashion that the dangling bonds on Si surfaces are passivated with H
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when etched with BHF (see, for example Ref. >

and references therein). This H-Ti bond
on the STO surface then gives rise to this non-dispersing gap state present in the
photoemission data. If this gap state is indeed related to the hydrogenation of the STO
surface, as theory suggests, there are two consequences. First, the hydrogenation is
surprisingly, thermally stable and the state remains unchanged even after a 4 hour anneal
at 900 °C. This is in strong contrast to the case of Si, where all H is desorbed from Si
surfaces with an anneal of less than 600 °C*®. Second, because DFT does not predict a
non-dispersing state in the gap for a fully hydrogenated surface (see Figure 7.9(g)), a
third H approaching the surface must encounter a relatively large potential barrier,
making the complete hydrogenation of the surface unlikely. To quantify these results, the
energy of a slab shown in Figure 7.8(c) (the slab with one O-H group) with a H, molecule
located far in vacuum, is compared with the slab in Figure 7.8(d) (which contains an O-H
group and a H-Ti bond). The slab in Figure 7.8(d) is lower in energy by 0.152 eV per
cell, suggesting that, in the presence of H,, the surface will prefer to break the H, and
have the H atoms attach to Ti sites. However, when one compares the slab in Figure
7.8(d) with a H, molecule located far in vacuum to the slab in Figure 7.8(e) (the fully
hydrogenated surface), one sees that the H, molecule plus the slab in Figure 7.8(d) is
lower in energy by 0.543 eV per slab indicating that the fully hydrogenated slab is not
energetically favorable. Thus, it is expected that in the presence of sufficient H,, the
surface will hydrogenate until each TiO, surface unit has one O-H and one Ti-H bond,
but will not fully hydrogenate, which explains why many of the ARPES images show this

flat band that is not present in DFT calculations for the fully hydrogenated surface.
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Figure 7.9
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(a-g) DFT calculations of the surface electronic structure for SrO-and TiO,-
terminated slabs as well as slabs shown in Figure 7.8(a-e) respectively.
DFT calculations predict a pronounced, dispersing surface state about 980
meV above the valence band states that roughly follows the dispersion of
the STO bulk bands which is not present in the case of an SrO-terminated
slab. Because of the dispersing nature of the surface state in (b), it is
unlikely the origin of the mid-gap state discussed in Figure 7.7, despite the
TiO;-termination that results from the Arkansas preparation. As seen in
(d) and (f), a likely explanation for this mid-gap state is the termination of
the Ti dangling bond with H.  As discussed in the text, for this termination
to occur, it must be preceded by either a substitution of a surface O with F,
or the formation of a hydroxyl group.
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Figure 7.10 Normal emission XPS survey spectrum for a STO (001) sample prepared by
BHF etching. The F 1s core level has a binding energy of ~685 eV, and, if
present, should be located in the region highlighted with a red circle.
Despite etching with BHF, the concentration of F on the surface is
negligible (we estimate < 1 % of all anions within the probe depth). Other
sample preparations yield equally low concentrations of F (see inset).
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Figure 7.11 (a) The charge density of the non-dispersing band for the F-substituted slab
with H on Ti. There is no charge density on the F (not shown). (b) The
charge density of the nondispersing band for the H on O, H on Ti slab.

A thorough comparison of different theoretical calculations and ARPES data is
shown in Figure 7.12. To facilitate the comparison, prominent features in the bulk
calculations are highlighted with white circles in Figure 7.12(a). These same white circles
are then overlaid on other calculations, and on the ARPES data. It is interesting to note
that the theoretical calculations for bulk STO account for virtually all observed ARPES
features corresponding to the STO valence band for photon energies of hv =40.81 and
21.22 eV as seen in Figure 7.12 (i) and (j), even though all photoemission matrix
elements effects have been ignored. Furthermore, the overall bandwidth, of ~4.8 eV is
in perfect agreement with DFT calculations, and in reasonable agreement with tight-

binding calculations.
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Figure 7.12 Comparison of theoretical calculations for various STO systems with
ARPES data for the BHF-prepared sample. (a) The calculation for bulk STO
band structure (see also Figure 7.3(a-b)), where prominent features are
highlighted with white open circles. For ease of comparison, these same
open circles are overlaid on the data in (b-h) which corresponds to data in
Figure 7.3(c), Figure 7.7(a-g) and Figure 7.4(e-f) respectively. It is apparent
that the different STO terminations hardly affect band structure predicted by
DFT bulk calculations, but can give rise to surface states both above and
below the valence band as seen in (d-h).

7.3 VARIOUS SURFACE PREPARATIONS OF NB-DOPED SRT10;3 (001) — WATER BOILING

7.3.1 Experiment
STO (001) samples prepared using the water-boiling method were first
ultrasonically cleaned using acetone and isopropanol for 10 minutes each. After

degreasing, the samples were boiled in DI H,O with an electrical resistivity of 18 MQ-cm
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for 30 minutes. This was followed by a 4 hour anneal at 950 °C in a furnace with
flowing O,. At this point the sample was introduced to ultra-high vacuum (UHV) and
annealed at 725 °C for 1 hour. Both the furnace- and vacuum-anneals were identical to
those performed on samples prepared using BHF and the Arkansas method. All surface
preparations were also studied using reflection high-energy electron diffraction (RHEED)
and displayed sharp diffraction patterns consistent with an atomically flat surface with no

noticeable surface reconstructions.

7.3.2 Results

Figure 7.13(a) shows the ARPES intensity map for an STO sample that was
ultrasonically degreased in acetone and isopropanol followed by a 4 hour anneal at 750
°C in UHV. It has been shown™ that a simple anneal results in large islands on the
STO surface that are due to strontium oxide, or strontium hydroxide segregation.'”® As
photoelectrons leave the sample they can scatter off these islands and lose their
momentum signature and what is measured is a basically momentum-averaged spectrum.
The ARPES data shows two regions of high photoemission intensity located at energies
of E-EF = -5 and -7 eV which correspond to regions of high density of states for the
primarily O 2p-derived valence band of STO. Despite the noticeable momentum
smearing, there is a subtle feature present in the ARPES data that corresponds to
photoelectrons that were not scattered. This feature is only visible in the second
derivatives of the photoemission spectra in the energy direction, as shown in Figure
7.13(b). This feature, with an energy of E-Er = -3.75 and parallel wavevector of k; ~ 1
A, actually corresponds to the top of the valence band near the bulk R point. The fact
that ARPES measures dispersing bands illustrates how this technique is sensitive to the

long-range order required to develop a band structure.
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As mentioned previously, the surface quality of STO can be greatly improved by
using acid-based surface preparations to remove the Sr-based islands.'”’ > The ARPES
data, after background subtraction, for samples prepared using these two methods are
shown in Figure 7.13(c-f). This background subtraction was accomplished by
integrating the photoemission data over the entire angular range, with the resulting angle-
integrated spectrum then being scaled, and subtracted from each energy distribution curve
(constant emission angle spectrum). After this background removal, the top of the
valence band is again visible, as well as additional dispersing bands, despite the fact that
no 2nd derivatives have been taken. It is immediately apparent that the samples which
underwent etching give rise to sharper photoemission features than the vacuum annealed
sample. The dispersing bands becomes much more apparent for a photon energy of hv =
40.81 eV (Figure 7.13 (d), (f) and (h)), which, roughly speaking, maps the band structure
from I' to M. The band dispersions revealed with photon energies of hv = 21.22 and
40.81 eV are in excellent agreement with ab-initio and tight-binding calculations of the
bulk STO band structure*®*. We attribute the subtle differences in the ARPES data for the
BHF- and Arkansas-prepared samples to data processing (primarily background
subtraction) rather than an actual difference in surface quality.

Another way to remove the Sr-based islands is to dissolve them in DI water™***"",
After boiling STO in DI water, ARPES data also reveal the dispersing bands, with the
quality of ARPES spectra being on par with samples prepared with the acid-based
techniques. We found that boiling STO, with subsequent anneal in flowing O,, is a
more effective surface preparation technique than the simple water-leaching reported
previously®®. Interestingly, there is some indication that the boiling aspect of this

preparation seems to be the most critical step since ARPES spectra for boiled samples,
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annealed in UHV seem to be of nearly the same quality as spectra for boiled samples

annealed in flowing O, (data not shown).
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Figure 7.13 ARPES data along the [110] direction for STO samples prepared in a variety
of ways for a photon energy of hv = 21.22 eV unless otherwise stated. (a)
Raw data for vacuum-annealed STO, with the 2nd derivative (in the Energy
direction) shown in (b) in order to better visualize dispersing features.
After etching the surface using the Arkansas method (c-d) and BHF (e-f) the
surface quality is much improved and the ARPES data reveal dispersing
bands after a simple background removal. As was the case for the acid-
based techniques, simply boiling STO in water followed by a furnace anneal
also produces a high-quality surface and ARPES data shows the dispersing
bands (g-h).

As alluded to previously, the most likely reason for the improvement in ARPES

spectra for samples that underwent surface preparations, beyond the simple vacuum
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anneal, is the removal of the strontium oxide islands on the surface. The removal of
SrOy from the surface region of the STO samples can be monitored using XPS. Figure
7.13 shows XPS spectra of the Sr 3d core level for STO samples prepared using a variety
of methods. Fitting of the spectra with a structure-free residual requires at least two
spin-orbit split doublets. = The more intense doublet has its origin in the primary STO
lattice. The less-intense doublet, with a slightly higher binding energy, has been
attributed to strontium oxide crystallites206’234’235. For the analysis, a simple polynomial
background was removed from all of the spectra and all of the spectra were then fit,
simultaneously, with two spin-orbit split doublets. The Voigt lineshape was used for the
doublets and the Gaussian and Lorentzian contributions to the Vogt peak width, the spin-
orbit splitting, the branching ratio and the energy offset of the SrOx doublet were
determined from the simultaneous fit of all data. To be clear, all of the aforementioned
fit parameters were considered to be the same for each spectrum, but were determined
from the fitting, and the branching ratio and widths of the SrOy doublet and the primary
doublet were the same. The absolute position of the largest peak and its amplitude were
allowed to vary for the individual spectra. Fitting the data in this fashion ensures that
the relative contribution of the SrOy doublet to the total photoemission intensity is
accurately determined. As seen in Figure 7.14, there is a noticeable decrease in
intensity for the higher binding energy doublet (the one corresponding to SrOy) when
using techniques to remove SrOy crystallites. This is a clear indication that the
concentration of strontium oxide crystallites on the surface has been reduced by the
surface preparation. It is also comforting to see that the peak to valley ratio (as
indicated by the horizontal dashed lines) is consistent with the data fitting, and is likely
an accurate way to assess the effectiveness of different surface preparations at removing

the surface SrOy crystallites. It is interesting to note that the water boiling methods
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appear to be more effective at removing SrOy from the surface region of STO than the
acid-based methods. We speculate that the acid-based processing may etch the surface
too aggressively, attacking some of the TiO, surface and resulting in a mostly, but not
entirely, TiO,-terminated surface, which would be consistent with the data of Figure 7.14.
Whether or not this is the case would be an excellent focus of a future study using

scanning tunneling or atomic force microscopy techniques.
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Figure 7.14 XPS spectra of the Sr 3d core level for different surface preparations. Data
was fit using two spin-orbit split doublets, one (blue) corresponding to the
primary STO lattice, and the other (green) to SrOy crystallites on the surface
of STO.

More can be learned about the relative effectiveness of different surface
preparations by looking at the relative stoichiometry determined from XPS
measurements. Figure 7.15 shows the relative concentration of Sr and Ti in the near
surface region of STO. Because of the surface-sensitivity of XPS measurements one
would expect to have a relative excess of Ti for samples that are TiO,-terminated. For
this analysis, a polynomial background was removed from the XPS spectra of the Sr 3d

and the Ti 2p core levels and the spectra were then fit with 4 Voigt peaks (the minimum
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number required to obtain a structure-free residual). The total photoemission intensity
of the Sr 3d and the Ti 2p core levels was then used to determine the relative
concentration, considering both escape depths and sensitivity factors. The error bars in
Figure 7.15 represent variability between samples, analyzed in the identical fashion, and
not the estimated uncertainty in the actual concentrations due to systematic errors in the
analysis or experiment, which may be even larger. As expected, samples prepared using
acid-based etching, or water treatments have a Ti rich surface region. The data indicate
that the water-based methods are more effective at removing Sr from the surface region
than the acid-based methods. Again, this could be related to the potentially aggressive
etching of the surface, and subsequent surface roughening, caused by acid-based
techniques. It is also interesting to note that for boiled samples, a simple vacuum anneal
appears to remove more surface Sr than a furnace anneal followed by a gentler anneal in
UHV. This may indicate that water boiling may even remove some sub-surface Sr,

which is later “healed” during the furnace anneal due to mass transport'**2*2%,
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Figure 7.15 The relative Sr and Ti concentration of the near surface region of STO (001)
as determined by XPS measurements for samples prepared using a variety of
methods. As expected, methods reported to leave the surface TiO;-
terminated have a higher Ti concentration in the surface region.

7.4 SURFACE CHARACTERIZATION - AFM

Atomic force microscopy (AFM) is a valuable tool to investigate the quality of
the sample surface. This section shows AFM images of sample surfaces prepared by
several different ways. All the preparation methods that were previously described result
in atomically flat surfaces with TiO, termination. Occasionally, however, some unwanted
features do appear on the STO surface. I describe below several representative AFM
images that highlight these features. All samples were annealed in oxygen as described in
detail in Section 7.2.1.

Etching with buffered HF is one of the ways of obtaining a TiO,-terminated
surface of STO substrate. However, the etching rate is sufficiently fast to cause the STO
surface to be overetched if not done carefully. The buffered HF etches the top layer of

SrO quickly but etches the next topmost layer of TiO; as well. In Figure 7.16, the STO
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surface etched with buffered HF (1: 20 diluted HF for 1 min) was imaged by RHEED and
scanning tunneling microscopy (STM). The RHEED image showed sharp diffraction
patterns but with additional features, as seen in Figure 7.16 (a). When the surface was
scanned by STM, the several holes in the terraces were observed, as seen in Figure 7.16
(b). The additional features in the RHEED image are likely related to these holes. For HF

etching, it is critical to find the proper time and concentration in order to etch the surface

cleanly.
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Figure 7.16 (a) RHEED image and (b) STM image of STO surface etched by buffered by
HF. STM image taken by Jisun Kim in the Dr. Shih group.
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With the proper etching time, etching with buffered HF is an effective way to
obtain TiO,-terminated surfaces. Figure 7.17 shows an AFM image of the surface ten
days after the HF etching. The AFM image still shows the steps and terraces indicating

that the surface is very stable.
5.0 nm

S5umX5um ‘

Figure 7.17 AFM image of the STO surface 10 days after the etching.

However, HF is a dangerous chemical compound that can cause fatal tissue
damage. If we can use a safer method to etch the surface, that would be preferable. The
somewhat safer etchant HCI/HNOs is also a good way to prepare atomically flat STO
surfaces. After etching with HC/HNOs;, RHEED and AFM show that the surface is
atomically flat (images not shown here). However, when the surface is not etched well,
the surface contains holes and SrO / Sr(OH), islands®"’ at the terrace edges, as shown in
Figure 7.18. Before HCI/HNOs etching, water soaking for 20 min at 70 °C is done to

create the soluble hydroxide complexes Sr(OH)y. If the etching time is not long enough to
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remove these hydroxide complexes, a surface similar to that in Figure 7.18 may be

obtained.
10.0 nm

Figure 7.18 AFM image of the STO surface etched by HCI/HNO:s.

Water boiling is safest way to prepare the surface among the various surface
preparations described. In Figure 7.19(a), AFM shows the TiO,-terminated STO surface
that is atomically flat. One day after water boiling, several SrO and Sr(OH); islands are

207
f.

observed in the AFM image, as seen in Figure 7.19(b). According to Ref.”"’, these islands

can be removed by additional water boiling followed by annealing.
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Figure 7.19 (a) AFM image for the STO surface boiled in DI water and (b) one day after
boiling water preparation.

7.5 CONCLUSION

High-resolution ARPES measurements showed that a simple degreasing of STO
single crystals, accompanied by a subsequent anneal in UHV is not an adequate surface
preparation of STO. Other surface preparations such as MBE growth, the Arkansas
method, or etching with BHF, and to a lesser extent, simply leaching the STO with water
result in surfaces with much less disorder. It was also found that ARPES was an
excellent probe of surface disorder.

Density functional theory calculations for bulk STO account for virtually all
dispersing features in the ARPES data. A tight-binding model of the band structure,
while in reasonable agreement with ARPES data, is not quite as successful as the DFT
calculations. The agreement of tight-binding calculations with ARPES data may be
improved with additional, fine tuning of the tight-binding parameters.

Using ARPES to study the gap region showed that gap states depend strongly on

surface preparation methods. A non-dispersing oxygen vacancy state, located ~1 eV
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below the Fermi level, is present in vacuum-annealed and water-leached samples,
whereas a non-dispersing, mid-gap state was found ~800 meV above the top of the
valence band for samples which underwent etching. In contrast, MBE-grown thin films
show very little indication of any gap states. This suggests that it should be possible to
use different surface preparations to tailor interface properties between STO and other
complex metal oxides. Theoretical modeling of STO slabs using DFT within the LDA
for the exchange correlation, indicate that the mid-gap state is not related to the SrO- and
TiO,-terminated surfaces, but rather, due to a partial hydrogenation of the STO surface
that occurs during etching. A theoretical study of the charge density for this non-
dispersing, mid-gap state shows that its origin lies in the formation of a H-Ti bond on the
TiO,-terminated STO surface. Further theoretical studies of surface properties show
that for this H-Ti bond to form it must be preceded by either a F substitution of a surface
O, or the formation of a single hydroxyl group on the 1x1 surface unit cell. These two
surface-modifications that enable the H-Ti bond to form both give rise to electronic states
just below the STO valence band. The H-Ti bond is very thermally stable, and is not
broken even with an anneal of 900 °C. Furthermore, there is considerable evidence that
boiling STO in water for 30 min., followed by an anneal in O, results in a surface as

good, or better, than surfaces prepared using acid-based methods.
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Chapter 8. Structural, optical and electrical properties of strained La-
doped SrTiO; films

The structural, optical and room-temperature electrical properties of strained La-
doped SrTiO; epitaxial thin films are investigated. Conductive La-doped SrTiOj; thin
films with concentration varying from 5 to 25 % are grown by molecular beam epitaxy
on four different substrates: LaAlO;, (LaAlO3)o3(Sr,AlTa0¢)p7, SrTiO3 and DyScOs,
which result in lattice mismatch strain ranging from -2.9 % to +1.1 %. We compare the
effect of La concentration and strain on the structural and optical properties, and measure
their effect on the electrical resistivity and mobility at room temperature. Room
temperature resistivities ranging from ~102~10" Q-cm are obtained depending on strain
and La concentration. The room temperature mobility decreases with increasing strain
regardless of the sign of the strain. The observed Drude peak and Burstein-Moss shift
from spectroscopic ellipsometry clearly confirm that the La addition creates a high
density of free carriers in SrTiOs. First principles calculations were performed to help
understand the effect of La-doping on the density of states effective mass as well as the
conductivity and DC relaxation time. Theoretical calculation is done by Andrew O’Hara.
And optical measurement and analysis are done by Dr. Stefan Zollner and Cesar
Rodriguez at New Mexico State University (NMSU). This work was published in : M.
Choi, A. B. Posadas, C. B. Rodriguez, A. O’Hara, H. Seinige, A. J. Kellock, M. M.
Frank, M. Tsoi, S. Zollner, V. Narayanan and A. A. Demkov, “Structural, optical and
electrical properties of strained La-doped SrTiO; films”, J. Appl. Phys. 116, 043705
(2014)
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8.1 INTRODUCTION

Among the various perovskite oxide materials, SrTiO; (STO) has been
extensively studied since the 1960s due to its large dielectric constant and non-linear
dielectric properties®®>?*’. Thanks to these unique properties, STO finds a wide range of

268,269

applications such as a dielectric layer in capacitors , high frequency tunable

270271 " and in oxygen sensing®’?. Furthermore, heterostructures of STO with other

devices
perovskites give rise to emergent phenomena, such as a two dimensional electron gas
(2DEG) at the interface between STO and LaAlOs*”*™ two dimensional
superconductivity at LaTiO3/STO interfaces'”, and confinement effects in artificial
quantum well structures®’>="°.

STO is a wide band gap insulator (E, ~3.2 €V) but can easily be made conductive

2 .2 . .
7 or oxygen vacancies”™. The substitution of

through n-type doping using Nb*""*"® La
La®* for Sr**, Nb°" for Ti*", or electrons from ionized oxygen vacancies, render STO
highly conductive. The electronic properties of doped STO attract significant attention
due to its many potential applications. For example, both Nb-doped®” or La-doped*"
STO have been considered as thermoelectric materials. Doping via cation substitution
also modifies the electronic band structure of STO, resulting in changes in the band
curvature and band degeneracy”™, which cause the electron effective mass (m*) of the
material to change. This possibility of tuning the effective mass and carrier density is one
reason why doped STO is a promising material for thermoelectric applications. In the
case of La-doped STO, partial substitution of La®>" into Sr** sites should result in each La
atom donating one electron to the conduction band of STO. Depending on the dopant
concentration, the carrier concentration of La-doped STO (LSTO) can made to vary in a

. 1 - 21 -3 273,283,284
wide range from 10" cm™ to ~10*! ¢m™ 27328328

. At 2 K, the electron mobility of dilute
(8x10" em™) La-doped LSTO thick films grown by hybrid molecular beam epitaxy
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(MBE) was reported to be over 50 000 cm” V™' s **. At room temperature, however, the
electron mobility of bulk LSTO at room temperature has been reported to be between
0.13 and ~7 cm” V' s, depending on La concentration and microstructure® >**'#%>_In the
~10*" em™ concentration region, LSTO mobility was reported to be ~0.26 to 1 ecm*V™'s™
for films grown by PLD**** and ~7 cm?V™'s™ for films grown by MBE**. In the ~10°'
cm™ concentration region, a mobility of around 1 cm?V™'s” was obtained for a PLD-

grown film**'

. All previous reports measured the mobility using relatively thick (>100
nm) LSTO films. The resistivity of bulk LSTO is reported to range from 0.001 to 1 Q-cm
at room temperature, and from 1.3~1.6x10* Q-cm at 10 K, depending on La
concentration®®***. These electrical properties of LSTO make it promising for use as a
conductive layer in oxide electronic devices based on perovskite oxides'*. For example,
LSTO was used as an epitaxial conducting template to integrate epitaxial ferroelectric
Pb(Zr,Ti)Os on Si (001)**°. LSTO was also used as an n-type buried channel material in
an all-oxide metal-insulator-semiconductor field-effect transistor’”’. Depending on the La
concentration, LSTO shows a wide range of carrier density. Due to this tunable carrier
density, LSTO is a promising candidate for the quantum metal layer in a quantum metal
field-effect transistor (QMFET)*". It has been proposed that inserting a very thin metal
between the ferroelectric and the semiconductor in a field-effect transistor and connecting
this layer to the source could address the electrical mismatch in a negative capacitance
FET*”.

LSTO is also a promising candidate for use as a transparent conducting oxide. By
controlling the oxygen vacancies™ and La concentration®™*** LSTO is not only highly
conductive, but is also transparent. STO is commonly used as a substrate or a template

for the growth of other functional perovskite oxides. Therefore, LSTO would be useful

for the fabrication of various optoelectronic devices. One obvious drawback of STO-
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based conductive layers is their low room temperature mobility. One possible route to
enhance the mobility is to use strain, which affects the electronic band structure®”. The
bottom of the STO conduction band is comprised of Ti 3d states forming a triply
degenerate ty, band. If spin-orbit coupling is accounted for, the conduction band bottom
is split such that the conduction band minimum at the I'" point is formed by two-fold
degenerate heavy electron and light electron bands. Tetragonal strain in a thin film can
further split the heavy and light bands. Theoretically, for unstrained 12.5 at.% La doped
into STO, the energy of the light and heavy electrons are still degenerate at the band

minimum at I'*®

. However, when pure STO is under in-plane tensile strain, the energy of
the light electron band is lowered by ~40 meV>"*. Experimentally, by imposing a uniaxial
0.3 % compressive strain along <100> to lightly-doped (7.5x10'" ¢cm™) LSTO epitaxial
films, it was reported that the electron mobility could be enhanced by 300 % at 1.8K*”.
The band splitting in uniaxially strained STO was also observed using angle-resolved
photoemission spectroscopy”°. Therefore, applying strain may provide a way of
enhancing the electrical properties of LSTO.

In this paper, we investigate the room temperature structural, optical and electrical
properties of thin (20 nm) strained epitaxial LSTO films grown by molecular beam
epitaxy (MBE) as a function of La concentration in the range 5 to 25 at.%. To achieve a
range of epitaxial strain values, we grow LSTO on four different substrates: LaAlOs,
(LaAlO3)o3(Sr2AlTa0g)g7, SrTiO; and DyScOs, resulting in in-plane strain values
ranging from -2.9 % to +1.1 %. We measure the changes in the unit cell volume, optical
absorption, carrier concentration, resistivity and mobility as a function of La

concentration and strain. Contrary to previous reports of mobility enhancement at low

temperature in dilute LSTO films, we find that at the high La concentrations we studied
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and at room temperature, less strained LSTO films had higher mobility compared to more

strained films, regardless of the sign of the strain.

8.2 EXPERIMENT AND THEORETICAL CALCULATION

Four different substrates, LaAlOs; (LAO) (100), (LaAlO3)3(SroAlTaOg)o7
(LSAT) (100), SrTiO3 (STO) (100) and DyScOs; (DSO) (110), were used in the study to
impose a range of epitaxial strain values on the LSTO films. The substrates were
introduced into a customized DCA 600 MBE system with a base pressure of 3x10™'°
Torr. The substrates were outgassed at 800 °C for 30 min in an oxygen partial pressure of
3x10” Torr to remove surface impurities. The LSTO films were grown by MBE using
effusion cells for the metal evaporation and molecular oxygen as the oxidant. The fluxes
of Sr, Ti and La were calibrated to be 1 ML/min using a quartz crystal monitor with
feedback from in situ x-ray photoelectron spectroscopy (XPS). LSTO films were
deposited on four different substrates using a layer-by-layer alternating shuttering method
of Sr, La and Ti. For each shuttering cycle, the Sr and La shutters were sequentially
opened for an amount of time depending on the target La concentration, while the Ti
shutter was opened for 1 min. The shuttering cycle was repeated until the desired
thickness of 20 nm was reached. All the films grown were terminated with a TiO,
monolayer.

For each substrate, films of three different La concentrations (5, 15, and 25 at. %)
with 20 nm thickness were grown. All films were grown under identical conditions at 800
°C growth temperature with total oxygen pressure of 1x10° Torr. After LSTO film
growth, annealing was performed in situ at 800°C in an oxygen partial pressure of 3x107
Torr for 10 mins. The samples were then cooled down in this atmosphere to 200 °C at a

rate of 30 °C/min and then transferred in sifu into another ultrahigh vacuum chamber for

144



additional vacuum annealing for 5 min at 750 °C. After vacuum annealing, the samples
were further annealed ex situ at 350 °C for one hour in air to remove oxygen vacancies.

The film compositions were determined by XPS using a VG Scienta R3000
analyzer. Measurements at room temperature are performed using monochromatic Al Ka
radiation (hv = 1486.6 eV). The resolution of the XPS spectra is limited by the x-ray
source line width, which is approximately 300 meV. Sensitivity factors for each element
were calibrated with SrTiO; and LaAlO; substrates and verified using Rutherford
backscattering spectroscopy (RBS). To independently confirm the XPS compositional
analysis, RBS was performed on selected samples using an NEC 3UH Pelletron with 2.3
MeV He' ions with Si surface barrier detectors (19 keV FWHM). Out-of-plane and in-
plane lattice constants of the LSTO films were measured by X-ray diffraction (XRD) on a
Philips X’Pert diffractometer using Cu Ko radiation. The thicknesses of films were
measured on the same instrument by X-ray reflectivity (XRR).

For electrical measurements, gold metal electrodes (Au) were sputtered onto the
four corners of the 5 mm x 5 mm LSTO samples using a shadow mask. The resulting Au
electrical pads were 100 nm thick with a lateral size of less than 1 mm % 1 mm each.
Indium (In) was then soldered directly onto the Au pads and ohmic behavior of the
contacts was confirmed at room temperature prior to transport measurements. We have
performed electrical resistivity measurements in the van der Pauw geometry®’’ and Hall
Effect measurements to determine resistivity and carrier concentration of the LSTO thin
films. The four-terminal resistances were measured at room temperature by the low-
frequency (17Hz) ac lock-in technique. The magnetic field used for Hall Effect
measurements was £0.135 T. To avoid the effect of sample geometry and to eliminate

the longitudinal Hall voltages, we have averaged values from eight measurements for
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Hall voltages (V13, Va4, Va2, V31 at £0.135 T) and eight measurements for the resistivity
(Ri2¢1), R2332), R3a3), R41(14))297-

The dielectric functions of LSTO films on single-side polished LAO and STO
substrates were determined using spectroscopic ellipsometry from 1.0 to 6.5 eV at 300 K
as described previously'®***. Due to the small (5 x 5 mm?®) sample size and the presence
of Au contacts at the corners, data were taken with a rather shallow 60° angle of
incidence. The Au contacts were covered with black paint to avoid reflections from the
contacts. The depolarization spectra are small, indicating good uniformity of the samples.

To model the ellipsometric angles of these samplesm’300

, we used tabulated optical
constants for the STO'® and LAO*' substrates. The optical constants of the LSTO films
were described by a Drude term (to account for free carrier response) and several
Gaussian and Tauc-Lorentz oscillators®® to account for optical interband transitions. The
parameters of these oscillators were fitted until good agreement between the measured
ellipsometric angles and the model was achieved. We assumed that the film thickness of

20 nm (confirmed with x-ray reflectance) was accurate and we ignored surface

roughness. Small errors in thickness will not affect our conclusions.

8.2.1 Electrode test

Prior to the transport measurements, the several combinations of electrode
materials were tested to find proper electrodes for La doped SrTiO; film. Three different
electrodes were tested here; Pt/Au, In/Au, and Au/Ti. Figure 8.1(a) shows the current-
voltage (I-V) curve at room temperature using Au/Pt electrodes. Pt electrodes were
prepared using a focused ion beam (FIB) and 100 nm thick Au pads were deposited on
the Pt electrodes. The I-V characteristic is linear only within -2 V to 2 V voltage range at

room temperature. The In/Au electrodes are shown in Figure 8.1 (b). Au electrodes with
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100 nm thickness were deposited and In was then soldered directly onto the Au pads. The
ohmic behavior of the contacts was confirmed at room temperature. The last combination
of Ti/Au electrodes shows in Figure 8.1(c). The linear I-V curves indicate ohmic
contacts. The measurements were accomplished from 2 K up to 300 K. For the transport

measurements of La doped SrTiO; films, I used the In/Au electrodes.
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Figure 8.1 1-V curve of (a) Pt/Au, (b) In/Au, and (c) Ti/Au electrodes.

Transport measurement of the LSTO thin films were carried out using the van der
Pauw geometry. The equivalent circuit diagram and pictures of the measurement setup
are shown in Figure 8.2. The four-terminal resistances were measured at room
temperature by the low-frequency (17 Hz) ac lock-in technique. The voltage V across the
reference resistance (10 ) was measured to determine the current through circuit, which

is assumed to be the same as the current through the two current leads of the sample. The
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sample voltages (Vs) between the two voltage leads of the sample were then measured

directly.

(a) (b)

Vs

Sample resistance, Ry

W

10Q, resistance

v

Figure 8.2 (a)The schematic view of measurement and (b) the system for electrical
measurement of LSTO

8.3 RESULTS AND DISCUSSION

8.3.1 Surface morphology

Figure 8.3(a) shows the reflection high energy electron diffraction (RHEED)
pattern of as-grown LSTO film on LSAT which has 25 % La concentration. The
RHEED pattern of the same sample after vacuum annealing is shown in Figure 8.3(b). To
eliminate the oxygen vacancies that likely formed during vacuum annealing, LSTO films
were further annealed at 350 °C in air’®. Figure 8.3(c) shows the RHEED pattern of the
same LSTO film after additional annealing in air. The initial high temperature growth
gives rise to good crystallinity as seen in Figure 8.3(a). After additional annealing,
RHEED patterns showed that film tends to become rougher. This roughening due to post-
deposition annealing was also observed in atomic force microscopy (AFM)
measurements. Figure 8.4(a) shows the AFM image of an as-grown LSTO film on LSAT

(the same sample shown in Figure 8.3). The film surface has an RMS roughness around
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0.39 nm measured by AFM. After annealing in air, the film surface shows an increased

RMS roughness of around 1.39 nm.

Figure 8.3 The RHEED patterns of 25 % LSTO on LSAT along <100> direction (a)
after growth, (b) after vacuum annealing, and (c) after air annealing.

‘l) 20.0 nm 20.0 nm
1: Height 5.0 |lm 0.0 1: Height 5.0 um

Figure 8.4 The AFM images of 25 % LSTO on LSAT (a) after vacuum annealing and
(c) after air annealing.
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8.3.2. Stoichiometry and crystallinity

After growth, the compositions of LSTO films were determined by in situ XPS.
High resolution spectra of the Sr 3d, Ti 2p, O 1s, and La 3d core levels were measured
for each sample. Typical XPS spectra are shown in Figure 8.5. After subtracting a Shirley
background for each spectrum and determining the integrated intensity, the film
stoichiometry was determined using the appropriate Wagner sensitivity factors for each

75
core level ”.
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Figure 8.5 Representative core level spectra of (a) Sr 3d, (b) La 3d, (c) Ti 2p, and (d) O
Is from LSTO films using in situ XPS.

150



The overall composition as determined by XPS using the standard sensitivity
factors is within 5 % of the target composition for all the metal elements but with
systematically lower La and higher Ti than expected. Because La substitutes for Sr sites,

La concentration is reported as the ratio of La concentration to the total of Sr and La

concentrations.
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Figure 8.6 (a) The ratio of [Ti] / [La+Sr+Ti] determined by XPS (open triangles) and
RBS (filled squares) and (b) measured La dopant concentration (RBS and
XPS) compared to the target concentration.

As an independent check of the XPS results RBS measurements were performed
on a control group of samples and compared to the results of XPS. Figure 8.6(a) shows
the ratio of [Ti] to [La+Sr+Ti] for films containing three different La dopant
concentrations determined from XPS and RBS. From Figure 8.6(a), there are two
explanations about the film compositions: we underestimated Ti concentrations or
overestimated La concentrations. In Figure 8.6(b), we plot the measured La dopant
concentrations ([La]/[La+Sr]) using XPS and RBS vs. the target value. We estimate the

relative experimental errors to be +1 at.% for RBS and 10 % for XPS for each La
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concentration. From Figure 8.6(b), we note that La concentration is consistently
underestimated by XPS by about 10 % of the RBS-measured value. Using the data
obtained from RBS, the sensitivity factors used in XPS analysis were adjusted slightly
and fluxes used during growth were modified accordingly for the subsequent LSTO
epitaxial film growth.

Figure 8.7(a) shows typical symmetric 260—6 x-ray diffraction scans of 20 nm
thick LSTO films on LAO, LSAT and DSO substrates. No secondary phases and other
orientations are observed from the full range of the XRD pattern (not shown) and all
LSTO films were confirmed to have a thickness of 20 nm + 0.3 nm, as measured by
XRR. The Bragg peak of LSTO films on STO substrate is buried under that of the STO
substrate peak so the data for LSTO films on STO substrate is excluded from Figure
8.7(a). The lattice constant of bulk LSTO for 10 % La concentration is 3.906 A" at
room temperature, increasing to 3.908 A at 30 %. The lattice constant of bulk LSTO is
slightly larger than that of bulk STO (3.905 A) due to a combination of dopant size and
electronic effects’. The full width at half maximum (FWHM) of the rocking curve
around the (002) film peak is measured to vary between 0.11 and 0.35° (Figure 8.7 (a),
inset). The FWHM of the films with 25 % La concentration are generally broader than
that of the films with 5 % La concentration. Figure 8.7(b) shows the measured out-of-
plane lattice constants of 20 nm LSTO films as a function of La concentration. The out-
of-plane lattice constants generally increase with increasing La concentration irrespective
of the substrate used, although the rates of lattice constant increase with concentration are

substrate-dependent.
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Figure 8.7 (a) X-ray diffraction pattern of (002) LSTO peaks and substrate peaks. Inset
shows the rocking curve of 5 % doped LSTO films on LAO. (b) Measured
out-of-plane lattice constants and expected out-of-plane lattice constants as a
function of La concentration. (c) Reciprocal space map of (103) Bragg peak
for an LSTO film on DSO substrate with 25 % La concentration. The in-
plane lattice constant of the film is the same as that of DSO substrate. (d)
Unit cell volume changes as a function of La concentration for the different

substrates
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Assuming that the films are commensurate to the substrates and that the elastic
properties of LSTO are the same as undoped bulk STO, it is possible to determine the
expected out-of-plane lattice constants. Using the Poisson’s ratio of STO*™, the expected
out-of plane lattice constants are indicated by the open symbols in Figure 8.7(b). For
LSTO films on LSAT and DSO substrates, the measured out-of-plane lattice constants
are reasonably similar to the expected out-of-plane lattice constants suggesting fully
strained films. However, for LSTO films on LAO, the measured out-of-plane lattice
constants are significantly less than the expected values, indicating that the LSTO films
are partially relaxed. To verify that the LSTO films are commensurate to the substrates, a
reciprocal space map of the (103) Bragg peak is performed. Figure 8.7(c) shows such a
measurement for a 25 % LSTO film on DSO. The in-plane lattice constants of the film
and substrate are identical. Such commensurate growth is observed for all samples grown
on LSAT and DSO, with partial relaxation on films on LAO of about 22 %. The one
interesting thing is that the measured out-of-plane lattice constants of thin LSTO films on
DSO and on LSTO is a bit off from the expected out-of plane lattice constants
determined using the undoped STO elastic constants. The possible explanations are that
LSTO thin films become softer as La concentration is increased, or that our films are so

. 281
thin compared to the references™' %

that the La doping effect is not negligible.

From the measured out-of-plane and in-plane lattice constants, the variation in the
unit cell volume of LSTO films as a function of La concentration for the different
substrates is shown in Figure 8.7(d). The unit cell volumes generally increase with

increasing La concentration, consistent with bulk LSTO regardless of the specific strain

configuration.

154



8.3.3. Electrical and optical properties

Figure 8.8 shows the measured carrier concentrations of 5, 15 and 25 % doped
LSTO films on LAO, LSAT, STO and DSO as a function of strain at room temperature.
The dashed lines indicate the theoretical values of carrier concentration assuming that
each La atom donates one electron to the conduction band of STO. Surprisingly, for all
La concentrations studied, the measured carrier concentration is typically around 1/2 to
2/3 of the La concentration, with the largest discrepancy at the highest La concentration.
Prior to Hall measurements, we determined the ratio [Ti* J/([Ti*']+[Ti’]) using in situ
XPS to estimate the carrier concentration independently®”, as shown in Figure 8.5(c). As
La’* substitutes for the Sr site in STO, assuming the oxygen composition does not
change, the valence of an equivalent concentration of Ti should change from Ti*" to Ti*".
From the ratio of Ti’" to total Ti, we can therefore estimate how many dopants are
“activated.” From both the Hall measurement and in situ XPS measurement, the activated
carrier concentration is always found to be less than the La concentrations.

For 25 % La-doped STO, the carrier concentration is well below the expected
values. Typically, the measured carrier concentrations correspond to what is expected for
15 % La doping even though XPS confirms that 25 % La atoms are doped into STO. The
reason for the lack of full activation at the higher doping concentration is presently
unclear. Possible explanations for this phenomenon include charge self-compensation®
or the presence of excess oxygen in the form of interstitials®”’, which may form as a
result of the final air annealing. Recently, we reported achieving 80 % activation from 15

% La doped LSTO with 20 nm thickness grown on Si by atomic layer deposition®”.
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Figure 8.8 Carrier concentrations of 5, 15, and 25 % doped LSTO films with 20 nm
thickness on four different substrates obtained from Hall Effect
measurements (a) and the ratio [Ti*"]/([Ti*" J+[Ti’"]) using in-situ XPS. The
dashed lines indicate the theoretical values of carrier concentration assuming
that each La atom donates one electron to the conduction band of STO.

In the case of LSTO films on STO, measured carrier densities are generally higher
than the La concentration. This is most likely due to parasitic conduction from the STO
substrate itself, which may become sufficiently conductive due to oxygen vacancies

278309 With regards to the strain

depending on the growth and annealing conditions
dependence of the carrier concentration, we observe that the larger the magnitude of the
strain experienced by the LSTO films (either compressive or tensile), the lower the
measured carrier concentration becomes for a given La doping concentration.

We also investigated how the optical properties of the LSTO films change with
La concentration. Figure 8.9 shows the dielectric function of LSTO films on STO with 5
% and 15 % La. Data for a bulk (undoped) STO substrate are shown for comparison. As

the La dopants are electrons donors, two effects are expected. First, a Drude peak at low
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energy should emerge when the system becomes metallic. Indeed in Figure 8.9, we see
that ¢; decreases at lower energies and €, increases, which is consistent with the free
carrier response within the Drude model’'’. The Drude term becomes larger for the
higher La concentration as expected. The Drude response causes a very sharp change in
the ellipsometric angles below 2 eV, which cannot be mistaken. Second, the optical gap
is expected to widen as the La concentration increases, because occupying states near the
conduction band bottom blocks the low-energy optical transitions. This is known as the

Burstein-Moss shift®!!

. As seen from Figure 8.9, the band gap for LSTO is indeed
significantly higher than for undoped STO, particularly for the 15 % sample. The
observations of Drude peak and Burstein-Moss shift in our ellipsometry data clearly
demonstrate that the La addition creates a high density of free carriers (doping) in STO.
Such a clear free carrier response in optical spectra is difficult to achieve in silicon.

From the Drude response we can obtain a rough estimate of the carrier
concentration of LSTO films on STO and LAO. We derived the plasma frequency and
the broadening of the Drude peak from the ellipsometry spectra of LSTO films on STO
and LAO. Table 8.1 shows Drude parameters (plasma frequency and broadening) for the
5 %, 15 % and 25 % doped LSTO films on STO and LAO. The carrier concentration is
calculated using the equation ®” = ne’/gym*, where o is the plasma frequency, n is the
carrier concentrations, e is the electron charge, gy is the vacuum permittivity, and m* is
the effective electron mass of LSTO films. Choosing the proper value for the effective
mass in STO is not trivial. The effective mass of 5 % La doped STO is reported as
3.2~7.8 my” 23121 5.7.8 my for 15 %7*1?*, and 4 m, for 25 %", These effective
masses are not applicable to our films. LSTO films®' from which the effective mass was

derived were grown under different conditions compared to our films and in many cases

incorporate a large number of oxygen vacancies. In terms of calculated values of the
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effective mass for heavy doping, these discrepancies will be addressed in the theoretical
section.

Here we used the density of states effective masses of 1.124 my for 5 % doped
LSTO, 1.276 my for 15 % and 1.329 m, for 25 % doped LSTO where m, is the free
electron mass. The calculation of the effective mass is described below in section 8.3.4 of
the paper. As the La doping concentration was increased, the carrier concentration from
Drude parameters also were increased. The carrier concentration estimates from the
Drude parameters shows qualitative agreement with those from the Hall measurements

shown in Table &.1.
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Figure 8.9 Dielectric function of 20 nm thick LSTO films on STO with 5 % and 15 %
La. Data for a bulk (undoped) STO substrate are shown for comparison.
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. Carrier
Plasma Plasma Carrier

Substrate Lao frequency  broadening concentration from concen tration from

at.% . 3 electrical

(eV) (eV) ellipsometry (cm™) measurement (cm”)

STO 5 1.26 2.67 1.29x10% 4.650%10°!

15 1.94 0.378 3.48x10%! 7.644x10%!
LAO 5 2.12 10 3.65%10°! 1.55x10%!

15 1.90 0.297 3.34x10%! 2.779x10%!

25 2.34 10 5.26x10%! 2.650x10%!

Table 8.1 The optical properties of 5 % and 15 % doped LSTO films on STO at room
temperature. Plasma frequency, broadening, and calculated carrier
concentrations from plasma frequency are presented.

Figure 8.10 shows the Hall mobility and resistivity of LSTO films determined
from the same samples shown in Figure 8.8. The Hall mobility of the LSTO films was
calculated from the equation pu=1/nep, where n is the measured carrier concentration, p is
the measured resistivity, and e is the charge of the electron. It is noteworthy that the
higher the absolute strain in the film, the lower the observed mobility at room
temperature.

It is known that the band structure is altered in strained films, which may lead to a
modification of the effective mass m*. LSTO films with tensile strain are predicted to
have a lower effective mass than those with compressive strain®*". Consistent with this
prediction, we find that at low temperature (2 K), tensile-strained LSTO films on DSO do
indeed have a slightly higher mobility than other films of the same doping concentration
at low temperature. However, at room temperature, we observe that the higher the
magnitude of the strain (either compressive or tensile), the lower the mobility. Hence, the

mobility of more highly strained films on LAO and DSO were below that of less strained
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films on LSAT. The mobility values of our thin films were found to be between 1 and 9

cm’V's™ at room temperature, depending on La concentration and strain.
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Figure 8.10 (a) Mobility and (b) resistivity of 5, 15, and 25 % doped LSTO films grown
under four different strain configurations.

Figure 8.10(b) shows the resistivity of LSTO films on four substrates with values
ranging from 107 to 107 Q-cm. The resistivity of bulk LSTO was reported to range from
0.001 to 1 Q-cm at room temperature, and that of thin LSTO films (~150 nm thickness)
on LAO and STO substrates was reported from 7.7x 107 to 1.7x10™ Q-cm, depending on
La concentration”””**"*% However, the resistivity of LSTO films on STO in Figure 8.
10(b) is lower than that of LSTO films on other substrates. Depending on the growth
conditions, the STO substrate can become partly conductive by oxygen vacancies.
Sculling et al. reported that the film with 2 % La doped STO grown at low growth

pressure has lower resistivity than that grown at higher growth pressure’'*. In our work,
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LSTO films with 20 nm thickness were grown at 10 Torr growth pressure. This growth
pressure and relatively low thickness of films may affect the resistivity of LSTO films on

STO substrate.

8.3.4. Theoretical calculations

To study the effects of doping on the effective mass, density functional theory
(DFT) calculations were performed using the Vienna ab initio Simulation Package
(VASP)"” with the Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient

4

approximation to the exchange-correlation function'®. Projector augmented wave

pseudopotentials''®*’

were used to describe the atomic species with valence
configurations of 4s%4p°5s? for Sr, 4s°4p®5s5d' for La, 3p®3d°4s' for Ti, and 2s*2p* for
O. A plane wave cutoff energy of 650 eV was found to ensure convergence to less than 1
meV per stoichiometric unit. For density of states calculations, the Brillouin zones were
sampled using Gamma centered Monkhorst-Pack grids™’ scaled based on a 24x24x24
grid for the primitive SrTiO; cell (such dense grids were used since the systems are
metallic under n-type doping). All atomic positions were fully relaxed and Brillouin zone
integration was done using the tetrahedron method with Bléchl corrections®".

To model heavily doped LSTO, supercells of the primitive STO were used with
one Sr atom replaced by La. Cells were constructed to account for 1.56 % La (a 4x4x4
supercell), 3.7 % La (a 3x3x3 supercell), 4.17 % La (a 2x2x3 supercell of the 45°
rotated V2 cell), 6.25 % La (a 2x2x2 supercell of the 45° rotated V2 cell), 12.5 % La
(a supercell 2x2x2), and 25 % (the rhombohedral cell). For each cell, the lattice geometry
was optimized and the expected number of carriers in the conduction band was

determined assuming that La completely surrenders its electron to the Ti-states (shown in

Table 8.2). In order to determine the chemical potential, at 300 K, we calculate the
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number of carriers and self-consistently adjust p until p (n, T) the integrated number of

carriers in the band matches the value of Table 8.2 using:

ne :J:; p(E)f (1,7 JIE (8.1)

where E; is the conduction band minimum, p (E) is the density of states, and f (u,
T) is the Fermi function.
In the parabolic band approximation with degeneracy z, the density of states

effective mass for degenerately-doped systems can be calculated as®'*'”:

m_ h n ’
m, 2kgTm, | 222F. (") (8.2)
where F, (77) is the un-normalized Fermi-Dirac integral of order % and

. —-E; . . . . . .
n* = % is the temperature-reduced relative chemical potential. Numerical evaluation
B

of the Fermi-Dirac integrals was performed using the code of X. Sun, e al’'**". F

or
STO, the spin orbit splitting is AEg,=28 meV, approximately equal to the thermal energy
at 300 K. Furthermore, the smallest occupied width of the conduction band (1.56 % La)
was determined to be 61 meV. Therefore, we use z=6 as the band degeneracy factor. The
results of this calculation are summarized in Table 8.2. Most importantly, we notice the
trend that as the conduction band is filled, the effective mass increases from a low of
0.999 my at 1.56 % La to 1.329 m, at 25 % Lanthanum. Compared to previous

282 We attribute this

calculations of the density of states effect mass, our values are lower

discrepancy to our increased resolution of the occupied band width, which can be done

by increasing the k-point grid and the number of pins used in calculating the density of

states. Furthermore, it appears that the other authors used Fy(n *) rather than Fi(n *)
2

. While other transport properties calculated using Fermi-Dirac integral methods do use
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different orders of the integral dependent upon the type of scattering mechanism assumed

(e.g. r=0 for constant relaxation time approximation), Fi(n *)should be used for the
2

density of states effective mass.

La at.% n, cm®) w(300K)—E. (6V)  mj/m, /7 (-em-s)’
1.56% 2.55x10% 0.103 0.999 1.70x10
3.70% 6.04x10% 0.112 1.071 2.44x10%
4.17% 6.80x10%° 0.119 1.093 2.85x10"
6.25% 1.02x10% 0.149 1.162 0.91x10'®
12.50% 2.04x10% 0.222 1.254 7.51x10"
25.00% 4.07 x10% 0.334 1.329 1.11x10%

Table 8.2 Summary of properties used to calculate the density of states effective mass
and conductivity within relaxation time approximation.

For comparison with our 5 % and 15 % La samples, we use the theoretical
equilibrium lattice constant for STO of a=3.94 A to determine the expected number of
carriers to be 8.17x10%° cm™ and 2.45x10*' cm™, respectively. Using piecewise cubic
Hermite interpolation (pchip), plotted in Figure 8.11(a), we determine that the effective

masses are 1.124 mg and 1.276 m, at these concentrations.
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Figure 8.11 (a) The calculated density of states effective mass is plotted as diamonds
with interpolation (solid line) and the occupied conduction band width is
plotted as squares with interpolation (dashed line), as a function of carrier
concentration. (b) Plot of the constant relaxation time conductivity as a
function of carriers using a supercell approach with interpolation.

We calculate the Boltzmann conductivity in the constant relaxation time

approximation:
c dk of
2= — vi(kv (k) ==
rc ;'[47[3 ValkJval { aEJE_En(k) (8.3)

where n is the band index and the velocity is defined to be the K derivative of
the band energy. We used the BoltzTraP** code, which allows for the use of DFT-based
band velocities on a dense k-point grid. In order to provide a better density of
eigenvalues for the Fourier interpolation used by BoltzTraP, they were recalculated non-
self-consistently on k-point grids twice as dense as those originally used and the
BoltzTraP interpolation parameter was taken to be at least 20 to ensure convergence. For
comparison to measurements, we use the trace of the conductivity tensor. The results are

summarized in Table 8.3. Again, by interpolating our calculated values (plotted in Figure
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8.11(b)), we can obtain % at 5 % and 15 % La content which are 4.79x10'® (Q-cm-s)™

and 8.67x10"(Q-cm-s)". By using the measured conductivity for the unstrained samples,
we can approximate the DC relaxation time t. These results are summarized in Table 8.3
along with the other interpolated properties. These results show that between 5 % and 15
% La content the relaxation time varies very little and is approximately 1.2x10"*s. This
value is between that of metals which are considered good conductors (free electron
metals) and poor elemental metals of lower conductivity. However, we find an
anomalously high value for t in the case of 25 % La content. In our calculation, we
assumed uniform La distribution and despite structural optimization, the cell remained in
the cubic symmetry. Given that LSTO is known to undergo a structural phase transition

k*, this result is indicative

from cubic to orthorhombic symmetry at over 20 % in the bul
that either such a structural transition may occur in epitaxially grown thin films or that

there is an onset of some kind of phase separation that affects the microstructure of the

films.

i Relaxation
Laat% w(300K)-E. (€V) my/m, o/t (Q-cm-s)!  Exp. o (Q-cm) 1 Time 7 (s)
5% 0.132 1.124 4.79x10' 5.56 x10? 1.16x107*
15 % 0.248 1.276 8.67 x10 1.05x10* 1.21x107*
25 % 0.334 1.329 1.11x10'® 3.53x10° 3.19x107*®

Table 8.3 Summary of the transport related properties found using interpolation for
comparison to the experimentally measured conductivity.

8.4 SUMMARY

In summary, we have grown La-doped SrTiO; films with 5, 15 and 25 % dopant

concentrations by molecular beam epitaxy. By utilizing four different substrates, LaAlO3,
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LSAT, SrTiOs, DyScOs, La-doped SrTiO; films with various degrees of compressive and
tensile strain were synthesized. As La dopant concentration was increased, the unit cell
volume of the film generally increased for all strain conditions. For all doping
concentrations, the measured carrier concentration was less than the La dopant
concentration, with the discrepancy becoming larger, the higher the La concentration.
Room temperature resistivities ranging from 10 to 102 Q-cm and Hall mobilities
ranging from 1 to 9 cm”V™'s™ were measured, depending on La concentration and strain.
The room temperature mobility of less strained La-doped SrTiO; was found to be higher
than that of more strained La-doped SrTiO; regardless of the sign of the strain. This
suggests that strain engineering may not be beneficial for enhancing the mobility of
SrTiOs-based conductive layers for practical, room temperature applications.
Ellipsometry measurements confirm the presence of free electron-like carriers in the
conduction band as a result of La doping without significant optical absorption in the
visible light range and carrier density are derived from plasma frequency and effective
mass from theoretical calculations. Theoretical calculations show that the density of
states effective mass increases with band occupation, however approaching a plateau at
very high concentrations. The theoretical calculations also place the room temperature
DC relaxation time to be ~1.2x10'* s. LSTO which is a candidate of transparent
conductive oxide can be attractive for optoelectronic device applications. And, LSTO is
promising as a quantum metal layer for negative capacitance FET owing to tunable

carrier density.
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Chapter 9. Transition metal oxide quantum wells

In this chapter, I report on the investigation of SrTiOs; (STO) quantum wells
(QWs) grown by molecular beam epitaxy (MBE). The QW structure consists of LaAlO;
(LAO) and STO layers grown on LAO substrate. Structures with different QW
thicknesses ranging from two to ten unit cells were grown. Optical properties (complex
dielectric function) were measured by spectroscopic ellipsometry (SE) in the range of 1.0
eV to 6.0 eV at room temperature. We observed that the absorption edge was blue-shifted
by approximately 0.39 eV as the STO quantum well thickness was reduced to two unit
cells (uc). The optical measurements were performed in the group of Dr. Stefan Zollner at
New Mexico State University. The high resolution scanning transmission electron
microscope (STEM) images were taken by Dr. Qian He and Dr. Albina Y. Borisevich at

the Oak Ridge National Laboratory.

9.1 INTRODUCTION

In recent years, owing to advances in layer-by-layer growth techniques, it has
become possible to grow high quality transition metal oxide films with atomic-scale
precision and to fabricate artificial structures based on these complex materials. This in
turn enabled band engineering, interface manipulation and dimensional control in oxide
heterostructures. By controlling the layer thickness and interface chemistry, unique
phenomena with no bulk analogues have been demonstrated. For example, in LaAlO;
(LAO)/SrTiOs (STO) heterostructures'®' a two dimensional electron gas (2DEG) was
reported at the interface when the thickness of the LAO layer grown on the TiO,-
terminated STO substrate is more than 4 unit cells (uc) thick®*'. In LaTiO; (LTO)/STO
heterostructures, two dimensional superconductivity'** exists at the interface, in which Tc
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can be tuned by electrostatic gating in the temperature range from 200 mK to 0 K**.
Oxide heterostructures have properties that can be quite different from the parent bulk
phases. In particular, oxide heterostructures have demonstrated conductivity
enhancement’”, new optical absorption bands®**, interfacial magnetic ordering'®, and

. . . 192
various forms of electronic reconstruction'*?.

3 . 2.2eV

Thickness of QW

Figure 9.1 The quantum well structure consisting of LaAlOs and SrTiO3

After a single heterointerface, the simplest heterostructure is a quantum well. In a
one-dimensional QW, the electronic wave functions are confined along one of the three
directions. Such confinement can be achieved by alternating layers of materials with a
large band discontinuity. For example, this can be done for GaAs and AlAs or STO and
LAO. One can then manipulate the degree of confinement of the electronic states by
adjusting the well thickness. Semiconductor QW structures are widely used in multiple
device applications such as quantum cascade lasers’”, laser diodes® and high-

performance transistors’>’. The QWs of transition metal oxides are very attractive for two
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reasons. First, the large band offsets on the order of several electron volts, offer an
unprecedented degree of quantum confinement. Second, interesting and unusual
phenomena are expected because of correlation effects of the d-electrons of transition
metals. Figure 9.1 shows a schematic view of the QW system comprised of LAO and
STO. In STO, the transition metal, titanium, is at the center of the oxygen octahedron.
The conduction band bottom is formed by the Ti ty, orbitals and in the bulk is triply
degenerate. At the interface with LAO the degeneracy of Ti ty, orbitals is lifted, with the
dxy band shifting to lower energy’>". When the STO QW thickness is decreased, the entire
conduction band starts feeling the effects of confinement. This confinement causes the
band structure to develop sub-bands corresponding to the quantum well levels. By
controlling the QW thickness, one can manipulate the number of quantized energy levels
in the well and energy separation between them.

The interplay between the d-electron correlation and lowering of orbital symmetry
due to confinement may give rise to unique quantum states not observed in the bulk.
For example, a metal-to-insulator transition in SrVO; (SVO)/Nb:SrTiO; quantum wells
was observed by Yoshimatsu ef al. using photoemission spectroscopy when the SVO
layer thickness was reduced to two uc>>". In their later work, they also found evidence of
metallic quantum well states that showed dispersion of subbands®’®. In the LaTiOs
(LTO)/LAO system™ quantum confinement was demonstrated by measuring interband
transitions using optical absorption. Reducing the LTO layer thickness confines the
electron motion along the z direction, making the band more anisotropic. As the LTO
thickness is further decreased, the degeneracy of the Ti ty, orbitals is lifted with a
signature of that being observable in the interband transitions. The GdTiOs3

(GTO)/SrTi03/GdTiO; QW exhibits hysteresis in the magnetoresistance as a result of the
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interfacial proximity effect due to the ferrimagnetic nature of GTO, even though STO
does not have a magnetic moment™ .

In the present study, we investigated LAO/STO QW structures on LAO
substrates. Compared to semiconductor-based QWs, where constituent materials have
band gaps on the order of 1.0 eV thus limiting the band offset, transition metal oxide
quantum wells can have rather large barriers. STO has a 3.2 eV band gap and LAO has a
5.6 eV band gap, and as the valence band maxima have similar energy levels (the valence
band offset is only 0.2 eV>*), the conduction band offset between the two materials is
about 2.3 eV. For comparison, the conduction band offset between GaAs and AlAs is
slightly under 1.0 eV>>>.

When the thickness of a QW is reduced, only a limited number of the quantized
energy levels can exist inside the QW. These quantized energy levels can be detected by
optical measurements when they are unoccupied. Therefore, by controlling the thickness
of the STO QW layer, we expect to observe modulation of the optical transition energies
from the ellipsometric measurements. In order to perform this study, we grew STO layers
with a thickness varying from two (approximately 8 A) to ten (approximately 40 A) unit
cells on LAO substrate followed by a seven unit cell thick LAO capping layer to form a
well.  The structures are characterized by in situ reflection high-energy electron
diffraction (RHEED), and in situ X-ray photoemission spectroscopy (XPS). The surface
roughness of the grown QW structures was measured by ex situ atomic force microscopy
(AFM). We investigated the changes in the complex dielectric function € as a function of
the SrTiO; layer thickness using spectroscopic ellipsometry (SE) at room temperature.
The dielectric function € was measured from 1.0 eV to 6.0 eV. We observed that the
absorption edge of a two unit cells thick STO QW was shifted by 0.39 eV toward higher

energy, compared to bulk STO.
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9.2 EXPERIMENT

The LAO substrates were introduced into a customized DCA 600 MBE system
with a base pressure of 3x107'° Torr. The substrate was outgassed at 800 °C for 1 hour in
an oxygen partial pressure of 3x107 Torr to remove surface contamination. The STO QW
and LAO capping layers were grown by MBE using effusion cells for the metal
evaporation and molecular oxygen as the oxidant. The fluxes of Sr, Ti, Al, and La were
calibrated to be 1 ML/min using a quartz crystal monitor with feedback from in situ XPS.
STO films were deposited on LAO (001) substrates using a layer-by-layer alternating
shuttering method of Sr and Ti. The shuttering cycle was repeated until the desired
thickness was reached. All the films grown were terminated with a TiO, monolayer. STO
films were grown under identical conditions at 700 °C growth temperature with a total
oxygen pressure of 1x10°° Torr. The STO film thicknesses grown were 10 uc, 5 uc and 2
uc. Here, 1 uc of STO is 3.905 A and 1 uc of LAO is 3.79 A. In the case of 2 uc STO
film, we grew a five-repeat superlattice, [(LAO)7(STO),]s, on the LAO substrate. After
the STO film growth, an LAO film with a thickness of 7 uc was deposited using
shuttering of the La and Al sources at 750 °C growth temperature under a total oxygen
pressure of 1x10® Torr. This capping layer was terminated with an AlO, layer. After
deposition, the film was left in the same oxygen pressure used for the growth and held for
10 minutes. The structure then was cooled down to room temperature at a rate of 30
°C/min in the same oxygen pressure. The film was monitored during growth by in situ
RHEED and the surface roughness of the film was measured by ex situ AFM. An atomic
resolution cross-section image was taken by a field emission STEM. The dielectric
functions of STO QWs on LAO were determined using spectroscopic ellipsometry from

1.0 to 6.5 eV at 300 K. The depolarization spectra are small, indicating good uniformity
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of the samples. To model the ellipsometric angles of these samples, tabulated optical

constants for the LAQO substrate were used.

9.3 RESULTS

9.3.1 Crystallinity, stoichiometry and surface morphology

Figure 9.2(a) shows RHEED patterns of a 7 uc LAO/10 uc STO structure on

LAO. From the RHEED patterns, we see that the film exhibits excellent crystallinity.

20) (10) (00) (10)

Figure 9.2 The RHEED patterns of 7 uc LAO/10 uc STO on LAO along (a) <100>,
and (b) <110> directions.

Figure 9.3 shows the XPS spectra from the same structure. The compositions of
the LAO and STO layers were determined by in situ XPS. The survey scan in Figure
9.4(a) was performed to investigate the elemental composition and carbon contamination.
There is no detectable carbon from the survey scan. High resolution spectra of the Sr 3d,
Ti 2p, La 3d, and Al 2p were measured for each sample and typical set of spectra is
shown in Figure 9.4(b-e). Because the film is thin, intensity from the LAO substrate
interferes with the La 3d and Al 2p spectra from the LAO overlayer. Therefore, we first
grew thick single layer LAO films on STO substrate and confirmed the stoichiometry

using in situ XPS prior to growing the quantum well structure. Due to the energy
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dependence of the electron escape depth, the measured integrated intensity was modified

using the appropriate energy exponent with the CasaXPS program''’.
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Figure 9.3 (a) Survey scan and representative core level spectra of (b) Al 2p, (c) La 3d,
(d) Sr 3d, and (e) Ti 2p from 7 uc LAO/10 uc STO on LAO using in situ
XPS.
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The high angle annular dark field (HAADF) image, obtained in the STEM mode
(Z-contrast), of a 7 uc LAO/10 uc STO on LAO is shown in Figure 9.4(a,b). This image
confirms that the LAO/STO structure was grown epitaxially and commensurate on the
LAO substrate. Because the STO film is very thin, it is clamped to the LAO substrate and
the in-plane lattice constant of the STO film is the same as that of the LAO substrate. The
STO film on LAO substrate experiences compressive strain due to the lattice mismatch of
2.9 %. Using the Poisson’s ratio of bulk STO’", the out-of-plane lattice constant is
expected to be 3.968 A. However, the out-of-plane lattice constant measured from the
STEM image is 4.09 A (Figure 9.4(c)), indicating an anomalous out of plane expansion
in the STO layer. Figure 9.4(d) shows the Z-contrast STEM image of the 7 uc LAO/5 uc
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STO on LAO. This STEM image shows less surface grooves than in the 7 uc LAO/10 uc
STO on LAO. A possible explanation is that the 10 uc thick STO QW is partially relaxed
and the LAO capping layer, being under some tensile strain, is trying to form islands (a
Stranski-Kranstanov growth mode). However, the 5 uc thick STO QW is thin enough to
be fully strained to the LAO substrate and the LAO capping layer is not under any strain
and as a result has a smooth surface.

Figure 9.5 shows the AFM image of a 7 uc LAO/5 uc STO structure on LAO. The
film surface has a root mean square (RMS) roughness of 0.13 nm, as determined from a 5
umX5 um scan area (Figure 9.5(a)). The LAO/STO film is shown to grow conformally to
the substrate as the terraces and the steps of the LAO substrate are clearly observed in the
AFM image in Figure 9.5(a). Surface grooves are not observed in AFM. Because the
LAO substrate itself has twinning domains, we also observe twinning domains from the
sample when we measured the film surface using a larger 10 pmXx10 pum scan area as
shown in Figure 9.5(b). The surface roughness determined from the 10 umX10 pum scan
area is 0.44 nm. The surface roughness from the larger scan area is used for the modeling

and analysis of the ellipsometry data.
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Figure 9.4 (a-b) Z-contrast STEM image of a 7 uc LAO/10 uc STO structure on LAO,
(c) the spacing of the A-site atoms (Sr or La) and (d) Z-contrast STEM
image of a 7 uc LAO/5 uc STO structure on LAO
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5.0 nm 10.0 nm

10umX 10pum

Figure 9.5 AFM images of 7 uc LAO/S uc STO on LAO (a) 5 pm x 5 pm, and (b) 10
pm x 10 pm

9.3.2 Band alignment of the STO QW

Figure 9.6(a) shows the energy band alignment of the STO/LAO system. To
determine the valence band offset (VBO, AEyg,) and conduction band offset (CBO,
AEcpo) of the STO/LAO system, core-level (CL) X-ray photoemission was performed***.

The equations to calculate the VBO and CBO are as follows:

AEypo = (Esr3a — Evem)sto — (ELasaa — Evem)rao — (Esr3a — ELa 4a)LAO film on sTO
AEcgo = Egrao — Egsto — AEygo,

where (Es; 3¢ —Evem)sto 1S the energy difference between the Sr 3d CL and valence band
maximum (VBM) of the STO substrate; (Er, 4¢ “Evem)Lao 1S the energy difference

between the La 4d CL and VBM of the LAO substrate; (Es; 3¢ —Era 4d)1A0 fimon sTO 1S the
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energy difference between the Sr 3d and La 4d CLs measured in the thin LAO film on

STO substrate; and Eg a0 and E, sto are the band gaps of LAO and STO, respectively.

(a)

— STO substrate

10 8 6 4 2 0 -2

14

12
Binding energy (eV)
0
(C) CBMy0 CBM; 00
14
24 2.18eV
CBMgro
— 3
>
L
>
5 s
c 7 0.22eV
w
61 VBM;a0 VBMs1o f VBMra0
]
LAO QW Substrate

STO

Figure 9.6

(b) STO

CBM

Evalence STO

130.27eV

ESr 3d, STO

3.2ev )

~
=

STO/LAO

ELa 4d, STO

LAO

——— CBM
5.6eV

— Evalence, LAO

99.24eV

1

130.31ev
ESr 3d, STO

—ELaaq, 100

(a) XPS valance band spectrum of the STO substrate. The red line indicates

the linear extrapolation to determine the VBM energy. (b) The energy band
diagram of bulk STO and bulk LAO, and a thin LAO film on Nb-STO, as
determined using XPS. (c¢) The calculated energy band alignment across the
LAO/STO/LAO quantum structure.
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To determine the VBO, we used STO, and LAO substrates, and a thin (4 uc) LAO
film grown on Nb-doped STO substrate. Each valence band maximum (VBM) was
determined by linear extrapolation of the leading edge of the valence band spectra in
Figure 9.6(a). From the STO substrate, the Sr 3ds/; peak and VBM of STO substrate were
measured to be at 134.0 eV and 3.73 eV, respectively. The energy difference between the
Sr 3ds, and VBM was 130.27 eV. The La 4ds,; peak and VBM of LAO substrate were
measured to be at 102.68 eV and 3.44 eV, leading to an energy difference of 99.24 eV.
For the last term of the VBO equation, we used a 4 uc LAO film on the Nb-STO
substrate (0.5 wt.%, CrysTec GmbH, Germany, the carrier concentration is 1.6x10* cm™)
to determine the CL energy difference between Sr 3ds, and La 4ds,. We determined
the energy difference to be 30.81 eV between Sr 3ds, and La 4ds;, from LAO thin film
on Nb-STO. From these measured energy positions (see Figure 9.6(b)), we calculate the
VBO to be 0.22 eV. This value is in good agreement with theory”?. The CBO is
determined to be 2.18 eV by using the experimental band gaps of 5.6 eV for LAO (E,,
a0y and 3.2 eV for STO (Eg st0)'®”*°. The band alignment across the LAO/STO/LAO

QW structure is shown in Figure 9.6(c).

9.3.3 Optical properties of STO QW

After we checked the film roughness and the crystallinity of the films, the optical
properties of the STO QW structure were measured using spectroscopic ellipsometry
(SE). The complex dielectric functions were measured as a function of energy from 1.0

eV to 6.0 eV at room temperature.
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Figure 9.7 Schematic diagram of the principle of ellpsometry®>’

Spectroscopic ellipsometry measures the complex Fresnel ratio

'y

rS

p == =tanye”, ©.1)

which is the ratio of the p-polarized reflectance 7, to the s-polarized reflectance ry. p is
usually expressed in terms of the ellipsometric angles y and A(see Figure 9.7). For a bulk

sample with complex refractive index n, p is given by299’338

_ (ncos ¢, —cos¢,)(cos ¢, +ncosg,)
~ (nCoS ¢, +COS @) (COS ¢, —NCOS ) 9.2)

where ¢, is the angle of incidence and ¢, the angle of refraction as given by Snell's

Law. The imaginary part of the dielectric function & = n” is related to absorption in the
sample by elementary excitations. For example, the absorption in the infrared (IR)

spectral region is given by lattice absorption of infrared-active phonons or the free-carrier
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response in a metal. In the visible and UV spectral region, the absorption is due to
interband electronic transitions.

In the case of a thin film on a substrate, we can still invert Equation (9.2) to

calculate (n)and(g)=(n)", but these quantities are no longer related to the optical
constants of a specific material. Instead, <n> and <6‘> are determined by the optical
constants of the film and the substrate along with the film thickness and surface and
interface roughness. Therefore, <n> and <8> are called the pseudo-refractive index and
the pseudo-dielectric function. If the dielectric function & of the substrate and the film
thickness are known, then the dielectric function & of the film can be determined by

2 .
99338 and commercial

fitting the experimental data using well-established procedures
software (J.A. Woollam Co., Inc., WVASE32). Surface roughness can also be considered
within this approach.

The absorption coefficient a can be expressed as a =4nk/A where k is the

extinction coefficient and A is the wavelength. The extinction coefficient k can be

1
calculated using the dielectric indices (g; and ;) with the equation, k = {% [(812 + £2)z —

81]}1/ 2. Therefore, we can extract the absorption coefficient a from SE data and then plot

o versus photon energy for bulk STO and the QW STO structure (Figure 9.8). The direct
band gap was determined by extrapolation of the plot near 3.8 eV to zero intensity. The
intercept at the x-axis corresponds to the direct band gap (see Figure 9.8(a)). The onset of
the absorption in bulk STO was found to be 3.78 eV. From the fitting of va versus
photon energy, the intercept of a straight line fit from the extrapolation near 3.2 eV gives
a value of 3.26 eV, which is the indirect band gap of bulk STO. These values are similar
to standard reference values™. For the data obtained from the QW structures, we applied
the same plotting method to find the direct band gap. As the STO QW thickness was

decreased from 10 to 5, and finally to 2 uc, the onset of direct absorption was blue-shifted
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by 0.19 eV for 10 uc, 0.26 eV for 5 uc and 0.39 eV for 2 uc, compared to that of STO
bulk.

1
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Figure 9.8 (a) Square of the absorption coefficient of 10 uc QW STO plotted as a
function of photon energy. The red line is the linear extrapolation to
determine the onset of the absorption coefficient. (b)Square of the
absorption coefficient of STO vs photon energy for bulk STO and for STO
QW structures.
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Figure 9.9 Quantized states of a two unit cell thick STO QW (Poisson-Schrodinger
modeling by Matthew Bucher in the Demkov group).

As shown in Figure 9.9 the first two quantized states of the STO QW are shifted
up when the QW size is reduced. Reducing the thickness to two unit cells, the first
quantized state is shifted up by 0.35 eV. o, which corresponds to inter-band transitions in
Figure 9.6 shows a similar shift. S. A. Chamber’* reported that the intermixing of cations
(Lae>Sr for A site and Ale—Ti for B-site) leads to n-type doping of the STO. The
conductivity of n-type doped STO can be confirmed by the presence of a Drude tail from
spectroscopic ellipsometry. However, as there was no Drude tail in the quantum well
samples, the blue shift we observe is derived from the quantum confinement effect, not

from the Burstein-Moss shift>!'.

9.4 CONCLUSIONS

In summary, we have investigated LAO/STO quantum wells grown by MBE. The
film quality was confirmed by in situ RHEED, and ex situ STEM and AFM. Using in situ
XPS, the band alignment of this quantum well system, was found to have a VBO of 0.22

eV and a CBO of 2.18 eV. Thus, a deep potential well is formed across the conduction
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band. As the width of the quantum well is reduced from 10 uc to 2 uc, optical

measurements confirm that the absorption edge is blue-shifted by 0.39 eV.
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Chapter 10. Conclusions and outlook

10.1 ZINTL TEMPLATES ON SI (001)

In Chapters 4 and 5, I investigated the evolution of the atomic and electronic
structures of the surface of Si (001) induced by submonolayer Sr and Ba using RHEED
and XPS/UPS. I observed various surface reconstructions from 2x3 to 2x1 when Sr or Ba
were deposited on Si (001) up to 0.5 ML. I also observed the bulk core level of Si 2p to
shift toward higher binding energies by 0.39 eV and 0.49 eV as 1/2 ML Ba and Sr,
respectively, is deposited. This shift was also observed in the valence band spectra
indicating a charge transfer effect. According to the DFT calculation, this shift comes
from the electronic structure changes in Si induced by Sr 4d or Ba 5d electrons. The
surface gap of Si (001) is related to a covalent interaction between the Si dangling bonds
and Sr or Ba orbitals. Because Ba has less interaction with Si compared to that of Sr with
Si, the surface gap is different between Sr on Si and Ba on Si, resulting in different shifts
of the Si core level.

The study of this template is very important because the template enables the
growth of epitaxial oxides on Si and prevents the oxidation of Si during the initial stages
of growth. The template addresses the fundamental problem of how to protect the Si
surface from oxidation while maintaining the Si surface crystal structure. The detailed
mechanism of how the template does this is still unclear. A possible extension of this
work would be the study of the mechanism of how Zintl templates inhibit the oxidation
of Si and what the limits of this oxidation protection are with regard to the substrate
temperature and oxygen partial pressure. The understanding of the Zintl template would
help to better control the growth process for oxide growth on Si and allow for more types

of oxides to be epitaxially grown directly on silicon.
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10.2 EPITAXIAL GROWTH AND THE RELAXATION BEHAVIOR OF SRTIO; FILMS ON SI
(001)

In Chapter 6, I studied how epitaxial SrTiOs films relax on Si (001) as they are
annealed in oxygen. I grew SrTiO; films on Si (001) using the Sr template. After SrTiO;
film growth, the annealing was performed under different annealing temperatures and
oxygen partial pressures. As the annealing temperature and oxygen partial pressure are
increased, the interfacial SiO, thickness was observed to increase as well.
Correspondingly, the in-plane lattice constant of the SrTiOs; film was observed to
decrease. I concluded that the increased SiO, thickness facilitates the decoupling of the
StTiOs film from Si and the SrTiOs; films on Si (001) progressively relaxes to its
unstrained bulk structure. Understanding the relaxation mechanism and behavior are
important because SrTiO; on Si is a useful pseudo-substrate for the deposition of other
functional oxides and this relaxation effect could be used for strain engineering. In the
case of very high annealing temperature and high oxygen partial pressures, however, we
find that the interface between SrTiO; and Si is ultimately destroyed. As mentioned in
Chapter 6, the RHEED pattern becomes worse for longer annealing times. An open
question is how fast Sr or Ti diffuses down through the SiO, layer and what by-products
are produced under extreme annealing conditions. This understanding would be helpful
for device fabrication processing in order to find the oxygen partial pressure and/or
annealing time window necessary to get high quality layers without compromising the

interface.

10.3 STRUCTURAL, OPTICAL AND ELECTRICAL PROPERTIES OF STRAINED LA-DOPED
SRT10; FILMS

I have grown La-doped SrTiO; films with 5, 15 and 25 % dopant concentrations

by molecular beam epitaxy. By utilizing four different substrates, LaAlO;, LSAT,

185



SrTiOs, DyScOs3, La-doped SrTiOs films with various degrees of compressive and tensile
strain were fabricated. I expected to observe improvements in the electrical properties
due to strain but it turns out that the strain in La-doped SrTiOs for the very high doping
concentrations I considered may not be beneficial for enhancing the mobility. I have
attempted to obtain the number of electrons in the material from the measured La
concentrations. However, “fully activated” La-doped SrTiO; films at high doping
concentrations (up to 25 %) were not achieved. Therefore, for future study, it would be
necessary to understand why La is not “fully activated” and what would cause this
phenomenon. Even if not “fully activated”, this La-doped SrTiO; conductive layer is an
excellent candidate for the quantum metal layer in a quantum metal field effect transistor
(QMFET). This work can be extended by actually making the device for the QMFET

application.

10.4 OPTICAL PROPERTIES OF TRANSITION METAL OXIDE QUANTUM WELLS

In quantum well (QW) systems, one can manipulate the degree of confinement of
electronic states by adjusting the layer thicknesses to the level of a single atomic layer.
By reducing the thickness of oxide layers in heterostructures, new electronic and optical
properties can emerge. My work is related to the study of oxide quantum well systems
(STO/LAO) using spectroscopic ellipsometry. By controlling the thickness of the STO
quantum well layer, I observed modulation of the optical transition energies from
ellipsometric measurements of the absorption of light between empty quantized states as
well as changes in the real €] and imaginary €, parts of the complex dielectric function
spectra. This work is an extension of monolithic integration of oxides on Si. Based on the
novel properties of QW systems, an all-oxide quantum well laser, with a much wider

degree of tunability, could be a possible application. For further study, by doping the
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STO quantum well layer with Nb or La, band filling and dispersion of partially occupied
quantized states could be observed using ARPES. In the LTO/LAO system the effect of
quantum confinement on the Mott insulator nature of the LTO layer could also be

studied.

Throughout this thesis, I explored how to approach the monolithic integration of
perovskite oxides on Si and its possible applications. In summary, I described four main
subjects: (1) the Zintl template for the growth of perovskite oxids on Si, (2) SrTiO;
growth and relaxation behavior after annealing in oxygen environment at different
annealing temperature, (3) electrical and structural properties of strained La-doped
StTiOs, and (4) the optical properties of QW SrTiO; on LaAlO;. Through these studies,
many of the fundamental questions are addressed for future applications. For further
development, it would be necessary to obtain a better understanding of the fundamental
questions addressed in this thesis and to be able to fabricate the various layers of

functional perovskites on Si without degrading their unique properties.
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