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Perovskite oxides exhibit the full spectrum of physical properties includ-

ing ferroelectricity, ferromagnetism, multiferroicity, and superconductivity with

unparalleled performance in many cases. In recent decades, there has been

tremendous interest both in the physical origin of these properties and fabricat-

ing devices to make use of them. High structural quality usually correlates with

maximizing these properties and thus growing thin films of perovskite oxides

with high structural perfection is relevant to both fundamental physics research

and device applications. To date, most films of oxide perovskites with high

structural quality have been grown on single-crystal oxide substrates that typi-

cally have excellent crystalline perfection, but suffer from being costly and avail-

able in only small sizes (typically no larger than 10 × 10 mm2). To exploit the

stellar functional properties of perovskite oxides in semiconductor devices—

properties that conventional semiconductors do not possess—and the mature

fabrication processes developed by the semiconductor industry, it is desirable

to grow these functional oxides directly on silicon, the workhorse of the semi-

conductor industry.

The growth of perovskite oxides or for that matter any epitaxial oxides di-

rectly on silicon is, however, difficult due to the reactive nature of the silicon

surface to oxygen. Formation of an amorphous SiO2 layer on top of silicon can

interfere with the epitaxial growth. To date only a few oxides have been epitax-

ially grown directly on silicon; these include BeO, MgO, SrO, BaO, .... Among



these SrTiO3 stands out as its use has yielded overlying perovskite oxide layers

with the best functional properties on silicon substrates. This is due to the rela-

tively high crystalline perfection of (001) SrTiO3 on (001) Si and its chemical and

structural compatibility with overlying functional perovskite oxides.

Beginning in the 1980’s significant effort has been dedicated to the growth of

SrTiO3 on silicon. Despite this prior work, there is plenty of room for improve-

ment as the structural perfection of SrTiO3 films on silicon pales in comparison

to that of SrTiO3 single crystals.

In the first part of this thesis, I present my work on improving the crys-

talline perfection of epitaxial (001) SrTiO3 on (001) Si. The films are grown by

molecular-beam epitaxy (MBE). Using a carefully controlled growth recipe con-

sisting of multiple steps, a rocking curve full width at half maximum (FWHM)

below 0.03◦ for the SrTiO3 002 peak has been achieved for SrTiO3 films ranging

from 2 to ∼300 nm thick. These narrow rocking curves are by far the narrowest

ever achieved for SrTiO3/Si and are comparable to SrTiO3 single crystals. Al-

though this might at first sound like I solved the SrTiO3/Si growth problem and

have made SrTiO3 films with comparable structural perfection to SrTiO3 single

crystals, measurements by scanning transmission electron microscopy reveal

that my films contain huge densities of threading dislocations (> 1011 cm−2). I

show that the narrow rocking curve of the 002 SrTiO3 peak in my films is be-

cause of the insensitivity of this particular peak to threading dislocations with

pure edge character. Because of the highly anisotropic strain introduced by the

defects in my SrTiO3/Si films, characterizing them in a single direction (as is typ-

ically done) is insufficient. I conclude that the out-of-plane orientation variation

of the subgrains (mosaic spread) of my SrTiO3 films on silicon has been reduced,

but the in-plane mosaic spread remains the biggest challenge to overcome.



To improve the in-plane order, I developed a growth method for SrTiO3 on

silicon that not only works at record low growth temperatures (below 450 °C),

but also provides the highest in-plane and out-of-plane structural perfection

(lowest mosaic spreads) ever achieved. Specifically, the in-plane FWHM of the

101 SrTiO3 peak in φ is under 0.1◦, which is far narrower than the previous record

of 0.5◦. At the same time that these films have narrow in-plane FWHM, their

out-of-plane FWHM (a rocking curve in ω) is under 0.01◦. This means that these

SrTiO3/Si films grown with my new low-temperature method possess the high-

est structural perfection of all SrTiO3/Si films reported to date.

In the second part of this thesis, three examples of applications of SrTiO3-

buffered silicon are shown. Epitaxial, twin-free LaAlO3 with record low out-of-

plane mosaic spread (FWHM of 002 peak is 0.02◦) on silicon was grown on a

5 unit-cell-thick SrTiO3 buffer layer. Epitaxial 14 nm thick SrRuO3 with record

residual resistivity ratio on silicon of ∼11 was grown on a 14 nm thick SrTiO3

buffer layer. This value is 3 times higher than the best reported SrRuO3 grown

on silicon and is comparable to the very best SrRuO3 films grown on oxide single

crystals by all thin film growth methods other than MBE. Lastly, a high mobility

epitaxial La-doped BaSnO3 film was grown on silicon using an intervening 18

nm thick SrTiO3 buffer layer. At a carrier concentration of 1.4 × 1020 cm−3, the

room temperature mobility of the La-doped BaSnO3 film is 128 cm2 V−1 s−1, and

the resistivity is 3.6 × 10−4 Ω cm. Theses values are again comparable to those of

the best reported La-doped BaSnO3 films grown by all methods other than MBE

on single-crystal oxide substrates.

I conclude this thesis by discussing possible device applications that build

upon the materials that I have epitaxially integrated with silicon.
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Chapter 1

Introduction

1.1 Background

Perovskite oxides of the chemical formula ABO3 consititute an important part of

functional oxide materials. Examples of physical properties of perovskite oxides

range from ferroelectricity, ferromagnetism, multiferroics, tunable dielectrics to

superconductivity [1]. Thin film forms of these functional materials serve as ex-

cellent platforms for various device opportunities. Besides, people can exploit

these physical properties and emergent phenomena occurred when integrating

different materials together [2, 3, 4]. In addition, by growing single-crystalline

thin films on single-crystal substrates with different lattice parameters, these

physical properties can be tuned by biaxial strain [5]. During the past sev-

eral decades, there has been tremendous research interest in growing epitaxial

multi-functional oxide thin films on single-crystal oxide substrates [6].

The single-crystal oxide substrates used in this research typically have a
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high degree of crystalline perfection, but they are usually restricted by small

sizes (generally no larger than 10 × 10 mm2 of size) and have disadvantages

like high prices and availability. Some of the perovskite substrates are even not

commercially available [7]. To take advantage of efficient fabrication processes

in the semiconductor industry, growth of these functional oxides on scalable

substrates of industrial quality is therefore desirable to bridge the gap between

laboratory researches and industrial-standard device fabrication. Silicon, as the

workhorse of the semiconductor industry, naturally becomes a key substrate for

the growth of various oxides [8].

The issue is, due to the reactive nature of the (001) Si surface with oxygen

to form an amorphous SiO2 layer, it is rather difficult to grow epitaxial oxides

directly on silicon. In addition, the reactive nature of silicon with many bi-

nary oxides restrict the number of oxide materials that are stable in contact with

silicon. As is shown in Fig. 1.1, there are only a few binary oxides that are

thermodynamically stable in contact with silicon up to 1000 K.

To date, only a few oxides have been directly grown on silicon in single

crystalline form. These include BeO [10, 11], MgO [12, 13], SrO [14, 15], BaO

[16, 17], Sc2O3 [18], Y2O3 [19], ZrO2 [20], HfO2 [21], La2O3 [22], CeO2 [23], Pr2O3,

[24, 25], Nd2O3 [26, 27], Sm2O3 [28], EuO [29, 30], Gd2O3 [31, 32, 33], Dy2O3[28],

Ho2O3 [28], Er2O3 [33, 34], Tm2O3 [35], Lu2O3 [36], Al2O3 [37], yttria-stabilized

zirconia (YSZ) [38], yttria-stabilized hafnia (Y2O3-HfO2) [39], (Ba, Sr)O [14, 17],

(La,Y)2O3 [40], (La,Lu)2O3 [41, 42, 43], MgAl2O4 [44], SrTiO3 [45, 46], La2Zr2O7

[47], SrHfO3 [48, 49], Ba2SiO4 [50], and La2Hf2O7 [51]. Among these, SrTiO3 is

one of the most widely used buffer layers for the growth of functional oxides,

thanks to its relatively high crystalline perfection and excellent structural and
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Figure 1.1: Summary of which elements M have an oxide (MOx) that may
be thermodynamically stable in contact with silicon at 1000 K
[9].

chemical compatibility with many perovskite oxides [52]. Besides serving as a

buffer layer for growth of functional perovskite oxides, integration of SrTiO3 on

silicon is interesting itself. For example, coherent ultrathin SrTiO3 below 5 unit

cells on silicon was shown to be ferroelectric [53]. By changing the growth tem-

perature of SrTiO3 on silicon, the strain state of the resulting SrTiO3 film can be

continuously tuned due to the large difference between the thermal expansion

coefficients of SrTiO3 and silicon [54].

Initially there were a lot of investigations of using SrTiO3 as a high-k gate

dielectric oxide on silicon in replacement of the conventional SiO2. Due to the

small conduction band offset between SrTiO3 and silicon [55], it turned out that

SrTiO3 is unsuitable as a gate dielectric on silicon. In spite of this, there has still
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been significant interest in growing SrTiO3 on silicon to use SrTiO3 as a buffer

layer for epitaxial growth of functional oxides on silicon.

For the past decades there were many experiments of growing SrTiO3 on sil-

icon [46, 56, 57]. The growth of high quality SrTiO3 on silicon, however, is still

challenging. In this thesis we will firstly show our effort of improving the crys-

talline perfection of SrTiO3 on silicon. Later we present our work of integrating

functional layers on top of the SrTiO3 films on silicon that were grown using our

method.

1.2 Crystal structure of (001) SrTiO3 on silicon

SrTiO3 is a prototype perovskite material with the space group Pm-3m, with a

lattice parameter of 3.905 Å. The crystal structure of SrTiO3 is shown in Fig. 1.2.

Silicon has a diamond structure with the space group Fd-3m. The lattice pa-

rameter of silicon is 5.431 Å. Thus, when (001) SrTiO3 is epitaxially grown on

(001) Si there is a 45◦ rotation for the in-plane epitaxial relationship, yielding a

1.7% compressive strain for (001) SrTiO3 on (001) Si. A schematic drawing of the

45◦ in-plane epitaxial relationship is shown in Fig. 1.3. Experimentally, the in-

plane epitaxial orientation relationship of a (001) SrTiO3/(001) Si heterostructure

can be verified via φ scans of the film and the substrate using x-ray diffraction

(XRD), which will be illustrated in more detail in Section 1.4.

4



Figure 1.2: Crystal structure of SrTiO3. The green, blue, and red atoms
represent strontium, titanium, and oxygen atoms, respectively.

Figure 1.3: Schematic drawing of (001) SrTiO3 on (001) Si showing the 45◦

rotation for the in-plane epitaxial relationship. The green, cyan,
red, and blue atoms represent strontium, titanium, oxygen, and
silicon atoms, respectively.
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1.3 Growth of strontium titanate on silicon

Beginning in 1980’s, various growth techniques have been exploited for the

growth of SrTiO3 on silicon, including thermal evaporation [45], molecular-

beam epitaxy (MBE) [46, 53, 56, 58], and pulsed-laser deposition (PLD) [59].

Among these techniques MBE is one of the most widely used for the growth

of SrTiO3 on silicon due to its exquisite control of atomic layering and gentle

growth conditions (the kinetic energy of the supplied species are all less than 1

eV).

1.3.1 Molecular-beam epitaxy

MBE is an ultra-high vacuum (10−8 − 10−12 Torr) deposition technique that was

firstly developed in Bell labs in the 1960’s for thin film growth. Viewed as

one of the fundamental achievements for advancing nanotechnology [60], MBE

was first used in the growth of semiconductor thin films such as GaAs and

(Al,Ga)As, and has been regarded as the gold stardard for producing semicon-

ductor heterostructures with high purity, high mobility, and exquisite control of

layer thickness at an atomic level [61]. Following the success in semiconductors

people introduced MBE into the field of oxide films for growing materials such

as LiNbO3 [62] and high temperature cuprate superconductors [63].

As a vacuum deposition technique, an MBE system typically consists of vac-

uum pumps (turbo pumps and cryogenic pumps), a substrate manipulator for

heating and rotating substrates during growth, a pyrometer for monitoring the

substrate’s temperature, effusion cells containing separate elemental sources
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Figure 1.4: Schematic drawing of an MBE system [1].

and the associated shutters (and sometimes an electron beam evaporator), and

reflection high-energy electron diffraction (RHEED) systems for monitoring film

growth in situ. Figure 1.4 shows a schematic drawing of an MBE system, where

a Ti-ball [64] is used as the elemental source for titanium and the quartz crystal

microbalance (quartz crystal monitor in the figure) is used for roughly estimat-

ing elemental fluxes.

For the thin films studied in this thesis, they were grown in a Veeco GEN10
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dual-chamber MBE system, with each chamber equipped with a RHEED system

for monitoring the film growth in situ. More detail of the RHEED system is

described in Section 1.4. The oxidant is introduced into the chamber through a

nozzle made of stainless steel in our system.

1.3.2 Calibration of strontium and titanium fluxes

Composition control is one of the key challenges of MBE for preparing thin films

of high structural quality. To grow stoichiometric SrTiO3 films on silicon, the

flux of strontium needs to be matched with that of titanium. We carefully match

the strontium and titanium fluxes by monitoring RHEED intensity oscillations

that occurred for homoepitaxial SrTiO3 films [53, 65, 66]. To be specific, the

RHEED intensity of the 01 streak of (001) SrTiO3 is monitored during the shut-

tered growth of the sequence ”SrO-TiO2-SrO-TiO2 ...”. When the flux of stron-

tium is matched with that of titanium, the RHEED intensity oscillations will

exhibit a stable sinusoidal-like shape. A schematic showing stable RHEED in-

tensity oscillations corresponding to the situation with matched strontium and

titanium fluxes is shown in Fig. 1.5.

After the shuttered calibration of strontium and titanium, the RHEED inten-

sity oscillation is monitored during the codeposition (supplying strontium, tita-

nium, and oxidant at the same time) of homoepitaxial SrTiO3 to find the growth

rate of SrTiO3. For our calibration, the SrTiO3 substrate is typically kept at a

temperature of 650-700 °C.
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Figure 1.5: Schematic showing stable RHEED intensity oscillations corre-
sponding to the situation when the strontium flux is matched
with that of the titanium. The red curves indicate the deposi-
tion of strontium with oxidant, and the blue curves indicate the
deposition of titanium with oxidant.

1.3.3 Deoxidation process

Unlike conventional single-crystal oxide substrates that have crystalline sur-

faces, a silicon substrate has an native amorphous SiO2 layer on its surface,

which needs to be removed so that the growth of epitaxial SrTiO3 can happen on

crystalline (001) Si. Typically there are three methods to remove the native SiO2

layer on silicon: chemical etching, strontium-assisted, and thermal deoxidation

methods.

For the chemical etching method, a silicon substrate is dipped in buffered HF

solution for about 60 s to remove the native SiO2 layer [67]. As for the strontium-

assisted deoxidation process, ∼2 monolayers of strontium are deposited on a

silicon substrate at 500-600 °C under vacuum, then the substrate is heated to

800 °C under vacuum, until clear RHEED patterns corresponding to crystalline

(001) Si surface appear [68]. For the thermal deoxidation process, the silicon

substrate is heated up in ultrahigh vacuum to 900-980 °C, until a crystalline
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surface of (001) Si appears after the removal of the native SiO2 layer [69].

1.3.4 Epitaxy-by-periodic-annealing method

Compared to the epitaxial growth of SrTiO3 on single-crystal oxide substrates,

the initial growth of SrTiO3 on silicon substrates after the SiO2 deoxidation pro-

cess is happened at a much lower temperature. This is because we need to

suppress the formation of the amorphous SiO2 layer due to the reactive nature

of the (001) Si surface with oxygen to form an amorphous SiO2 layer. At high

growth temperature, the oxygen diffusion coefficient of SrTiO3 is large and the

possibility of forming the SiO2 interfacial layer is much larger than that of grow-

ing SrTiO3 at low temperature on silicon. On the other hand, high temperature

is typically needed for growing thin films with high crystalline perfection. To

overcome this issue, the epitaxy-by-periodic-annealing method developed by

the Motorola group is used [58]. To be specific, a 2-3 unit-cell-thick SrTiO3 is

grown at 300 °C or below, and later the as-grown SrTiO3 film is annealed un-

der vacuum to enhance its crystalline perfection. Afterwards this process is

repeated to grow more SrTiO3: the substrate is cooled down under vacuum to

300 °C or below to grow another 2 or 3 unit-cell-thick SrTiO3, and the film is then

annealed under vacuum at a higher temperature to enhance the crystalline per-

fection. More detail of the epitaxy-by-periodic-annealing method is described

in the Chapter 2.
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1.4 Characterization methods

To have a comprehensive idea of the film that we grow by MBE, we use a com-

bination of RHEED, XRD, scanning transmission electron microscopy (STEM),

and electrical transport (for conducting films) techniques to characterize the

films. In short, RHEED is used to monitor the film growth in situ to get an idea

whether the film is in the correct phase or not. XRD is used to characterize the

overall phase information and crystalline perfection of the crystalline materials

ex situ. STEM is used to image the heterostructure in real space with atomic

resolution to have detailed information of the interface quality and the defect

structure of the material.

1.4.1 RHEED

RHEED is an in-situ characterization method that uses electron diffraction to

monitor the surface of thin films (or substrates sometimes). RHEED is widely

used not only in MBE, but also in other vacuum growth techniques such as

PLD. The basic parts of a RHEED system include an electron source, a photo-

luminescent detector, and a sample that is probed. Incident electrons with a

small angle to the sample surface hit the sample surface and the diffracted elec-

trons form regular patterns on the detector. In a RHEED system, the electrons

from the electron source diffract from only the atoms on the sample surface, this

is because only the electrons that interact with surface undergo elastic diffrac-

tion. Therefore, RHEED is a surface sensitive characterization technique. A

schematic drawing of a RHEED system is shown in Fig. 1.6.
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Figure 1.6: Schematic of a RHEED system. The figure is from Wikipedia.

Figure 1.7: RHEED pattern of a homoexpitaxial SrTiO3 film viewed along
the [110] azimuth of (001) SrTiO3. The red and blue boxes in-
dicate the region where the RHEED intensities are monitored
during the shuttered calibration for strontium and titantium
fluxes in Section.1.3.2.

Figure 1.7 shows a RHEED pattern of a (001) SrTiO3 surface viewed along

its [110] azimuth. As we mentioned in Chapter 1.3.2, we can use RHEED in-

tensity oscillations to match the fluxes of the strontium and titanium sources.

An experimental example of shuttered RHEED intensity oscillations from a ho-

moepitaxial SrTiO3 film is shown in Fig. 1.8.

1.4.2 X-ray diffraction

RHEED is an excellent characterization method for in situ monitoring the film

growth, but is lack of quantitative analysis of crystalline perfection. To get a
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Figure 1.8: Experimental example of RHEED intensity oscillations during
a homoepitaxial SrTiO3 growth. The blue and red oscillations
correspond to the RHEED intensity monitored in the blue and
red regions in Figure 1.7, respectively.

quantitative idea of the crystalline structure and perfection of the film, we per-

form ex-situ four-circle XRD measurement. For XRD, x-rays generated from an

x-ray tube generator are diffracted by the entire heterostructure, the diffracted

beams are collected by a detector. A simple schematic showing the geometry of

an XRD setup is shown in Fig. 1.9.

The XRD systems that we use are Rigaku SmartLab and X’pert PANalyti-

cal systems. For crystalline materials, when the Bragg condition is satisfied:

2d sin(θ) = n λ, the diffracted beams interference constructively and a local max-

imum of intensity appears for the detected intensity. In the Bragg equation, d

is the out-of-plane lattice parameter of the crystalline sample, θ is half the angle

defined in Fig. 1.9, n is a positive integer, and λ is the wavelength of the x-ray.

For Cu Kα1 radiation, the wavelength is 1.54056 Å.

There are several different types of scans one can make to probe a thin film
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Figure 1.9: Simple schematic showing the XRD geometry. ω is the angle
between the incident x-ray beam and the sample surface, and
2θ is the angle defined by diffracted x-ray beam and the ex-
tension of the incident x-ray beam. φ is the azimuth rotational
angle along the sample surface normal direction.

grown on a substrate via XRD. One of the most frequently used measurements

is the θ-2θ scan, where the 2θ value is scanned. The θ-2θ scan tells general infor-

mation about the thin film such as whether the film contains the desired phase

we want and whether there are impurity phases in the film. When the Bragg

condition is satisfied, a peak would appear at the 2θ position decided by the

Bragg condition. From the intensity of the Bragg peaks, the relative crystalline

quality can also be deduced: for a fixed film thickness, the better the crystalline

quality of the film, the more intense the Bragg peaks are. Moreover, by plugging

the measured 2θ value into the Bragg equation, the out-of-plane lattice parame-

ter of the crystalline material can be calculated. As for the case where multiple

Bragg peaks with different n are present, usually the out-of-plane lattice param-

eters corresponding to each n are slightly different when we calculate using the

Bragg equation. In this case we use the Nelson-Riley analysis to calculate the

out-of-plane lattice parameter [70].

Another type of XRD measurement that is broadly used for assessing the
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Figure 1.10: A schematic showing an exaggerated example of mosaic
spread in comparison with an ideal crystal.

crystalline perfection of crystalline materials is called the rocking curve mea-

surement (orω scan). During a rocking curve measurement, the 2θ value is fixed

(typically at a Bragg angle that is pre-determined from the θ-2θ scan) while the

ω angle is scanned (or rocked). Perfect single crystals have very narrow rocking

curves, while factors including mosaic spread, dislocations, and curvature can

broaden rocking curves. For mosaicity, it is a measure of the variation of crys-

tal plane orientations. A schematic showing an exaggerated example of mosaic

spread in comparison with an ideal crystal is shown in Fig. 1.10.

People use the full width at half maximum (FWHM) of rocking curves to

quantitatively assess crystalline quality of single crystals and epitaxial films. Be-

cause the thickness of a thin film is much smaller than single-crystal substrates,

a triple axis geometry is typically used for rocking curve measurements of thin

films to reduce the finite thickness effect. Besides rocking curve measurements,

people also use reciprocal spacing map (RSM) to get more detail of the broaden-

ing of Bragg peaks. Unlike a single rocking curve that has a fixed 2θ value while

scanning ω, RSM is a set of different rocking curves corresponding to different

2θ angles that are close to the 2θ value of the single rocking curve. From RSM,

both the in-plane and out-of-plane lattice parameters of the crystalline material

can be calculated. Thus, one can tell whether the thin film is coherent or relaxed
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on a substrate from an RSM measurement.

As we mentioned in Chapter 1.2, we can also perform φ scans on our het-

erostructure to determine the in-plane epitaxial relationship between the film

and the substrate. Moreover, we can deduce the in-plane mosaic spread from

the broadening of the φ scan peaks.

1.5 Previous work about strontium titanate on silicon

As we mentioned in the background, the growth of SrTiO3 on silicon has been

investigated by many groups using various growth techniques for more than

three decades [57]. Nonetheless, even via MBE, it is still challenging to grow

SrTiO3 of high crystalline quality on silicon. As is shown in Fig. 1.11 from Ref.

[71], the rocking curve FWHM of the SrTiO3 002 peak of most of the SrTiO3

films on silicon is larger than 0.1◦, implying significant room of improvement

compared with SrTiO3 films grown on single-crystal oxide substrates [1]. The

improvement of the crystalline perfection of SrTiO3 on silicon is thus of great

significance as the crystalline perfection of functional layers on top of SrTiO3 is

restricted by the SrTiO3 buffer layer underneath.

To grow epitaxial SrTiO3 of high quality on silicon, it is widely recognized

that a submonolayer of strontium atoms on (001) Si is critical [14, 46, 57]. But to

date there are no systematic investigations of the influence of deposition tem-

perature of this submonolayer of strontium atoms on the crystalline quality of

the SrTiO3 grown on (001) Si. In Chapter 2 we will also study this question.
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Figure 1.11: Summary of rocking curve FWHM of the SrTiO3 002 peak [71]
for various SrTiO3 films on silicon.

1.6 Application of SrTiO3 on silicon

Besides using the perfected recipe to grow SrTiO3 of record perfection on silicon,

we further grow perovskite oxides on top that show record structural quality or

functional performance.

We firstly show that 10 nm thick LaAlO3 of low out-of-plane mosaic spread

can be grown on silicon using a 5 unit-cell-thick SrTiO3 buffer layer. The rocking

curve FWHM of the LaAlO3 002 peak is 0.02◦, which is the narrowest rocking

curve ever reported for LaAlO3 films on silicon.

Later we show that SrRuO3, one of the most widely used epitaxial electrode

materials in oxide heterostructures, can be grown with excellent crystalline per-
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fection and electrical transport characteristics on a 14 nm thick SrTiO3 buffer

layer on silicon. The residual resistivity ratio (RRR = ρ300K/ρ4K) is ∼11 for the

as-grown 14 nm thick SrRuO3 film, which is the highest for all reported SrRuO3

films on silicon.

Afterwards we demonstrate the integration of high-mobility La-doped

BaSnO3 on silicon, using a 18 nm thick SrTiO3 buffer layer. The BaSnO3 film

grown on SrTiO3 on silicon is of high crystalline perfection, with a rocking curve

FWHM of the 002 BaSnO3 peak being 0.02◦. At room temperature, the resistiv-

ity is 3.4× 10−4 Ω cm and the mobility is 128 cm2 V−1 s−1 for the La-doped BaSnO3

film on silicon at a carrier concentration of 1.4 × 1020 cm−3.
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Chapter 2

Improving the crystalline quality of

strontium titanate on silicon

Manuscript in preparation as: Z. Wang, B. Goodge, D. Baek, M. Zachman, X.

Huang, X. Bai, C. M. Brooks, H. Paik, A. B. Mei, J. D. Brock, J. P. Maria, L. F.

Kourkoutis, and D. G. Schlom, 2018.

2.1 Abstract

(001) SrTiO3 films were grown on (001) Si by molecular-beam epitaxy. The

structural perfection was assessed by a combination of x-ray diffraction rock-

ing curves and scanning transmission electron microscopy. Conditions were

identified that yield 002 SrTiO3 rocking curves with full width at half maximum

(FHWM) below 0.03◦ for films ranging from 2-300 nm thick, but this is because

this particular peak is insensitive to the ∼ 8×1011 cm–2 density of threading dislo-
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cations with pure edge character and extended defects containing dislocations

and out-of-phase boundaries. SrTiO3 films with the best structural perfection

(FWHM in both ω and φ ≤ 0.1◦) were achieved by developing a growth pro-

cess in which the substrate temperature for SrTiO3 growth and annealing never

exceed 420 °C.

2.2 Background and introduction

The integration of functional oxides with the backbone of semiconductor tech-

nology, silicon, has the potential to make the exceptional functional properties

of oxides and oxide interfaces available in mainstream semiconductor devices.

Many functional oxides have the perovskite structure and the ability to epitax-

ially integrate SrTiO3, one of the most widely used substrates for the epitaxial

growth of functional oxides, directly on (001) Si [45] provides a gateway to the

functionalities of perovskite oxides on silicon [72]. Though SrTiO3 turned out to

be unsuitable as a high-dielectric-constant alternative gate oxide on silicon due

to its small conduction band offset [55], SrTiO3-templated silicon offers a sound

platform for integrating the unique properties of functional oxides with silicon.

Examples of the functional properties that have been achieved on

SrTiO3-buffered silicon include: ferroelectricity utilizing Pb(Zr,Ti)O3 [73,

74] and ultrathin SrTiO3 [53], ferromagnetism utilizing La0.7Sr0.3MnO3

[75, 76], multiferroicity utilizing BiFeO3 [77], piezoelectricity utilizing

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) [78], flexoelectricity utilizing SrTiO3 [79], su-

perconductivity utilizing YbBa2Cu3O7−x [80], electro-optical properties utilizing

BaTiO3 [81], two-dimensional electron gases utilizing the LaAlO3-SrTiO3 inter-
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face [82] and LaTiO3-SrTiO3 interface [83], and photocatalysis of water utiliz-

ing a thin epitaxial SrTiO3 protection layer [84]. Thanks to the well-developed

Czochralski method of growing large-scale silicon single crystals, growing

SrTiO3 on silicon also enhances scalability to large diameter substrates [56, 85].

This is in contrast with the growth on SrTiO3 single crystal substrates which are

currently restricted by the diameter of high quality SrTiO3 at or below 2 inches

[86]. The ability of epitaxial SrTiO3-on-silicon to facilitate the jump to large sub-

strates, provided the SrTiO3 layer has sufficient structural perfection, could be

game changing for oxide electronics, therefore paving a way to industrialize

multi-functional thin films for devices.

Various techniques have been employed in growing SrTiO3 films on sili-

con, including thermal evaporation [45], MBE [46, 58, 87, 88, 89], and PLD

[59]. Among these techniques, MBE is the most reliable for growing epitaxial

SrTiO3 films on silicon [8, 57, 61], thanks to its ultra-high vacuum environment,

exquisite control of atomic layering, and gentle growth conditions (the kinetic

energy of the supplied species are all <1 eV).

2.3 Submonolayer strontium on silicon for growth of SrTiO3

A key step in the growth of epitaxial SrTiO3 thin films on silicon is to deposit a

submonolayer of strontium metal on the silicon substrate prior to the growth of

SrTiO3 [45, 46, 58, 89]. The optimal dosage on a clean (001) Si surface is a half

a monolayer [14]. It is widely recognized that this submonolayer of strontium

metal is essential to the epitaxial growth of SrTiO3 on silicon [14, 46, 57, 89, 90],

and it may play a role in the phase-separation instability of 1 nm thick SrTiO3 on
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silicon [91]. An important question which has not been systematically studied is

the influence of the deposition temperature of this half a monolayer of strontium

on the growth of SrTiO3 films on silicon, especially on the crystalline quality of

the SrTiO3 films on silicon. It has been shown that the deposition temperature

of the submonolayer of strontium metal can influence the crystalline quality of

epitaxial BaO films grown on silicon [69]; nonetheless, there are no quantita-

tive investigations of the influence of the deposition temperature of the half a

monolayer of strontium on the crystalline quality of SrTiO3 films on silicon.

In this chapter we study the effect of the deposition temperature of the initial

half monolayer of strontium metal on the structural quality of the overgrown

SrTiO3 film. The crystalline perfection of the SrTiO3 films was assessed by mea-

suring XRD rocking curves (ω scans) of the 002 and 103 SrTiO3 peaks. Our re-

sults indicate that when the half a monolayer of strontium is deposited at sub-

strate temperatures in the 200-800 °C range that SrTiO3 films of high quality

(rocking curve FWHM of the SrTiO3 002 peak < 0.03◦) can be achieved for films

over the entire range of film thickness studied (2 – 300 nm). When the half a

monolayer of strontium was deposited at 850 °C, the quality of the SrTiO3 films

grown on top of it is degraded, though epitaxy of the SrTiO3 film is still possible.

We conclude by discussing the nature of the narrow rocking curve of the SrTiO3

002 peak of the SrTiO3 films on silicon and the challenges for further improving

the quality of SrTiO3 films on silicon.
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2.4 Experimental

All SrTiO3 films in this study were grown in a Veeco GEN10 system on com-

mercial three-inch-diameter (001) Si wafers. Elemental strontium and titanium

beams were evaporated from a conventional low-temperature effusion cell and

a Ti-Ball [64], respectively. Molecular oxygen was introduced and controlled

via a piezoelectric leak valve. The temperature of the silicon substrate was

monitored with either an optical pyrometer with a measurement wavelength

of 980 nm (> 500 °C) or a thermocouple (< 500 °C). In-situ RHEED was used for

monitoring the growth throughout the whole process. The crystalline perfec-

tion of the SrTiO3 films was assessed ex situ by XRD θ-2θ, rocking curve, and φ

scans, using either a Rigaku SmartLab or a PANalytical X’pert system with Cu

Kα1 radiation.

Prior to the growth of each SrTiO3 film, the strontium and titanium fluxes

were precisely matched at 1023 atoms cm−2 s−1 via a shuttered and codeposition

RHEED calibration method [53, 65, 66]. The silicon substrate was cleaned in an

ultraviolet ozone cleaner for ∼20 min to remove organic contamination, before

being loaded into a growth chamber with a base pressure in the high 10−9 Torr

range. The native surface SiO2 of the silicon substrate was removed by heating

the silicon substrate to ∼980 °C in ultrahigh vacuum for ∼20 min. After the

submonolayer strontium deposition at temperatures from ∼200 to ∼850 °C, the

substrate was cooled down to 200-300 °C for the growth of the SrTiO3 film. This

is the most challenging part of the growth process [58].

One of the difficulties of growing SrTiO3 films on silicon is the initiation of

the SrTiO3 growth, where oxygen should be introduced into the chamber to oxi-
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dize strontium and titanium atoms to form SrTiO3, yet the silicon surface should

be protected from oxygen to avoid forming an amorphous SiO2 layer that pre-

cludes epitaxial growth. Several methodologies have been described to initiate

the growth of SrTiO3 on silicon. The crystalline quality of the resulting SrTiO3

films on silicon vary significantly from method to method. In one method, af-

ter depositing the submonolayer strontium, this submonolayer strontium is ex-

posed to oxygen prior to the deposition of the SrTiO3 film [92, 93, 94]. In another

method SrO and TiO2 layers are deposited at a sufficiently low substrate temper-

ature that they are initially amorphous and then during a subsequent vacuum

annealing step are recrystallized into SrTiO3 [8, 83, 89]. For the method we use

in this study, the SrTiO3 film is grown by codepositing (strontium, titanium, and

oxygen all supplied simultaneously) 2.5 unit-cells of SrTiO3 at a temperature be-

low 300 °C (but sufficiently warm that the deposited layers remain crystalline)

without previously exposing the submonolayer strontium to oxygen. While

the principle of the growth follows the epitaxy-by-periodic-annealing method

[58], great care is taken at the stage when oxygen is introduced into the vacuum

chamber.

To be specific, the strontium and titanium shutters are kept closed until the

oxygen partial pressure reaches ∼ 5×10−9 Torr, at which point the strontium and

titanium shutters are opened simultaneously with the oxygen partial pressure

slowly increasing to (5 − 7) × 10−8 Torr. The proper ramping rate of this oxy-

gen initiation process is key for growing SrTiO3 films of high crystalline quality

on silicon [58, 95]. If the strontium and titanium shutters are opened too early

before the oxygen partial pressure reaches ∼ 5 × 10−9 Torr, or the shutters are

opened too late when a considerable amount of oxygen (with oxygen partial

pressure much larger than 5 × 10−9 Torr) is already established in the chamber,
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the crystalline quality of the SrTiO3 film is severely degraded. Following the

growth of the 2.5 unit-cell-thick SrTiO3 layer, the oxygen valve is closed and the

remaining oxygen is pumped out of the chamber to an oxygen partial pressure

below ∼ 1 × 10−9 Torr. The 2.5 unit-cell-thick SrTiO3 film is then annealed at

∼580 °C for ∼8 min in vacuum to enhance its crystalline quality, before being

cooled down to ∼300 °C for the deposition of an additional 2.5 unit-cell-thick

SrTiO3 layer. For the growth of the second 2.5 unit-cell-thick SrTiO3 layer, the

strontium and titanium shutters do not necessarily need to be opened immedi-

ately after the oxygen partial pressure reaches ∼ 5 × 10−9 Torr because the first

2.5 unit-cells of SrTiO3 serves as an oxygen diffusion barrier and helps to protect

the silicon substrate from being oxidized.

A schematic of the growth parameters used for the first and the second 2.5

unit-cell-thick SrTiO3 layers, as well as one set of actual growth parameters (sub-

strate temperature and oxygen partial pressure) are shown in Fig. 2.1. This

epitaxy-by-periodic-annealing method was repeated three times to achieve a

total SrTiO3 film thickness of 7.5 unit cells. Upon this SrTiO3 buffer layer addi-

tional SrTiO3 was grown by codeposition at a temperature of 580 °C and oxygen

partial pressure of ∼ 5 − 7 × 10−8 Torr.

2.5 Results and analysis

SrTiO3 films on silicon with total thickness ranging from 2−300 nm were grown

using the meticulously controlled growth pathway described above. Figure 2.2

shows RHEED images at different growth stages from a 20 nm thick SrTiO3

film (Sample #1). These RHEED images are from the same sample for which
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Figure 2.1: (a) Schematic drawing of the growth pathway for the epitaxy-
by-periodic-annealing method of the initial 5 unit-cells of
SrTiO3 on silicon. Tsub is the substrate temperature and PO2 is
the oxygen partial pressure. Different colors indicate different
stages. Note the difference of the O2 introduction (O2 input)
step between the first 2.5 unit-cells and the second 2.5 unit-
cells of SrTiO3 growth. (b) A set of actual growth parameters
recorded during the growth of 5 unit-cells of SrTiO3 on silicon.
P is the background oxygen partial pressure measured by the
chamber ion gauge. Tsub is the substrate thermocouple temper-
ature.
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Figure 2.2: RHEED images of different growth stages of Sample #1. A half
a monolayer of strontium was deposited at ∼800 °C, followed
by another half a monolayer of strontium deposited at ∼300 °C.
(a) The as-grown and (c) annealed first 2.5 unit cells of SrTiO3

viewed along the [100] azimuth of (001) SrTiO3. (b) The as-
grown and (d) annealed first 2.5 unit cells of SrTiO3 viewed
along the [110] azimuth of (001) SrTiO3. RHEED patterns after
the growth of the 20 nm thick SrTiO3 film viewed along (e) the
[100] azimuth and (f) the [110] azimuth of (001) SrTiO3.

the growth parameters are shown in Fig. 2.1. No other phases were detected

in the RHEED patterns, indicating that the 20 nm thick SrTiO3 film was single

crystalline. The sharp and streaky RHEED patterns indicate that the surface of

the SrTiO3 film is smooth.

Figure 2.3(a) shows the XRD θ-2θ scan of Sample #1. The presence of only

00l Bragg reflections jointly with the RHEED patterns in Fig. 2.2 show that the

as-grown SrTiO3 film is single crystalline. Figure 2.3(b) shows the rocking curve

of the SrTiO3 002 peak of Sample #1. The narrow rocking curve implies that

the SrTiO3 film on silicon possesses a high degree of crystalline perfection along

the out-of-plane direction. Note, as we will discuss in more detail below, that

the observation of a narrow 002 rocking curve peak only implies that the den-

sity of threading dislocations that are screw dislocations (or have screw compo-
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nent) in the SrTiO3 film is low. The film could have high densities of threading

dislocations that are pure edge dislocations as such dislocations will not cause

broadening in the out-of-plane direction; this has been shown nicely in (0001)

GaN films grown on (0001) Al2O3 substrates, where rocking curve FWHM of

the 0002 peak were found to be 0.011◦ despite threading dislocation densities of

∼ 2 × 1010 cm–2 of edge dislocations [96].

With a FWHM of only ∼0.0054◦, it is the narrowest 002 SrTiO3 rocking curve

among all SrTiO3 films on silicon reported in the literature [57], including post-

annealed SrTiO3 films on silicon [71, 97]. Figures 2.3 (c) and (d) show a two-

dimensional rocking curve of a 10 nm thick SrTiO3 film on silicon (Sample #2)

and the corresponding reciprocal space map (RSM) around the SrTiO3 002 peak,

respectively. The narrow spreading of the RSM is consistent with the rocking

curve measurement, corroborating the low mosaic spread of the SrTiO3 film

along the out-of-plane direction. In addition to the lab XRD measurement, we

confirmed the peak broadening of Sample #2 with synchrotron diffraction mea-

surements. The RSM of Sample #2 measured at the Cornell High Energy Syn-

chrotron Source (CHESS) agrees with the lab XRD measurement, as Fig. 2.3(e)

shows. With our refined growth method, SrTiO3 films as thin as 5 unit-cell-thick

can be measured with a lab XRD. θ-2θ scan of a 5 unit-cell-thick SrTiO3 film on

silicon and its rocking curve of the SrTiO3 002 peak are shown in Figs. 2.7(a) and

(b), respectively.

To test whether the narrow FWHM of the 002 rocking curve (a symmetric

peak) is indicative that the film has a low density of threading dislocations, the

rocking curve of an asymmetric peak was also measured. Fig. 3(f) shows the

rocking curve of the SrTiO3 103 peak and the 002 peak measured on a 300 nm
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thick SrTiO3 film on silicon. In contrast with the very narrow rocking curve of

the 002 SrTiO3 peak, the rocking curve of the SrTiO3 103 peak is ∼8 times broader.

This indicates that the film contains a high density of threading dislocations

and that the narrow FWHM observed for the 002 peak is due to these thread-

ing dislocations being predominantly edge dislocations analogous to what was

observed for some (0001) GaN films grown on (0001) Al2O3 substrates [96].

XRD pole figure measurements sampling Si 111 and SrTiO3 101 family of

peaks of Sample #1 (20 nm thick SrTiO3 on silicon) are shown in Fig. 2.3(g). The

radial coordinate and the angular coordinate correspond to the XRD χ angle

and the φ angle, respectively. For the entire range (0◦ < χ < 90◦, 0◦ < φ < 360◦)

measured, only the Si 111 family of peaks (χ = 54.73◦, 2θ = 28.44◦) and the

SrTiO3 101 family of peaks (χ = 45◦, 2θ = 32.4◦) were detected, indicating that

the epitaxial relationship is: (001) Si ‖ (001) SrTiO3, [110] Si ‖ [100] SrTiO3, and

that the SrTiO3 film is single crystalline.

The influence of the deposition temperature of the initial half monolayer of

strontium on the bare silicon substrate on the crystalline quality of the SrTiO3

film was investigated by growing 20 nm thick SrTiO3 films and depositing

strontium at temperatures from ∼200 to ∼850 °C. To ensure a half a monolayer

of strontium, the silicon was thermally cleaned rather than using strontium-

assisted deoxidation [68]. This is because the latter method leaves a fractional

monolayer of strontium atoms on the silicon surface after the strontium-assisted

deoxidation. At each strontium deposition temperature, multiple 20 nm thick

SrTiO3 films were grown and the film with the narrowest FWHM of the rock-

ing curve for each temperature was chosen for comparison. Figure 2.4(a) shows

the smallest FWHM value of the 002 SrTiO3 peak of 20 nm thick SrTiO3 films
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obtained as a function of deposition temperature, indicating that 20 nm thick

SrTiO3 of high quality can be grown over a wide range of strontium deposition

temperatures: ∼200 to ∼800 °C.

At a deposition temperature of ∼850 °C the crystalline quality of the SrTiO3

film becomes degraded, as manifested by a broader rocking curve of the SrTiO3

002 peak. This might be due to the diffusion of strontium atoms into the bulk

silicon substrate or evaporation from the surface of the substrate at such a high

temperature. Either way the half monolayer strontium template for epitaxial

SrTiO3 growth would be incomplete. Even though the crystalline quality of the

SrTiO3 film is degraded when the half monolayer of strontium is deposited at

850 °C, a phase-pure 20 nm thick SrTiO3 film with a θ − 2θ scan containing only

00l Bragg reflections still results.

It was previously regarded as difficult or impossible to grow crystalline ox-

ides on silicon when the half monolayer of strontium was deposited at low

temperatures and a silicide layer was not formed, say at ∼200 or ∼300 °C

[69]. Indeed earlier work has utilized temperatures ≥ 600 °C for the depo-

sition of the strontium on bare silicon prior to depositing SrTiO3 on top of it

[46, 83, 87, 88, 98]. Although the RHEED patterns of the as-grown first 2.5

unit-cells of SrTiO3 are not sharp, we find (see Fig. 2.8) that when the half a

monolayer of strontium is deposited at ∼200 or ∼300 °C, after recrystallization

in vacuum at ∼580 °C, the crystalline quality is sharply enhanced and compara-

ble to that of the SrTiO3 films grown on a half monolayer of strontium deposited

at higher temperatures. The XRD θ-2θ scan and rocking curve of a 60 nm thick

SrTiO3 (Sample #3) with its half a monolayer of strontium deposited at ∼300 °C

are shown in Fig. 2.9.
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When the half monolayer of strontium is deposited at 850, 650, or 300 °C,

it induces different (001) Si surface reconstructions, which can be qualitatively

characterized by measuring the RHEED intensity of the half order streak along

the [110] azimuth of (001) Si as a function of strontium coverage. Figure 2.10

shows this evolution for a half monolayer of strontium deposited at 850, 650,

and 300 °C. Although the evolution of the RHEED intensity as a function of

strontium coverage changes with substrate temperature, our growth results

manifest unambiguously that a half monolayer of strontium can serve as a tem-

plate for the growth of epitaxial SrTiO3 films of high crystalline perfection on

silicon no matter whether it forms the so-called silicide layer [46] or stays (par-

tially) physisorbed to the silicon surface [69].

Prior reports show SrTiO3 films with a narrow 002 SrTiO3 rocking curve on

silicon for film thickness less than about 2 nm, where the SrTiO3 is commen-

surately strained to the underlying silicon substrate [53] or for film thicknesses

above about 100 nm [56, 97]. At intermediate thicknesses the films show higher

rocking curve FWHMs of the SrTiO3 002 peak. Such behavior is typical for the

growth of mismatched epitaxial films [99]. Our work extends this thickness

range from ∼5 unit-cells to ∼300 nm, as is shown in Fig. 2.4(b). A comparison

with representative SrTiO3 films on silicon from the literature [53, 56] is included

in Fig. 2.4(b). Raw data of the rocking curves of the SrTiO3 002 peak of SrTiO3

films of different thicknesses are shown in Fig. 2.4(c). Judging from the nar-

row rocking curve of the SrTiO3 002 peak, we believe that the half monolayer

of strontium on silicon not only acts as a diffusion barrier for protecting the

(001) Si surface from being oxidized during the initial SrTiO3 growth, but also

influences the type of threading dislocations that subsequently form. In our

case these threading dislocations are predominantly edge dislocations, which is
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consistent with the extremely narrow FWHM of the 002 rocking curves as well

as the STEM results described below. The out-of-plane lattice parameter of the

SrTiO3 films as a function of the film thickness is shown in Fig. 2.4(d), from

which we see that the SrTiO3 film relaxes quickly after its thickness is above

about 5 unit-cells.

Measurements of the rocking curves of the SrTiO3 003 and 004 peaks indi-

cate that our SrTiO3 films on silicon of intermediate thicknesses such as 20 nm

thick are unconventional mosaic crystals [100]. To be specific, the diffuse or the

broad tail of the rocking curve comes from the short-range order of independent

scattering of individual dislocations, while the sharp peak seen from the SrTiO3

002 peak is due to the long-range correlation of the SrTiO3 film, and is not seen

in higher order peaks such as the SrTiO3 003 and 004 peaks [100]. Figure 2.11

shows the rocking curves of the SrTiO3 00l peaks (l = 1, 2, 3, and 4) of a 40 nm

thick SrTiO3 film on silicon (Sample #4). We see that only the rocking curves of

the SrTiO3 001 and 002 peaks show a narrow peak, but not for the SrTiO3 003

and 004 peaks. This implies that the SrTiO3 film on silicon is a so-called uncon-

ventional mosaic crystal.

We measured azimuth rotational disorder of the SrTiO3 films on silicon via

XRD φ scans. As a representative, the 60 nm thick SrTiO3 on silicon (Sample #3)

shows a relatively large FWHM of ∼0.75◦ for a φ scan (Fig. 2.12) of the SrTiO3

101 peak, which implies relatively large in-plane mosaic spread. The FWHM of

azimuth φ scans as a function of the film thickness is shown in Fig. 2.4(e), indi-

cating that the rotational disorder of the SrTiO3 film decreases as the film thick-

ness increases. The φ scan FWHMs for our 100 nm and 300 nm thick SrTiO3 films

are comparable to the best reported values for SrTiO3 films on silicon [95, 97].
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The existence of a considerable amount of in-plane rotational disorder of SrTiO3

films on silicon can be attributed to both the lattice mismatch and the relatively

large difference between the thermal expansion coefficient of silicon (averaging

3.5 × 10−6 K−1 between room temperature and 520 °C) [101] and that of SrTiO3

(averaging 1.08×10−5 K−1 between room temperature and 520 °C) [101, 102]. The

large difference between thermal expansion coefficients between the substrate

and the film can introduce extra misfit between the film and the substrate, which

can yield additional in-plane rotational disorder during the cool-down process

after the film growth [103].

To overcome the large thermal expansion differences between SrTiO3 and

silicon, we lowered temperature for both the recrystallization and high-

temperature growth steps to 300 - 420 °C and grew 10 nm thick SrTiO3 on silicon.

Our results show that 10 nm thick SrTiO3 film of high quality can be grown at a

temperature as low as 300 °C on silicon. For the 10 nm thick SrTiO3 films grown

between 300 to 420 °C, not only the rocking curve of the 002 SrTiO3 peak but

also the φ scan of the 101 SrTiO3 peak is narrow. As is shown in Fig. 2.5(a), the

FWHM of the φ scan of the SrTiO3 101 peak is ∼ 0.11◦ for SrTiO3 films grown at

300 – 420 °C, which is the narrowest among all SrTiO3 films on silicon reported

in the literature [95]. A summary of the rocking curve FWHM of the SrTiO3 002

peak and φ scan FWHM of the SrTiO3 101 peak as a function of the SrTiO3 growth

temperature is shown in Fig. 2.5(b). The 10 nm thick SrTiO3 films are found to

be (partially) strained to the (001) Si substrate when the growth temperature is

at 300 – 420 °C. RSMs of the SrTiO3 103 peak for three 10 nm thick SrTiO3 films

on silicon with the growth temperature of 300, 420, and 580 °C are shown in Fig.

2.5(c). Out-of-plane lattice parameter of the 10 nm thick SrTiO3 films on silicon

as a function of the growth temperature is also shown in Fig. 2.5(b).
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To clarify the defect microstructure and characterize the interface between

the SrTiO3 and silicon we performed cross-sectional scanning transmission elec-

tron microscopy (STEM). The STEM images were recorded using an FEI Titan

Themis 300 operated at 300 keV. STEM High-angle annular dark field (HAADF)

images of a 10 nm thick SrTiO3 film on silicon are shown in Fig. 5(a). Although

we used only the epitaxy-by-periodic-annealing method (with no high tempera-

ture growth step) to grow the SrTiO3 film, we see an amorphous SiO2 layer at the

interface between the SrTiO3 film and the silicon substrate. This can come from

the diffusion of oxygen through the SrTiO3 film during the ∼ 300 °C deposition

steps or more likely during the vacuum annealing step at 580 °C.

We also performed plan-view STEM to characterize the microstructure of

our SrTiO3 on silicon films. The SrTiO3 films contain a high density of threading

dislocations, ∼ 8 × 1011 cm−2, as is shown in Figs. 2.6 (b)-(d). From the plan-

view STEM images, the dominant Burgers vector is found to be [100] aSrTiO3 .

The threading dislocations are thus pure edge dislocations and the extremely

narrow 002 rocking curves arise from the insensitivity of the 002 rocking curve

to pure edge dislocations, as has been reported previously for (0001) GaN /

(0001) Al2O3 films [96].

2.6 Summary

In summary, by depositing a half monolayer of strontium metal on bare (001) Si

in the range 200–800 °C, in combination with a carefully controlled epitaxy-by-

periodic-annealing method, we have reduced the out-of-plane mosaic spread of

the SrTiO3 films on silicon. SrTiO3 films of reduced mosaic spread along the out-
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of-plane direction with thickness from 5 unit-cells to ∼300 nm were achieved. By

restricting the vacuum annealing and high-temperature growth temperature to

be below 420 °C, we have achieved SrTiO3 films with not only a narrow rocking

curve in ω of the SrTiO3 002 peak, but also with a narrow φ scan of the SrTiO3 101

peak. Our work establishes a well-tested methodology for consistently growing

SrTiO3 films of relatively high crystalline quality on silicon using MBE. This

method increases the quality of not only the SrTiO3 films on silicon, but also that

of overlying epitaxial functional layers as the SrTiO3 layer serves as an epitaxial

template for the integration of oxides with a multitude of functional properties

with silicon [104, 105].

2.7 Supplementary material

Figure 2.7 shows the XRD θ-2θ scan and the rocking curve of the SrTiO3 002 peak

of a 5 unit-cell-thick SrTiO3 on silicon.

Figure 2.8 shows the RHEED patterns of different growth stages Sample #3.

A half a monolayer of strontium was deposited at 300 °C for this sample.

Figure 2.9 shows the XRD θ-2θ scan and the rocking curve of the SrTiO3 002

peak.

Figure 2.10 shows the change of RHEED intensity of the half-order streak of

[110] Si azimuth as a function of strontium dosage, when half a monolayer of

strontium is deposited at 300, 650, and 850 °C.

Figure 2.11 shows the XRD rocking curve of 00l (l = 1, 2, 3, and 4) peaks. The

narrow rocking curve is only seen for 001 and 002 SrTiO3 rocking curves.
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Table 2.1: XRD data as a function of SrTiO3 film thickness

SrTiO3 thickness (nm) 2 5 10 20 40 60 100 300

ω FWHM (◦) 0.005 0.032 0.0072 0.0054 0.004 0.012 0.008 0.012

2θ FWHM (◦) 4.14 1.71 1.02 0.54 0.27 0.18 0.14 0.055

φ FWHM (◦) 1.2 1.09 0.94 0.75 0.68 0.65

Table 2.1 shows the FWHM value of XRD scans as a function of the SrTiO3

film thickness.
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Figure 2.3 (preceding page): XRD using (a–d, and f, g) laboratory and (e)
sychrotron diffractometers of several of the
SrTiO3 films grown on silicon in this study.
(a) θ − 2θ scan of Sample #1 shows only 00l
Bragg reflections, indicating a single crys-
talline SrTiO3 film on silicon. Asterisks indi-
cate peaks arising from the silicon substrate.
(b) Rocking curve of the SrTiO3 002 peak of
Sample #1 has a FWHM of ∼0.0054◦, indicat-
ing excellent crystalline quality. (c) Rocking
curves around the SrTiO3 002 peak of Sam-
ple #2, along with (d) its corresponding RSM
show consistent peak broadening with the
rocking curve. The broadening in the θ − 2θ
scan (a) is caused by the finite thickness of the
film, while the confinement along theω direc-
tion shows low mosaic spread in the out-of-
plane direction. For the RSM, the broaden-
ing along the Qz direction is due to the finite
thickness of the film, while the narrow width
in the Qx direction indicates the high crys-
talline quality of the SrTiO3 film. (e) The RSM
of Sample #2 with clear Kiessig fringes mea-
sured at the G2 station of CHESS indicates
that the narrow intensity spread along the Qx

direction and the broadening along the Qz di-
rection are consistent with the lab XRD mea-
surement. (f) Rocking curves of the 103 and
002 SrTiO3 peaks of the 300 nm thick SrTiO3

film on silicon. (g) XRD pole figure measure-
ments sampling Si 202 and SrTiO3 101 fam-
ily of peaks of Sample #1. The intensity color
scale is logarithmic.
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Figure 2.4 (preceding page): (a) Rocking curve FWHMs of 20 nm thick
films of SrTiO3 on silicon as a function of
the temperature (Tstrontium deposition) at which the
half a monolayer of strontium was deposited
shows that 20 nm thick SrTiO3 films of high
quality can be grown when the half a mono-
layer of strontium is deposited from ∼200 to
∼800 °C. Rocking curves of the SrTiO3 002
peak were measured. All data points are
from 20 nm thick SrTiO3 films grown on sil-
icon with θ-2θ scans showing only 00l Bragg
reflections. (b) FWHMs of SrTiO3 films of
high crystalline perfection of different thick-
nesses on silicon show that from ∼2 to ∼300
nm, our growth method yielded films of high
quality. The data points of this work are
represented with red stars. The purple data
points and blue data points are from Ref.
[53], and [56], respectively. (c) Raw data of
the rocking curves of the SrTiO3 002 peak
of SrTiO3 films of different thicknesses. (d)
Out-of-plane lattice parameter of the SrTiO3

film on silicon as a function of film thickness
shows that the SrTiO3 film on silicon relaxes
quickly above a film thickness of about 5 unit
cells. (e) ) FWHM of the SrTiO3 101 peak
in φ (measured in a triple axis geometry) for
SrTiO3 films on silicon as a function of film
thickness indicates that the SrTiO3 films on
silicon possess a relatively large in-plane ro-
tational disorder.
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Figure 2.5: (a) φ scan of the SrTiO3 101 peak (measured with a triple axis
geometry) of one 10 nm thick SrTiO3 film on silicon, where the
temperature for the annealing stage of the epitaxy-by-periodic-
annealing step and the high temperature growth stage is 390
°C. (b) Rocking curve FWHM of the SrTiO3 002 peak, φ scan
FWHM of the SrTiO3 101 peak, and the out-of-plane lattice pa-
rameter of the 10 nm thick SrTiO3 on silicon as a function of
the growth temperature of SrTiO3. All the films shown in this
plot are 10 nm thick. (c) RSMs of the SrTiO3 103 peaks of three
10 nm thick SrTiO3 film on silicon. These three samples corre-
spond to the samples grown at 580, 420, and 300 °C shown in
(b), respectively. From the RSMs, the 10 nm thick SrTiO3 film is
relaxed when grown at 580 °C, but is (partially) strained when
the growth temperature is at 300 – 420 °C.
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Figure 2.6: STEM images of the a 10 nm thick SrTiO3 film grown at 330
°C on silicon. The interfacial region has an is crystalline and
contains little amorphous SiO2 layer. Strontium (orange), ti-
tanium (blue), and silicon (red) atoms are overlayed to show
the schematic atomic structure. (b) Plan view STEM image of
a 20 nm thick SrTiO3 film on silicon the same sample showing
a variety of both localized and branching dislocations with a
density of ∼ 8 × 1011 cm−2, between which exist crystallograph-
ically defect-free regions on the order of ∼ (20nm)2. (c) Atomic
resolution STEM image of a branching defect like those seen in
(b), with a Ruddlesden-Popper-like defect highlighted by yel-
low arrows marking rows of strontium atoms offset on one ei-
ther side of the fault. (d) Atomic resolution STEM image of a
localized edge dislocation like those seen in (b) with a Burgers
circuit shown in yellow.
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Figure 2.7: (a) θ−2θ scan of a 5 unit-cell-thick SrTiO3 film grown on silicon,
measured with Rigaku SmartLab. The asterisk indicates the
substrate peak. (b) The rocking curve (measured with PANa-
lytical X’pert system) FWHM of the SrTiO3 002 peak is∼0.0044◦,
and is comparable to that of the silicon 004 peak. The scans are
offset from each other along the vertical axis for clarity.
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Figure 2.8: RHEED images at different stages during the growth of Sample
#3. (a) The bare silicon surface along the [110] azimuth of (001)
Si after the deposition of a half a monolayer of strontium at
∼300 °C. (b) The as-grown and (e) the annealed first 2.5 unit-
cell-thick SrTiO3 along the [100] azimuth of (001) SrTiO3. (c) The
as-grown and (f) the annealed first 2.5 unit-cell-thick SrTiO3
along the [110] azimuth of (001) SrTiO3. The 60 nm thick SrTiO3

after growth viewed along (d) the [100] azimuth and (g) [110]
azimuth of (001) SrTiO3.
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Figure 2.9: XRD of Sample #3. (a) θ-2θ scan and (b) the rocking curve of
the SrTiO3 002 peak with a FWHM of ∼0.017◦.
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Figure 2.10: Comparison of the change of RHEED intensity during the de-
position of the half a monolayer of strontium at ∼850, 650,
and 300 °C. The intensity of the half-order streak along the
[110] azimuth of (001) Si was monitored. The RHEED pat-
terns viewed along the [110] azimuth of (001) Si after the de-
position of the half a monolayer of strontium at each temper-
ature are shown to the right. The rectangular boxes on the
RHEED patterns indicate the region that was monitored dur-
ing the deposition of the half a monolayer of strontium at each
temperature.

Figure 2.11: Rocking curves of the SrTiO3 001, 002, 003, and 004 peaks of
Sample #4. The narrow peak of the rocking curve is only seen
for the 001 and 002 SrTiO3 peaks.
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Figure 2.12: φ scan of a 60 nm thick SrTiO3 film on silicon. The FWHM
of the φ scan of the 101 SrTiO3 peak is ∼ 0.75◦. The scans are
offset from each other along the vertical axis for clarity.
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Chapter 3

Growth of LaAlO3 on Silicon via an

Ultrathin SrTiO3 Buffer Layer by

Molecular-Beam Epitaxy

Adapted slightly from Zhe Wang, Zhen Chen, Antonio B. Mei, Xue Bai, Lena F.

Kourkoutis, David A. Muller, and Darrell G. Schlom. Journal of Vacuum Science

and Technology A 36, 021507 (2018). Copyright 2018 American Vacuum Society

3.1 Abstract

(001)-oriented LaAlO3 films were grown epitaxially on (001) Si substrates uti-

lizing an ultrathin 5 unit-cell-thick SrTiO3 buffer layer. The SrTiO3 layer was

grown at ∼250 °C and annealed in vacuum at 550 °C, following an epitaxy-by-
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periodic-annealing procedure. Upon this buffer layer the LaAlO3 layer was then

grown by codeposition at 580 °C. The rocking curve of the as-grown LaAlO3

film exhibits a full width at half maximum value as small as 0.02◦. Atomic force

microscopy indicates that the surface of the LaAlO3 film has a root-mean-square

roughness of 1.3 Å. Scanning transmission electron microscopy reveals that the

LaAlO3/SrTiO3 interface and the SrTiO3/Si interfaces are sharp. This high crys-

talline quality, twin-free, epitaxial LaAlO3 on SrTiO3 on silicon could be relevant

to integrating oxides with multiple functionalities on silicon.

3.2 Introduction

LaAlO3 has a pseudocubic lattice parameter of 3.790 Å [106], close to that of

(001) Si with a 45◦ in-plane rotation (5.431 Å/
√

2 = 3.840 Å). This close lat-

tice match in combination with thermodynamic stability [107, 9] motivates the

epitaxial integration of (001) LaAlO3 thin films on (001) Si substrates so that a

wide range of functional oxides can be integrated in high quality form with this

mainstream semiconductor platform and workhorse. Following its initial use

as a low dielectric loss substrate for growing high temperature superconductor

thin films such as ErBa2Cu3O7 [108], single-crystal (001) LaAlO3 has been a pop-

ular substrate for the growth of various epitaxial oxides, ranging from metal-

lic oxides for bottom electrodes including CaRuO3 [109], La1/2Sr1/2CoO3 [110],

and LaNiO3 [111]; multiferroics like BiFeO3 [112]; colossal magnetoresistance

materials like La2/3Ca1/3MnO3 [113]; metal-insulator transition materials includ-

ing NdNiO3 [114],10 photocatalytic materials like the anatase polymorph of TiO2

[115]; tunable dielectrics like SrTiO3 [116] and BaxSr1−xTiO3 [117]; and oxide su-

perlattices with emergent interface ferromagnetism [118]. Therefore, LaAlO3 of

49



high crystalline quality on silicon would pave the way to integrating a plethora

of functional oxides with mainstream semiconductor technology.

Historically, LaAlO3 has been grown on silicon using various methods, in-

cluding metal organic chemical vapor deposition (MOCVD) [119], pulsed layer

deposition (PLD) [120], sputtering [121] and atomic layer deposition (ALD)

[122]. Such LaAlO3 films grown directly on silicon are amorphous or polycrys-

talline, making them unsuitable for the overgrowth of epitaxial functional ox-

ides. Though the LaAlO3/Si interface was shown to be thermodynamically sta-

ble [107, 9] and the epitaxial growth of both (001) Si on (001) LaAlO3 [123] and

(111) Si on (111) LaAlO3 [124] have been demonstrated, the growth of epitax-

ial LaAlO3 directly on silicon has never been achieved. To enable the epitaxial

growth of LaAlO3 on silicon, an epitaxial buffer layer that can be directly grown

on silicon is introduced. Up to now, the most widely used buffer layer is SrTiO3

grown by molecular-beam epitaxy (MBE) [125, 126, 127, 128, 129]. With SrTiO3

as the buffer layer, epitaxial LaAlO3 is possible on silicon; however, the crys-

talline quality of the LaAlO3 layer is far from perfect. Its quality is limited by

both the perfection of the SrTiO3 buffer layer and the growth conditions used to

prepare the LaAlO3 layer, as evidenced by relatively broad rocking curves from

four-circle X-ray diffraction (XRD) measurements [126, 128]. By enhancing the

crystalline quality of the LaAlO3 layer on top of silicon, we foresee an improve-

ment in the properties of the oxide films that can be epitaxially integrated with

silicon. This is because the quality of the materials grown on top of LaAlO3 are

restricted by the quality of the LaAlO3 layer underneath.

In this chapter we report the growth of LaAlO3 with improved crystalline

quality on (001) Si with a 5 unit-cell-thick SrTiO3 buffer layer. After describing
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the growth conditions in detail, we characterize the resulting improved film by

XRD, STEM, and atomic force microscopy (AFM). Many films were grown to

perfect the method described in this paper. All of the results shown are from

the growth of one film—the best one.

3.3 Experimental

Both LaAlO3 and SrTiO3 films were grown via MBE in a Veeco GEN10 system

with a background pressure in the high 10−9 Torr range. Strontium, lanthanum,

and aluminum molecular beams were generated with conventional effusion

cells from elemental sources, while the titanium beam was generated with a

Ti-Ball [64]. Molecular oxygen was introduced and controlled via a piezoelec-

tric leak valve. The substrate temperature was monitored with a thermocouple

for temperatures below 500 °C and with an optical pyrometer for temperatures

higher than 500 °C. Reflection high-energy electron diffraction (RHEED) was

used for in-situ monitoring of the growth. After sample growth, ex-situ XRD in-

volving θ-2θ, rocking curve (ω scans), and φ scans were made to assess the crys-

talline perfection of the films. AFM was used to evaluate the surface roughness

of the films. The interface abruptness of the heterostructure and its microstruc-

ture was investigated using STEM.

The (001) Si substrates (3” diameter, p-type, boron doped, single-side pol-

ished, and resistivity of 0.016-0.017 Ω cm) were cleaned in a commercial ultra-

violet ozone cleaner for 20 min to remove organic contamination before being

loaded into the MBE chamber. After the native SiO2 was removed by heating in

vacuum to 980 °C for about 20 min, the substrate was cooled down to 600 °C for
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the deposition of a half a monolayer of strontium to form the silicide layer for

the SrTiO3 growth [14]. Following the epitaxy-by-periodic-annealing process

[58], a 2.5 unit-cell-thick SrTiO3 layer was grown by codeposition at ∼250 °C

under a low oxygen partial pressure of 1 − 3 × 10−8 Torr. The as-grown 2.5 unit-

cell-thick SrTiO3 layer was then annealed at ∼ 550 °C in vacuum to improve its

crystalline quality. This process was repeated twice to achieve a 5 unit-cell-thick

SrTiO3 buffer layer. More detail of the growth of this SrTiO3 buffer layer on

silicon is given elsewhere [53, 58].

A 10 nm thick LaAlO3 layer was grown by codeposition on top of the 5 unit-

cell-thick SrTiO3 buffer layer on (001) Si in the same growth chamber without

breaking vacuum. Prior to the growth of the 10 nm thick LaAlO3 layer, the fluxes

of lanthanum and aluminum were calibrated by growing homoepitaxial LaAlO3

on a single crystal (001) LaAlO3 substrate at 700 °C by codeposition and mon-

itoring the characteristic surface reconstructions using in-situ RHEED for feed-

back [130]. If homoepitaxial LaAlO3 is nonstoichiometric and has a lanthanum-

rich surface, half-order streaks along the [110] azimuth (pseudocubic notation is

used for LaAlO3 throughout this chapter) would appear in the RHEED pattern;

while a slightly aluminum-rich surface would lead to a RHEED pattern with

half-order streaks along the [100] azimuth. Based on these surface reconstruc-

tions the temperatures of the lanthanum and aluminum sources were carefully

adjusted to provide precisely matched lanthanum and aluminum fluxes. More

detail of this calibration method is given in Ref. [130]. With the closely matched

lanthanum and aluminum fluxes, RHEED intensity oscillations of the 01 streak

(or the specular spot) were recorded with the RHEED beam incident along the

[110] azimuth for homoepitaxial LaAlO3 codeposited at a substrate temperature

of 700 °C. The result is shown in Fig. 3.1. The growth rate of the LaAlO3 by
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Figure 3.1: RHEED intensity of the 01 diffraction streak as a function of
time showing the growth rate of LaAlO3 by codeposition. The
period of the RHEED oscillation indicated by the arrow indi-
cates the time needed for the growth of a single unit cell thick-
ness of LaAlO3 along the [001] direction by codeposition. For
this work the growth rate was typically 1 unit cell per minute.

codeposition was typically 1 unit cell per minute (23 nm/hr).

The growth of a LaAlO3 layer with high crystalline quality on 5 unit cells

of SrTiO3 on silicon requires not only well calibrated lanthanum and aluminum

fluxes, but also needs a meticulously controlled transitional between the thin

SrTiO3, which was grown at relatively low temperature and the LaAlO3, which

is grown at relatively high temperature. This is because 5 unit cells of SrTiO3 (the

reason we grew 5 unit cells of SrTiO3 is given in the next section) is much thin-

ner than the thickness of the SrTiO3 buffer layers in most epitaxial perovskite

oxide thin films grown on SrTiO3 on silicon [72]. Should the 5 unit-cell-thick

SrTiO3 on silicon be exposed to oxygen at high temperatures (> 500 °C) for a

considerable amount of time, the crystalline quality of the thin SrTiO3 buffer

53



layer and the interface between the SrTiO3 and the silicon substrate will be sig-

nificantly degraded, making it difficult to grow an epitaxial LaAlO3 layer on top.

To minimize the exposure of the 5 unit-cell-thick SrTiO3 on silicon to oxygen at

high temperatures during the heating-up stage, we started slowly introducing

oxygen into the chamber when the SrTiO3-buffered silicon was heated to be-

yond ∼350 °C. In addition, we opened the lanthanum and aluminum shutters

simultaneously at 400-450 °C to initiate the growth of the LaAlO3. The chamber

pressure and the substrate temperature as functions of time were recorded dur-

ing this transitional stage and are shown in Fig. 3.2. Soon after the lanthanum

and aluminum shutters were opened, the substrate temperature and the oxy-

gen partial pressure reached 580 °C (pyrometer reading) and ∼ 3 × 10−7 Torr,

respectively. 10 nm of LaAlO3 was grown at this elevated temperature of 580

°C under a background oxygen partial pressure of 3 × 10−7 Torr. Although the

growth temperature of the LaAlO3 layer is lower than most reports of epitaxial

LaAlO3 on SrTiO3 on silicon in the literature [126, 127, 131], the films show better

crystalline quality, as is shown in the next section.

3.4 Results and discussion

We chose 5 unit cells as the thickness of the SrTiO3 buffer layer for the het-

erostructure
(
10 nm LaAlO3 on 5 unit cells (2 nm) of SrTiO3 on (001) Si

)
with

both strain and film homogeneity in mind. In terms of the epitaxial strain,

LaAlO3 is better lattice matched to (001) Si (1.3% compressive strain) than it

is to SrTiO3 (3% compressive strain). Thus, SrTiO3 coherently grown on sili-

con would be preferred for the growth of a LaAlO3 overlayer compared to the

growth of LaAlO3 on a relaxed SrTiO3 layer on silicon. It has been shown that
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Figure 3.2: The substrate temperature (Tsub) read by the thermocouple and
the chamber pressure read by an ion gauge as a function of time
during heating of the 5 unit-cell-thick SrTiO3 on silicon for the
initiation of the LaAlO3 layer. Oxygen was slowly introduced
into the chamber while the substrate was heated. At 400-450
°C, the lanthanum and aluminum shutters were opened simul-
taneously initiating the LaAlO3 codeposition, before the cham-
ber pressure reached ∼ 3 × 10−7 Torr (corresponding to an oxy-
gen partial pressure of ∼ 3 × 10−7 Torr).

SrTiO3 films above 5 unit cells (2 nm) are partially relaxed on (001) Si [53, 132].

Therefore an SrTiO3 buffer layer with a thickness equal to or below 5 unit cells

is optimal for coherent SrTiO3 growth on (001) Si. From the homogeneity per-

spective, prior work utilizing plan-view STEM showed that there is a phase-

separation instability for 2.5 unit-cell-thick SrTiO3 films on (001) Si, resulting in

inhomogeneous coverage on (001) Si by SrTiO3 islands [91]. Thus, an SrTiO3

layer thicker than 2.5 unit cells is desired for homogeneous coverage of the un-

derlying silicon substrate. Taking both considerations into account, we grew a

5 unit-cell-thick SrTiO3 buffer layer to make it both coherently strained to the

silicon substrate and a reasonably homogeneous buffer layer for the growth of
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the overlying LaAlO3 film.

In-situ RHEED was used to monitor the growth of both the SrTiO3 and the

LaAlO3 layers. The RHEED patterns of the 5 unit-cell-thick SrTiO3 buffer layer

after growth with the incident beam along the [100] and [110] azimuth are

shown in Fig. 3.3, respectively. RHEED patterns of the 10 nm thick LaAlO3

film after growth are shown in Figs. 3.3(c) and (d), along the [100] and [110]

azimuth, respectively. The streaky patterns show that the surface of both the 5

unit-cell-thick SrTiO3 and 10 nm thick LaAlO3 grown on it are smooth. No extra

spots were detected from RHEED patterns during or after the growth, indicat-

ing the film is epitaxial and single phase.

XRD was measured with both Rigaku SmartLab and PANalytical X’Pert

diffractometers, utilizing Cu Kα1 radiation. Figure 3.4(a) shows the θ-2θ mea-

surement of the same heterostructure characterized in Figs. 3.1, 3.2 and

3.3. The presence of only 00l reflections in combination with the RHEED(
Figures 3.3 (c) and (d)

)
from the 10 nm thick LaAlO3 layer indicates that the

LaAlO3 film is single crystalline and phase-pure. Clear Kiessig fringes [133] can

be seen in the θ-2θ scan, signifying that the interfaces of the heterostructure are

smooth.

The rocking curve in ω of the LaAlO3 002 peak was measured to assess the

crystalline perfection of the 10 nm thick LaAlO3 film. The result is shown in

Fig. 3.4(b). The rocking curve has a FWHM value of 0.02◦, which is the narrow-

est FWHM ever reported for LaAlO3 films on silicon and indicates that the 10 nm

thick LaAlO3 film possesses a high degree of crystalline perfection. The in-plane

orientation relationship between the LaAlO3 film and the silicon substrate was

confirmed with a φ scan: (001) LaAlO3 ‖ (001) Si and [110] LaAlO3 ‖ [100] Si, as
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Figure 3.3: RHEED images of the 5 unit-cell-thick SrTiO3 along the [100]
(a) and [110] (b) azimuth of (001) SrTiO3 surface showing that
the thin SrTiO3 film is smooth. RHEED images of the 10 nm
thick LaAlO3 film after growth viewed along the [100] (c) and
[110] (d) azimuth indicate that the 10 nm thick LaAlO3 film is
smooth and single crystalline. These RHEED images are from
the growth of the same film grown with the parameters shown
in Figures. 3.1 and 3.2.

is shown in Fig. 3.4(c). The φ scan of the 10 nm thick LaAlO3 film has a FWHM

of ∼ 1◦, which means that the in-plane mosaic spread is relatively large. This

might be inherited from the in-plane mosaic spread of the SrTiO3 buffer layer

(The narrowest FWHM in φ of SrTiO3 grown on silicon that has been reported

is 0.5◦ [95]. Indeed improving in-plane registry between SrTiO3 and silicon re-

mains a major unsolved challenge.), and is consistent with the broad feature of

the LaAlO3 103 peak from the RSM, as is shown in Fig. 3.4(d). The RSM of the
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Si 115 peak is shown in Fig. 3.4(d) for comparison.

Rocking curves of several LaAlO3 single crystals (measured on commer-

cial substrates) contain multiple peaks due to the existence of twins [106], as

is shown in Fig. 3.5. Compared with commercial (001) LaAlO3 single crystal

substrates, our 10 nm thick LaAlO3 film on silicon shows a comparable rock-

ing curve FWHM. Next we compare the rocking curve FWHM in ω of our best

10 nm thick LaAlO3 film on silicon to prior results for such films from the litera-

ture. Figure 3.5 shows this comparison and signifies that we have enhanced the

crystalline quality of the LaAlO3 film on SrTiO3-buffered silicon by almost an or-

der of magnitude. We also include the rocking curve FWHM of a thick LaAlO3

film grown on a (001) SrTiO3 single crystal substrate [134] for comparison.

XRD was used to check the strain state of the resulting LaAlO3 film on silicon.

If the LaAlO3 was commensurately strained to the underlying silicon substrate

it should have an out-of-plane lattice spacing given approximately by 3.753 Å,

assuming isotropic elasticity and the epitaxial film to have the same Poisson

ration (ν = 0.26) as bulk LaAlO3 [135]. The measured out-of-plane lattice pa-

rameter of the LaAlO3 film, derived from the θ-2θ scan using a Nelson-Riley fit

[70], is 3.761 ± 0.003 Å, indicating that the film is not commensurately strained.

Another possibility is that the 1.3% misfit strain between the LaAlO3 film and

silicon substrate relaxed fully during growth. The out-of-plane lattice spacing

in this case, assuming that the only strain on the LaAlO3 film arises due to the

relatively large difference in the thermal expansion coefficients of silicon (aver-

aging 3.5 × 10−6 K−1 between room temperature and 520 °C) [101] and LaAlO3

(averaging 8.5 × 10−6 K−1 between room temperature and 520 °C) [136], is cal-

culated as follows. If the 10 nm thick LaAlO3 film were fully relaxed at 580 °C,
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Figure 3.4: XRD measurement of the same heterostructure (10 nm LaAlO3

on 5 unit-cell-thick SrTiO3 buffer layer on silicon that was char-
acterized in Figures 3.1, 3.2, and 3.3). θ-2θ scan (a) shows only
00l reflections of LaAlO3. This, in conjunction with the RHEED,
indicates that the LaAlO3 film grew epitaxially on the 5 unit-
cell-thick SrTiO3 on silicon. The small hump near 2θ = 46◦

comes from the 5 unit-cell-thick SrTiO3. Rocking curve in ω.
(b) of the LaAlO3 002 peak shows a single peak with a FWHM
of 0.02◦. φ scan (c) shows that the in-plane epitaxial relation-
ship between the 10 nm thick (001) LaAlO3 and the (001) Si sub-
strate is cube-on-cube with a 45◦ in-plane rotation. Plots of the
LaAlO3 101 family of peaks and the Si 111 family of peaks are
offset for clarity. RSMs of the LaAlO3 103 peak and the Si 115
peak (d) indicate a relatively large in-plane broadening for the
10 nm thick LaAlO3 film.
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Figure 3.5: FWHM of the rocking curves of the LaAlO3 002 peak of sev-
eral commercial (001) LaAlO3 single crystals (a) show multi-
ple peaks due to the twinning of the LaAlO3 single crystal.
The rocking curve FWHM of the 10 nm thick LaAlO3 on the 5
unit-cell-thick SrTiO3 on silicon is comparable to the narrowest
FWHM value of ∼0.024◦ for LaAlO3 single crystals. A compari-
son of rocking curve FWHM of our film with the narrowest val-
ues reported in the literature (b) shows that we have narrowed
the FWHM of the LaAlO3 layer on silicon by almost an order
of magnitude. The turquoise, purple, and blue data points are
from Ref. [126, 127, 128], respectively. The horizontal axis in-
dicates the thickness of the LaAlO3 films grown on silicon. The
green data point is from a LaAlO3 film grown on an SrTiO3 sin-
gle crystal substrate from Ref. [134].
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its pseudocubic lattice parameter a10 nm LaAlO3
in−plane,580◦C) should be equal to that of bulk

LaAlO3, which is approximately 3.807 Å at 580 °C [136]. Assuming that on cool-

ing the LaAlO3 film is fully clamped to the underlying silicon substrate we have

[85]:

a10 nm LaAlO3
in−plane,25◦C − a10 nm LaAlO3

in−plane,580 ◦C =
asilicon

in−plane,25◦C − asilicon
in−plane,580◦C

√
2

(3.1)

,

where asilicon
in−plane,25◦C/

√
2 = 3.84 Å and asilicon

in−plane,580◦C/
√

2 = 3.848 Å. The out-of-

plane lattice parameter of the 10 nm LaAlO3 film under the above assumptions

and assuming isotropic elasticity can be calculated via:

a10 nm LaAlO3
out−o f−plane,25◦C =

2ν
ν − 1

a10 nm LaAlO3
in−plane,25◦C +

1 + ν

1 − ν
a10 nm LaAlO3

0,25◦C (3.2)

, where ν = 0.26 is the Poisson ratio of LaAlO3 [135], and a10 nm LaAlO3
0,25◦C = 3.790 Å.

From Eqn. 3.2, a10 nm LaAlO3
out−o f−plane,25◦C is calculated to be 3.782 Å, which is larger than the

measured value 3.761 ± 0.003 Å. This means the 10 nm thick LaAlO3 film is not

fully relaxed. Further calculations based on the in-plane lattice constant for the

LaAlO3 film – 3.778 ± 0.004 Å– obtained from the RSM of the LaAlO3 103 peak

(Figure 3.4) shows that the 10 nm thick LaAlO3 film is 90% relaxed.

The surface roughness of the as-grown 10 nm thick LaAlO3 film on silicon

was evaluated by AFM utilizing an Asylum Research MFP-3D in tapping mode.

Figure 3.6 show the surface height scan and the three dimensional height scan of

the same sample characterized in Figures 3.1 to 3.5. The root mean square of the

surface roughness is ∼1.3 Å, which is comparable to the best LaAlO3-on-silicon

films reported in the literature [126]. The smooth surface is beneficial for the in-
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Figure 3.6: AFM images of the same 10 nm thick LaAlO3 film grown on
the 5 unit-cell-thick SrTiO3 on silicon that was characterized in
Figures 3.1 to 3.5. The surface height scan (a) as well as the
three dimensional image (b) reveals a relatively smooth surface
of the as-grown 10 nm thick LaAlO3 film on silicon.

tegration of overlying functional oxides including the synthesis of superlattices.

The interface abruptness and microstructure of the same heterostructure

characterized in Figures 3.1 to 3.5 was investigated by aberration-corrected

STEM. High-angle annular dark field (HAADF) images were taken at 300 kV

with a 21.4 mrad probe-forming semi-angle on an FEI-Titan Themis. Figure 3.7

reveals a clear interface between the LaAlO3 and SrTiO3 layers. The atomic con-
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figuration of the interface is shown in the inset on top of the STEM image in

the magnified image of Fig. 3.7. Most of the SrTiO3/Si interface is crystalline

and nearly free of an amorphous SiO2 layer, but amorphous layers exist in small

sections of the SrTiO3/Si interface. The preservation of this relatively high crys-

talline interface is attributed to the controlled growth of the 5 unit-cell-thick

SrTiO3 layer30 as well as the careful transition between the thin SrTiO3 buffer

layer and the LaAlO3 layer on top of it.

3.5 Summary and conclusions

Using MBE, we have grown LaAlO3 films with high crystalline quality on

SrTiO3-buffered silicon. A LaAlO3 film with a rocking curve FWHM of 0.02◦

was achieved, which is the narrowest for LaAlO3 films on silicon and is com-

parable to single-crystal LaAlO3 substrates. The surface of the film is smooth

with a root mean square roughness of ∼1.3 Å by AFM. STEM reveals both the

LaAlO3/SrTiO3 and the SrTiO3/Si interfaces to be sharp. The improved perfec-

tion of LaAlO3 on silicon paves the way toward utilizing LaAlO3 as a template

layer for growing closely lattice matched functional oxides with high crystalline

quality on top of silicon, thus enabling the novel phenomena observed in oxide

heterostructures to be integrated with the backbone of semiconductor technol-

ogy.
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Figure 3.7: HAADF STEM image (a) of the same 10 nm thick LaAlO3

on a 5 unit-cell-thick SrTiO3 buffer layer on silicon that was
characterized in Figures 3.1 to 3.6 It is clear from (a) that
the LaAlO3/SrTiO3 interface is relatively sharp. Most of the
SrTiO3/Si interface is crystalline, with small portion of the in-
terface being amorphous. An expanded view (b) of a section
with crystalline SrTiO3/Si interface (indicated by the arrow) is
shown below. A schematic drawing is overlayed to indicate the
atom configuration of LaAlO3 and SrTiO3.
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Chapter 4

Epitaxial integration and properties

of SrRuO3 on silicon

Adapted slightly with permission from Zhe Wang, Hari P. Nair, Gabriela C.

Correa, Jaewoo Jeong, Kiyoung Lee, Eun Sun Kim, Ariel Seidner H., Chang

Seung Lee, Han Jin Lim, David A. Muller, and Darrell G. Schlom. APL Materials

6, 086101 (2018).

4.1 Abstract

We report the integration of SrRuO3, one of the most widely used oxide electrode

materials in functional oxide heterostructures, with silicon using molecular-

beam epitaxy and an SrTiO3 buffer layer. The resulting SrRuO3 film has a rocking

curve full width at half maximum of 0.01◦, a resistivity at room temperature of

250 µΩ cm, a residual resistivity ratio (ρ300 K/ρ4 K) of 11, and a paramagnetic-to-
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ferromagnetic transition temperature of ∼160 K. These structural, electrical, and

magnetic properties compare favorably to the best reported values for SrRuO3

films on silicon and rival those of epitaxial SrRuO3 films produced directly on

SrTiO3 single crystals by thin film growth techniques other than molecular-beam

epitaxy. These high quality SrRuO3 films with metallic conductivity on silicon

are relevant to integrating multi-functional oxides with the workhorse of semi-

conductor technology, silicon.

4.2 Introduction

SrRuO3 is one of the most widely used oxide electrode materials in epitaxial

oxide heterostructures and related devices [137]. This utility arises from its

excellent thermochemical stability [138, 139], high conductivity at room tem-

perature, and especially because of its close lattice match (SrRuO3 has a pseu-

docubic lattice parameter of 3.93 Å) with many functional perovskite oxides

including multiferroics such as BiFeO3 (pseudocubic lattice parameter of 3.96

Å) [140], ferroelectrics such as BaTiO3 (in-plane lattice parameter of 3.99 Å)

[141], superconductors such as YBa2Cu3O7−x (in-plane pseudotetragonal lattice

parameter of 3.85 Å) [142], and piezoelectrics such as Pb(Zr,Ti)O3 (in-plane lat-

tice parameter 3.905–4.14 Å) [143, 144]. SrRuO3 is often employed in ferroelec-

tric devices [145], superconducting multilayers [146], Josephson junctions [147],

electro-optic and magneto-optic devices [148], Schottky junctions [149], ferro-

electric tunnel junctions [150], magnetocaloric devices [151], resistivity switch-

ing devices [150, 152], magnetoelectric devices [153, 154], photovoltaic devices

[155], and optoelectronic devices [156]. In condensed matter physics, SrRuO3

also plays an active role in moderately correlated materials physics due to its
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unusual itinerant ferromagnetism as a 4d transition metal oxide. The transport

properties of SrRuO3 are also drawing great attention, including its Fermi liquid

behavior at low temperature [157] and bad metallic behavior at high tempera-

ture [158]. Recently, heterostructures involving SrRuO3 layers have been shown

to exhibit the topological Hall effect [159] and inverse spin Hall effect [160], in-

dicating its potential for spintronic applications.

Integration of SrRuO3 with silicon, the backbone of the electronics industry, is

critical for leveraging the extensive existing infrastructure for large-scale semi-

conductor manufacturing. This will enable the widespread use of SrRuO3-based

multi-functional oxide heterostructures for a wide range of applications.

Unfortunately, directly integrating epitaxial SrRuO3 on silicon is difficult as

the formation of an amorphous SiO2 layer in the oxidative environment during

the growth of the SrRuO3 can impede epitaxial growth, resulting in polycrys-

talline SrRuO3 films [161]. Polycrystalline SrRuO3 precludes the epitaxial inte-

gration of functional oxide thin films on top of the SrRuO3 electrode and with it

a loss of the optimal properties that epitaxial heterostructures often provide for

complex oxide integration.

To achieve epitaxial SrRuO3 on silicon, various buffer layers that can be epi-

taxially grown on silicon have been introduced, including yttria-stabilized zir-

conia (YSZ) [145, 162], SrO [163, 164], SrTiO3 [77, 165], and SrTiO3 on TiN [166].

Though epitaxy of SrRuO3 on silicon can be realized via these buffer layers, the

quality of the SrRuO3 films on silicon still cannot compete with typical SrRuO3

films grown on single-crystal oxide substrates, both in terms of structural per-

fection
(
as evaluated by the width of the rocking curve (ω scan) of XRD

)
and

electrical transport characteristics
(
as assessed by the residual resistivity ratio
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RRR = (ρ300 K/ρ4 K)
)
. For example, the highest RRR reported for SrRuO3 films on

silicon is ∼3 [166], indicating significant room for improvement in the transport

properties of SrRuO3 on silicon.

Various growth techniques have been utilized for the growth of SrRuO3 on

conventional single-crystal oxide substrates. These include 90◦ off-axis sput-

tering [167, 168], pulsed-laser deposition (PLD) [146],10 reactive evaporation

[169, 170, 171], molecular-beam epitaxy (MBE) [172, 173], metal-organic chemi-

cal vapor deposition,39 and chemical solution deposition.40 For integration of

epitaxial SrRuO3 with silicon, usually more than one growth technique is in-

volved due to the step for growing the epitaxial buffer layer. For example, in

Park et al.’s study [97], the SrTiO3 buffer layer on silicon was grown by MBE

while the SrRuO3 film was subsequently deposited by off-axis sputtering. Com-

pared with a combination of multiple growth techniques, which typically in-

volves an air exposure of the buffer layer during the transfer of the sample from

one growth chamber to the other (assuming the two growth chambers are not

connected under vacuum), an individual growth method for both the buffer

layer and the SrRuO3 film can avoid exposing the buffer layer surface to air and

is preferred for the preparation of epitaxial heterostructures. To our knowledge,

there is no report of all-MBE-grown epitaxial SrRuO3 films on silicon, though

SrRuO3 films of very high quality can be grown on single-crystal oxide sub-

strates by MBE [173, 174].

Here we report the in-situ integration of SrRuO3 thin films on SrTiO3-buffered

(001) Si via MBE. By in-situ, we mean that the SrRuO3 film was grown on

an SrTiO3 film on silicon without removing, etching, or post-annealing the

SrTiO3/(001) Si stack outside of vacuum after the SrTiO3 growth on silicon. The
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resulting films have the highest structural, transport, and magnetic properties

among all SrRuO3 films on silicon reported to date [97, 166]; these properties are

comparable to those of SrRuO3 films grown directly on perovskite single crystals

by thin film growth techniques other than MBE [146, 167, 168, 175, 176, 177, 178].

4.3 Experimental

Both the SrTiO3 and SrRuO3 films were grown in a Veeco Gen10 dual-chamber

MBE system on 2” commercial silicon wafers (p-type, boron doped, and resis-

tivity > 10 Ω cm). The base pressure of the chamber was in the upper 10−9 Torr

range. Both growth chambers are equipped with in-situ reflection high-energy

electron diffraction (RHEED) systems for monitoring the growth of the SrTiO3

and SrRuO3 layers. Substrate temperature is monitored either by a thermocou-

ple for temperatures below 500 °C or an optical pyrometer with a measurement

wavelength of 980 nm for temperatures above 500 °C. Prior to film growth, the

silicon substrate was cleaned ex-situ in an ultraviolet ozone cleaner for 20 min

to remove organic contaminants from the surface of the substrate. Molecular

beams of strontium, titanium, and ruthenium were generated from elemental

sources using a conventional low-temperature effusion cell, a Ti-Ball [64], and

an electron-beam evaporator, respectively.

The SrTiO3 layer was formed in the first growth chamber by the epitaxy-by-

periodic-annealing method [53, 58] for its first 2 nm (5 unit cells) and then with

a high temperature codeposition (strontium, titanium, and oxygen all supplied

simultaneously) growth step at 580 °C to achieve a total SrTiO3 film thickness of

14 nm. The stoichiometry of the SrTiO3 was calibrated using shuttered RHEED
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oscillations, and the growth rate of the SrTiO3 was determined by the RHEED

oscillations that occurred when an SrTiO3 film was codeposited [65]. For each

period of the epitaxy-by-periodic-annealing stage, a 2.5 unit-cell-thick layer of

SrTiO3 was firstly codeposited at 300 °C under an oxygen partial pressure of

∼ 5 × 10−8 Torr. Then the substrate temperature was raised to 580 °C in vac-

uum for the annealing stage to enhance the crystalline quality of the as-grown

SrTiO3 film. During the high temperature codeposition step the oxygen partial

pressure was maintained at ∼ (5 − 8) × 10−8 Torr. Growth of the SrTiO3 layer

on silicon is described in detail in Chapter 2. The stoichiometry of the SrTiO3

was calibrated using shuttered RHEED oscillations, and the growth rate of the

SrTiO3 was determined by the RHEED oscillations that occurred when an SrTiO3

film was codeposited [65].

The 14 nm thick SrTiO3 layer exhibits a rocking curve with a FWHM of 0.01◦

for the SrTiO3 001 peak, indicating that the SrTiO3 buffer layer has high crys-

talline quality. This SrTiO3 buffer layer serves as an excellent template for the

epitaxial growth of SrRuO3, not only due to the small lattice mismatch (∼0.64%

lattice mismatch for (001)p SrRuO3 on (001) SrTiO3, where the subscript p de-

notes pseudocubic indices), but also due to the high crystalline quality of this

14 nm thick SrTiO3 layer.

4.4 Results and analysis

RHEED patterns along the [100] and [110] azimuths of the 14 nm thick SrTiO3

film at the end of growth are shown in Fig. 4.1. The sharp streaks indicate

that the SrTiO3 film is epitaxial and smooth. As expected from the codeposition
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growth of the SrTiO3 buffer layer, the surface of the 14 nm thick (001) SrTiO3

was found to have mixed termination because half-order streaks are neither ob-

served along the [100] nor [110] azimuths [53, 179], as shown in Fig. 4.1. Af-

ter the SrTiO3 growth, the SrTiO3 on silicon was cooled down in vacuum to a

substrate temperature below 200 °C, before being transferred in vacuum into

the second growth chamber for the SrRuO3 growth. During this process no ex-

situ annealing [97]or chemical treatment of the 14 nm thick SrTiO3 film was in-

volved. After heating up to 660-700 °C in the second chamber for the growth

of the SrRuO3 film under a 1 × 10−6 Torr mixture of ∼10% O3 + 90% O2, the sur-

face of the 14 nm thick SrTiO3 became TiO2-terminated, as is evident from the

surface reconstruction that it exhibited shown in Fig. 4.6 [53]. Accordingly, we

first deposited a submonolayer amount of SrO to neutralize the surface before

the growth of the SrRuO3 film.

The SrRuO3 film was grown under adsorption-controlled growth condi-

tions.42 Unlike the growth of SrTiO3, which needs careful calibration to pro-

vide 1:1 matched fluxes of strontium and titanium [65] to yield a stoichiometric

SrTiO3 film [66], the stoichiometry of the SrRuO3 film grown by adsorption-

controlled growth is ensured by providing an excess ruthenium flux to the

growing film and exploiting thermodynamics to precisely desorb the excess

ruthenium in the form RuOx(g) [174]. We grew the SrRuO3 film on top of the 14

nm thick SrTiO3 buffer layer at a substrate temperature of 660-700 °C (measured

using the optical pyrometer) and an oxidant (a mixture of ∼10% O3 + 90% O2)

background pressure of 1 × 10−6 Torr. After growth, the film was cooled down

under a chamber background pressure of ∼ 2 × 10−7 Torr of the same oxidant (a

mixture of ∼10% O3 + 90% O2) until the substrate temperature reached 150 °C.
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Figure 4.1: RHEED patterns of the as-grown 14 nm thick SrTiO3 viewed
along (a) the [100] azimuth and (b) the [110] azimuth of (001)
SrTiO3, and RHEED patterns of the as-grown 14 nm thick
SrRuO3 viewed along (c) the [100]p azimuth and (d) the [110]p

azimuth of (001)p SrRuO3. (e) Surface morphology of the same
sample by AFM.
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RHEED patterns of the 14 nm thick SrRuO3 along the [100]p and [110]p az-

imuths are shown in Fig. 4.1. These show that the SrRuO3 film is also epitaxial

and smooth. The surface morphology of the heterostructure was further exam-

ined via ex-situ AFM using an Asylum Research MFP-3D in tapping mode, as

is shown in Fig. 4.1. The rms roughness of the heterostructure is ∼8 Å, which

is consistent with the streaky RHEED patterns of the SrRuO3 film. A height his-

togram of the AFM image is shown in Fig. 4.7; it exhibits a Gaussian distribution

of step heights.

The epitaxial nature and crystalline quality of the heterostructure was fur-

ther assessed ex situ by XRD with both Rigaku SmartLab and PANalytical X’Pert

four-circle x-ray diffractometers utilizing Cu Kα1 radiation. Figure 4.2(a) shows

the XRD θ-2θ scan of the same heterostructure characterized in Fig. 4.1. The

appearance of only 00l reflections indicates that the heterostructure is epitaxial

and phase-pure. The intense Bragg peaks reflect the high structural perfection

of the perovskite SrTiO3 buffer layer and the SrRuO3 film. The thickness fringes

indicate that the interfaces of the heterostructure are smooth. Using a Nelson-

Riley fit, the out-of-plane lattice parameter of the SrRuO3 film is found to be

3.935 ± 0.005 Å, which manifests that the SrRuO3 film is relaxed on the 14 nm

thick SrTiO3 on silicon. This might originate from the large thermal expansion

difference between SrRuO3 (averaging 1.03 × 10−5 K−1 between 150 °C and 800

°C) [180] and silicon (averaging 3.7 × 10−6 K−1 between room temperature and

720 °C) [101]. Even though a commensurate film of (001)p SrRuO3 is compres-

sively strained to (001) SrTiO3, the tensile strain induced by the thermal expan-

sion difference to the underlying silicon substrate during the cool-down process

can make the lattice parameter of the SrRuO3 film relax to its bulk value.
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Figure 4.2: (a) XRD θ-2θ scan of the 14 nm thick SrRuO3 film on 14 nm thick
SrTiO3 on silicon. Peaks from the silicon substrate are indicated
with an asterisk. Thickness fringes manifest that the interfaces
of the heterostructure are smooth. The inset shows an enlarged
view of the 001p film peak. (b) Rocking curves of the SrTiO3 001
and the SrRuO3 001p peaks of the same heterostructure. These
peaks both have FWHMs of 0.01◦. The rocking curve of the
Si 004 peak is overlaid with those of the films. (c) φ scans of
the same sample indicate that the in-plane epitaxial relation-
ship is cube-on-cube with the [001]p direction of the perovskite
film aligned with the [110] direction of the Si (001) surface. The
FWHM of the film φ scan is 0.92◦. The φ scans are offset from
each other along the vertical axis for clarity.
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Rocking curves of both the SrTiO3 001 and the SrRuO3 001p peaks were mea-

sured, together with that of the Si 004 peak. Figure 4.2 shows that the FWHM of

the SrTiO3 001 peak is 0.01◦; this FWHM is comparable to single crystal SrTiO3

substrates [1]. With a FWHM of the SrRuO3 001p peak of 0.01◦, the 14 nm thick

SrRuO3 film on SrTiO3 on silicon has the narrowest rocking curve ever reported

for SrRuO3 films on silicon [97, 164]; this FWHM is comparable to most SrRuO3

films grown on single-crystal oxide substrates [169, 173, 175, 176]. Representa-

tive rocking curve FWHM values of SrRuO3 films reported in the literature are

summarized in comparison with our result for SrRuO3 on silicon in Fig. 4.8. The

in-plane orientation relationship between the film and the silicon substrate was

confirmed with a φ scan: (001) SrTiO3 ‖ (001)p SrRuO3 ‖ (001) Si and [100] SrTiO3

‖ [100]p SrRuO3 ‖ [110] Si, as is shown in Fig. 4.2.

The resistivity (ρ) vs. temperature (T) of the same sample was measured in a

standard four-probe van der Pauw geometry with wire-bonded contacts made

using aluminum wire in a Quantum Design physical property measurement

system (PPMS). The result is shown in Fig. 4.3(a). The RRR is ∼11, which is the

largest RRR reported for SrRuO3 films on silicon [166, 181]; it is comparable to

the RRR values of SrRuO3 films grown on single-crystal oxide substrates by PLD

[175, 176, 177], but is inferior to those of SrRuO3 films grown on single-crystal

oxide substrates by MBE [174]. A general comparison of the RRRs of SrRuO3

films in the literature is summarized in Fig. 4.9.

The linear relationship between resistivity and T 2 for temperatures below

10 K (Figure 4.3) is consistent with the Fermi liquid behavior observed in SrRuO3

films grown on single-crystal SrTiO3 substrates by reactive evaporation [157].

There is a clear kink observed at ∼160 K in Fig. 4.3, indicating the change of
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Figure 4.3: Transport properties of the 14 nm thick SrRuO3 film of the same
sample. (a) The SrRuO3 film exhibits a resistivity of ∼250 µΩ·cm
at room temperature and metallic behavior at low tempera-
ture. (b) The derivative of the resistivity as a function of T in-
dicates that the paramagnetic-to-ferromagnetic transition tem-
perature is at ∼160 K. (c) In the low-temperature regime, resis-
tivity scales linearly with T 2, indicating Fermi liquid behavior
at low temperature for the SrRuO3 film.

the scattering rate due to the paramagnetic-to-ferromagnetic transition. The

paramagnetic-to-ferromagnetic transition temperature is approximately given

by the temperature at which the derivative of the temperature-dependent resis-

tivity is maximal, as is shown in Fig. 4.3. The transition temperature of ∼160 K

is close to that of bulk SrRuO3 single crystals [182], which indicates that the 14

nm thick SrRuO3 is relaxed on the SrTiO3-buffered silicon. A comparison of the
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Curie temperatures of SrRuO3 films in the literature is summarized in Fig. 4.8.

The magnetic properties of the same sample were measured with a super-

conducting quantum interference device (SQUID) from Quantum Design. The

sample was cooled under a 0.1 T field and the in-plane (along [100]p) and out-

of-plane magnetization was measured as a function of temperature. The result

is shown in Fig. 4.4. The in-plane and out-of-plane magnetic hysteresis loops

measured at 10 K are shown in Fig. 4.4. Both loops show similar hysteresis

with a large squareness (a ratio between remanent and saturation magnetiza-

tion) implying strong magnetocrystalline anisotropy of the SrRuO3 film. The in-

plane and out-of-plane saturation magnetization at 10 K is ∼0.75 µB and ∼0.61 µB

per ruthenium atom, respectively. These values are again comparable to results

from SrRuO3 films grown directly on SrTiO3 single crystals59,60 and are among

the highest for SrRuO3 films on silicon [166].

The SrRuO3/SrTiO3 and SrTiO3/Si interfaces in the same sample were ex-

amined by high angle annular dark field (HAADF) scanning transmission elec-

tron microscopy (STEM) using a Titan microscope operated at 300 keV. As is

shown in Fig. 4.5, the interface between the 14 nm thick SrRuO3 layer and the

14 nm thick SrTiO3 layer is abrupt on the atomic scale. White, cyan, and green

circles indicate strontium, ruthenium, and titanium atoms, respectively. Fig-

ure 4.11 show the microstructure and thickness uniformity of the same sample

at lower magnification. These HAADF-STEM images indicate that the SrTiO3

buffer layer and the SrRuO3 film both exhibit a high degree of crystalline perfec-

tion and that the sample is uniform over a large scale. There is an amorphous

SiO2 layer between the SrTiO3 film and the silicon substrate, which originates

from the diffusion of oxygen through the SrTiO3 layer either during the growth
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Figure 4.4: (a) The in-plane and out-of-plane magnetization as a function
of temperature measured on the same sample cooled under 0.1
T. (b) In-plane and out-of-plane magnetic hysteresis loops mea-
sured at 10 K. For the in-plane measurement, H is along the
[100]p of SrRuO3, and for the out-of-plane measurement, H is
along the [001]p of SrRuO3.
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of the SrTiO3 or the SrRuO3 film. This amorphous layer is typical for epitaxial Sr-

TiO3 films grown on silicon and is seen in other related work [81, 183, 184, 185].

4.5 Future work and summary

Note that despite the high crystalline perfection and electrical characteristics,

opportunities remain to further improve the quality of SrRuO3 films on SrTiO3-

buffered silicon. For example, the FWHM of the φ scan is relatively large, in-

dicating a considerable amount of in-plane mosaic spread of the SrRuO3 film.

Also, SrRuO3 samples with less surface roughness are needed for applications

where interfaces are critical. Finally, the temperatures used for the deposition

of high quality SrRuO3 films (in our study as well as work by others on sin-

gle crystal perovskite substrates) are too high to be compatible with underlying

complementary metal-oxide-semiconductor (CMOS) circuitry.

In summary, we have integrated SrRuO3 films on SrTiO3-buffered silicon

with a film quality similar to SrRuO3 films grown on single-crystal oxide sub-

strates via thin film growth techniques other than MBE. This integration paves

the way towards integrating multi-functional devices of record-performance on

the workhorse of semiconductor technology, silicon.
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Figure 4.5: HAADF-STEM images of the same sample characterized in
Figures 4.1 to 4.4. The interface between the SrRuO3 layer and
the SrTiO3 layer is shown in (a). An amorphous SiO2 layer is ev-
ident between the SrTiO3 film and the silicon substrate in (b).
This is due to the oxygen diffusion through the SrTiO3 film dur-
ing the film growth.
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4.7 Supplementary material

See supplementary material below for additional details on the surface termi-

nation of the SrTiO3 buffer layer, AFM height histogram, comparison of rocking

curve FWHM, RRR, and Curie temperature of our sample with those of repre-

sentative results from the literature, and additional STEM images of the sample.
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Figure 4.6: RHEED patterns of a 15 nm thick SrTiO3 on silicon viewed
along the [100] azimuth of SrTiO3. (a) The as grown 15 nm
thick SrTiO3 on silicon. (b) After heating up to 660-700 °C un-
der 1 × 10−6 Torr ∼10% O3 + 90% O2. The half order streaks
observed in (b) indicate that the surface was TiO2 dominated.
Correspondingly, we deposited a suitable amount of SrO to
neutralize the surface before the growth of the SrRuO3 film.

Figure 4.7: A height histogram of the AFM image of the 14 nm thick
SrRuO3 on 14 nm thick SrTiO3 on silicon sample.
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Figure 4.8: The Rocking curve FWHM comparison with representative
values from the literature. Square-shape data points repre-
sent SrRuO3 films grown on single-crystal oxide substrates, and
star-shape data points represent SrRuO3 films grown on sili-
con. The SrRuO3/NdGaO3 (MBE) data point is from Ref. [173];
the SrRuO3/SrTiO3 (reactive evaporation) data point is from
Ref. [169]; the SrRuO3/NdGaO3 (PLD) data point is from Ref.
[176]; the SrRuO3/GdScO3 (PLD) data point is from Ref. [177];
the SrRuO3/SrTiO3 (PLD) data point is from Ref. [175]; the
SrRuO3/SrTiO3/Si data points of purple color are from Ref.
[97], the two data points represent two SrRuO3 films on SrTiO3

on silicon – the top data point for SrRuO3 on SrTiO3 on silicon
without ex-situ annealing of the SrTiO3 film on silicon and the
bottom data point for SrRuO3 on ex-situ annealed SrTiO3 on sil-
icon; the SrRuO3/SrO/Si (PLD) data point is from Ref. [164].
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Figure 4.9: A comparison of the RRR reported for SrRuO3 films grown
directly on single-crystal oxide substrates and that of this
work, where the SrRuO3 is grown on SrTiO3-buffered sili-
con. The RRR of our SrRuO3 film on silicon rivals SrRuO3

films grown on single-crystal oxide substrates by PLD, but
is inferior to films grown via MBE or reactive evaporation.
The SrRuO3/SrTiO3 (MBE) data point is from Ref. [174]; the
SrRuO3/SrTiO3 (reactive evaporation) data point is from Ref.
[170]; the SrRuO3/NdGaO3 (PLD) data point is from Ref. [176];
the SrRuO3/GdScO3 (PLD) data point is from Ref. [177]; and
the SrRuO3/SrTiO3/TiN/Si data point is from Ref. [166], the
thickness of the sample is unknown.
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Figure 4.10: A comparison of the Curie temperature reported for SrRuO3

films grown directly on single-crystal oxide substrates and
on SrTiO3/TiN-buffered silicon and that of this work, where
the SrRuO3 is grown on SrTiO3-buffered silicon. The
SrRuO3/GdScO3 (PLD) data point is from Ref. [177]; the
SrRuO3/NdGaO3 (PLD) data point is from Ref. [176]; the
SrRuO3/SrTiO3 (reactive evaporation) data point is from Ref.
[170]; the SrRuO3/SrTiO3 (sputtering) data point is from Ref.
[167]; the SrRuO3/SrTiO3 (PLD) data point is from Ref. [186];
and the SrRuO3/SrTiO3/TiN/Si data point is from Ref. [166],
the thickness of the sample is unknown. In all three figures,
red stars represent this work.
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Figure 4.11: (a) HAADF-STEM image of the same sample at a lower mag-
nification than Fig. 4.5. (b) Another HAADF-STEM image at
an even lower magnification showing the overall uniformity
of the same heterostructure. These images reveal that the in-
terface between the SrTiO3 buffer layer and the SrRuO3 film
is atomically abrupt. Further, the SrTiO3 buffer layer and the
SrRuO3 film both have high structural perfection.

87



Chapter 5

Epitaxial Integration of high-mobility

La-BaSnO3 thin films with silicon

Manuscript accepted to APL Materials as Zhe Wang, Hanjong Paik, Zhen Chen,

David A. Muller, and Darrell G. Schlom.
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5.1 Abstract

La-doped BaSnO3 has been epitaxially integrated with (001) Si using an SrTiO3

buffer layer via molecular-beam epitaxy (MBE). A 254 nm thick undoped

BaSnO3 buffer layer was grown to enhance the mobility of the active La-doped

BaSnO3 layer. The x-ray diffraction rocking curve of the BaSnO3 002 peak has

a full width at half maximum of 0.02◦. At room temperature, the resistivity of

the La-doped BaSnO3 film is 3.6 × 10−4 Ω · cm and the mobility is 128 cm2 V−1 s−1

at a carrier concentration of 1.4 × 1020 cm−3. These values compare favorably

to those of La-doped BaSnO3 films grown by all techniques other than MBE

on single-crystal oxide substrates. Our work opens an exciting arena for inte-

grating hyper-functional oxide electronics that make use of high-mobility oxide

films with the workhorse of the semiconductor industry, silicon.

5.2 Introduction

Recently there has been tremendous interest in La-doped BaSnO3 because

of its unusually high mobility at room temperature for a transparent con-

ducting oxide. Mobilities in La-doped BaSnO3 single crystals [187] and thin

films [188] have reached 320 cm2 V−1 s−1 and 183 cm2 V−1 s−1, respectively. The

high room-temperature mobility of La-doped BaSnO3, in combination with its

transparency at optical wavelength, ability to be heavily doped, and oxygen

stability[187, 189, 190, 191, 192] make it an exciting component for fabricating

novel thermally-stable devices including power electronics [193, 194], optoelec-

tronic devices [195, 196, 197], thermoelectric devices [198], solar cells [199], and

field effect transistors [200, 201]. Moreover, thanks to the structure and chemical
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compatibility of BaSnO3 with functional perovskite oxides that show a plethora

of novel and emergent properties, a heterostructure consisting of high-mobility

La-doped BaSnO3 and other perovskite oxides can potentially enrich the fam-

ily of functionalities of all-oxide heterostructures and provide opportunities for

hybrid devices by exploiting emergent phenomena of oxide interfaces and het-

erostructures [202, 203]. For example, integration of high mobility La-doped

BaSnO3 with ferroelectrics such as Pb(Zr,Ti)O3 can potentially realize devices

including nonvolatile memories [204], ferroelectric field-effect transistors [205],

low-power transistors that can beat the 60 mV/decade subthreshold slope limit

of conventional semiconductors [206], and hyper-sensitive temperature or pres-

sure sensors [207].

While rapid progress has been made on the growth of high-mobility BaSnO3

thin films during the last few years [187, 188, 208, 209, 210, 211, 212, 213, 214],

most of the La-doped BaSnO3 thin films were grown on expensive single-crystal

oxide substrates which are currently limited to small size (typically no larger

than 10×10 mm). Very limited work on La-doped BaSnO3 thin films was carried

out on scalable substrates of industrial quality [215], thus making it difficult

to take advantage of the well-developed and efficient fabrication processes in

semiconductor industry. Specifically, there is no report of growing La-doped

BaSnO3 films on the backbone of semiconductor industry, silicon.

The integration of functional oxides directly on silicon, however, is difficult

due to the reactive nature of the (001) Si surface with oxygen to form an amor-

phous SiO2 layer that can impede the epitaxial growth. Further, most oxides

react with silicon. Due to the unknown free energy of BaSnO3, we are unable

to assess its thermodynamic stability in direct contact with silicon. We note,
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however, that the binary component of BaSnO3 – BaO and SnO2 – are both

thermodynamically unstable in contact with silicon [107]. From a simple bond

strength perspective, where energies are assigned to M-O bonds (where M is a

cation), this would suggest that BaSnO3 is unstable in direct contact with silicon

[216]. The lack of thermodynamic stability does not, however, preclude epi-

taxial growth. The epitaxial growth of an unstable interface can sometimes be

achieved at low temperature, e.g., the room temperature used to form epitax-

ial BaO/Si [16] or CeO2/Si interfaces [23], both of which are thermodynamically

unstable. Upon heating to about 650 °C, however, reaction is observed at these

interfaces following the expectations of thermodynamics [14, 107, 217, 218, 50].

To date only a few oxides have been epitaxially grown directly on silicon.

These include BeO [10, 11], MgO [12, 13], SrO [14, 15], BaO [16, 17], Sc2O3

[18], Y2O3 [19], ZrO2 [20], HfO2 [21], La2O3 [22], CeO2 [23], Pr2O3 [24, 25], Nd2O3

[26, 27], Sm2O3 [28],EuO [29, 30], Gd2O3 [31, 32, 33], Dy2O3 [28], Ho2O3 [28],

Er2O3 [33, 34], Tm2O3 [35], Lu2O3 [36], Al2O3 [37], yttria-stabilized zirconia (YSZ)

[38], yttria-stabilized hafnia (Y2O3-HfO2) [39], (Ba, Sr)O [14, 17], (La,Y)2O3 [40],

(La,Lu)2O3 [41, 42, 43], MgAl2O4 [44], SrTiO3 [45, 46], La2Zr2O7 [47], SrHfO3

[48, 49], Ba2SiO4 [50], and La2Hf2O7 [51]. Among these, SrTiO3 is one of the

most frequently used epitaxial buffer layers for the growth of functional ox-

ides on (001) Si [72], thanks to its relatively high crystalline quality on silicon

[71, 85, 219] and its structural compatibility with various functional perovskite

materials [52, 72].

In this chapter we report the growth of La-doped BaSnO3 films on (001) Si

using SrTiO3 buffer layer grown by MBE. The resulting La-doped BaSnO3 film

on silicon is epitaxial, with a room-temperature mobility of ∼ 128 cm2 V−1 S−1

91



and resistivity of 3.6 × 10−4 Ω cm, at a carrier concentration of 1.4 × 1020 cm−3.

Both the structural perfection and the electrical transport characteristics of the

La-doped BaSnO3 films on silicon rival those of epitaxial La-doped BaSnO3 films

grown on single-crystal oxide substrates [187, 188, 191, 192, 193, 200, 208, 209,

210, 211, 212, 213, 214, 215, 220, 221, 222].

5.3 Experimental and results

The SrTiO3 buffer layer and the La-doped BaSnO3 film were grown in a Veeco

GEN10 dual chamber MBE system. Each growth chamber is equipped with an

in-situ RHEED system for monitoring the films growth. Substrate temperature

is monitored with a thermocouple for temperatures below 500 °C and an optical

pyrometer with a measurement wavelength of 980 nm for temperatures above

500 °C. The silicon substrates (2” in diameter, p-type, boron doped, and with

resistivity larger than 10 Ω · cm) were cleaned in an ultraviolet ozone cleaner for

20 min before being loaded into the first growth chamber with a background

pressure in the upper 10−9 Torr range.

An 18 nm thick SrTiO3 buffer layer was grown on the bare (001) Si. The

first 2 nm were grown using the epitaxy-by-periodic-annealing method [53, 58]

followed by an additional 16 nm grown by codeposition at 580 °C under an

oxygen partial pressure of ∼ 5− 8× 10−8 Torr. Elemental strontium and titanium

beams were generated from a conventional low-temperature effusion cell and

a Ti-Ball [64], respectively. To be specific, two 2.5 unit-cell-thick SrTiO3 layers

were grown by codeposition (strontium, titanium, and oxygen all supplied si-

multaneously) at 300 °C under an oxygen partial pressure of ∼ 5 × 10−8 Torr,
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Figure 5.1: RHEED patterns viewed along (a) the [100] azimuth and (b)
the [110] azimuth of the 18 nm thick SrTiO3 buffer layer after
growth. RHEED patterns viewed along (c) the [100] azimuth
and (d) the [110] azimuth of the overlying 318 nm thick BaSnO3

film after growth.

then the substrate temperature was raised to 580 °C under vacuum to enhance

the crystalline quality of the as-grown SrTiO3 film. After forming a 5 unit-cell-

thick epitaxial SrTiO3 film (i.e., two repeats of the epitaxy-by-periodic-annealing

step) by this process, the substrate temperature was raised to 580 °C and addi-

tional SrTiO3 was codeposited until the SrTiO3 film reached a total thickness of

18 nm. RHEED patterns of the 18 nm thick SrTiO3 film viewed along the [100]

and [110] azimuths are shown in Figs. 5.1(a) and (b), respectively. No other

phases were detected during or after the growth of the 18 nm thick SrTiO3 film,

indicating that the SrTiO3 is epitaxial. More detail of the growth of the SrTiO3

buffer layer on silicon is described in Chapter 2.
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The (La-doped) BaSnO3 films were grown under an adsorption-controlled

regime, with molecular beams emanating from separate effusion cells contain-

ing lanthanum (99.996% purity, Ames Lab), barium (99.99% purity, Sigma-

Aldrich), and SnO2 (99.996% purity, Alfa Aesar) [188]. The oxidant used for

the growth of the (La-doped) BaSnO3 films was a mixture of ∼10% ozone and

90% oxygen. By growing BaSnO3 under an adsorption-controlled regime, the

stoichiometry of the BaSnO3 film is ensured by exploiting the volatility of the

SnOx(g): excess SnOx(g) leaves the surface of the growing film so that a stoi-

chiometric BaSnO3 film is formed [188]. During the growth of the (La-doped)

BaSnO3 all components – (lanthanum), barium, SnOx, and the ∼10% O3 + 90%

O2 oxidant – were supplied simultaneously, and the substrate temperature was

kept at 700 °C. RHEED intensity oscillations (Figure 5.5) were observed dur-

ing the initial codeposition growth stage of the BaSnO3 film on the SrTiO3 buffer

layer on silicon, manifesting a layer-by-layer growth mode of the BaSnO3 film on

SrTiO3-buffered silicon at the initial growth stage [188]. A 254 nm thick undoped

BaSnO3 buffer layer was deposited on top of the 18 nm thick SrTiO3 buffer layer,

followed by a 64 nm thick active layer of La-doped BaSnO3. The purpose of

the thick undoped BaSnO3 layer is to enhance the electron mobility of the active

layer [200, 211, 221]. Further details on the growth of the (La-doped) BaSnO3

films can be found elsewhere [188].

RHEED patterns after the growth of the 64 nm thick La-doped BaSnO3 on

the 254 nm thick undoped BaSnO3 buffer layer are shown in Figs.5.1(c) and (d).

The streaky RHEED patterns indicate that the surface of the La-doped BaSnO3

film is epitaxial and relatively smooth on an atomic scale. The 1 × 1 surface re-

construction of the La-doped BaSnO3 film observed in RHEED that is sharp and

free of diffuse features manifest that the La-doped BaSnO3 film is stoichiomet-
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ric [188]. The surface morphology of the same sample was examined ex situ by

atomic force microscopy (AFM) using an Asylum Research MFP-3D in tapping

mode, as is shown in Fig. 5.5. The rms roughness of the sample is ∼4 Å, which

is consistent with the streaky RHEED patterns.

The crystalline quality of the same sample was assessed by ex-situ XRD with

a PANalytical X’Pert system utilizing Cu Kα1 radiation. Figure 5.2 shows the θ-2θ

scan of the same heterostructure characterized in Fig. 5.1. Only 00l reflections

of the SrTiO3 buffer layer and the BaSnO3 film are observed in the θ-2θ scan,

corroborating that the film is epitaxial and phase-pure. A fine θ-2θ scan around

the BaSnO3 002 peak is shown in Fig. 5.2(b). Clear thickness fringes around the

BaSnO3 002 peak manifest that the interfaces of the sample are smooth. Using a

Nelson-Riley analysis [70], the out-of-plane lattice parameter of the BaSnO3 film

is calculated to be 4.110±0.001 Å, which is close to, but slightly smaller than the

bulk value of 4.116 Å [223].

We believe the slightly smaller out-of-plane lattice parameter of the BaSnO3

film is due to the tensile strain caused by the relatively large difference between

the thermal expansion coefficients of BaSnO3 (averaging 9.3 × 10−6K−1 between

room temperature to 1500 °C) [224] and silicon (averaging 3.7 × 10−6K−1 be-

tween room temperature and 720 °C).[101] To verify this, we calculate the ex-

pected out-of-plane lattice parameter of the BaSnO3 film at room temperature

(aBaSnO3
out−of−plane,25◦C) and the expected tensile strain under the assumptions that the

BaSnO3 film is fully relaxed at the growth temperature (∼700 °C) and that the

BaSnO3 film is rigidly clamped to the underlying silicon substrate as it is cooled

to room temperature.
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Figure 5.2: (a) XRD θ-2θ scan of the same sample characterized in Fig. 1.
The asterisks indicate the substrate peaks. (b) An enlarged
view of the θ-2θ scan around the BaSnO3 002 peak with clear
thickness fringes. The θ-2θ scan was measured with an open
detector, and the fine scan around the BaSnO3 002 peak was
measured in a triple-axis geometry. (c) Rocking curves of the
SrTiO3 and BaSnO3 002 peaks, together with that of the Si 004
peak. The FWHM of both the SrTiO3 and the BaSnO3 002 peaks
is 0.02◦. The FWHM of the Si 004 peak is 0.003◦. (d) RSM
around the BaSnO3 and SrTiO3 103 peaks. (e) φ scan of the same
sample. The Si 202, SrTiO3 101, and BaSnO3 101 family of peaks
were measured and the FWHM of the film φ scans is 0.9◦ for
both the SrTiO3 101 and BaSnO3 101 peaks. The φ scans are off-
set from each other along the vertical axis for clarity.
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From

aBaSnO3
in−plane,25◦C − aBaSnO3

in−plane,700◦C =
asilicon

in−plane,25◦C − asilicon
in−plane,700◦C

√
2

, (5.1)

where asilicon
in−plane,25◦C = 5.4305 Å is the silicon lattice parameter at room tem-

perature, asilicon
in−plane,700◦C = 5.444 Å is the silicon lattice parameter at the growth

temperature, and aBaSnO3
in−plane,700◦C = 4.142 Å is the in-plane lattice parameter of the

BaSnO3 film at the growth temperature, we can calculate the expected in-plane

lattice parameter of the BaSnO3 film, aBaSnO3
in−plane,25◦C = 4.132 Å.

Using

aBaSnO3
out−of−plane, 25◦C =

2ν
ν − 1

aBaSnO3
in−plane,25◦C +

1 + ν

1 − ν
aBaSnO3

0, 25◦C , (5.2)

[225, 226]

where aBaSnO3
0,25◦C = 4.116 Å is the bulk lattice parameter of BaSnO3, µ is the

Poisson ratio of BaSnO3 (here we use a theoretical value ν=0.23),94 we get

aBaSnO3
out−of−plane,25◦C = 4.106 Å, which is close to the out-of-plane lattice parameter

we get from the XRD measurement (4.110 ± 0.001 Å). Note that the agreement

would be improved if some relaxation occurred in the BaSnO3 film as it is cooled

from growth temperature to room temperature.

Using aBaSnO3
in−plane, 25◦C = 4.132 Å, we can also calculate the expected tensile strain

on the BaSnO3 film due to the thermal expansion difference. The expected ten-

sile strain is 0.39%. Starting from this expected tensile strain, the expected criti-

cal thickness before mechanical cracks form can be calculated [227] using

hc =
a0(1 − ν)2

5π · f 2 , (5.3)

where a0 is the lattice parameter and f is the expected tensile strain, 0.39%. hc is

calculated to be ∼ 1.0 µm, which is larger than the thickness of our BaSnO3 film.

This is consistent with our observation by AFM that our film is free of cracks.
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XRD Rocking curves (ω scans) of the SrTiO3 and BaSnO3 002 peaks, together

with that of the Si 004 peak were measured in a triple-axis geometry, as is shown

in Fig. 5.2. Despite of the large ∼5.4% compressive strain for (001) BaSnO3 on

(001) SrTiO3, the crystalline quality of the BaSnO3 film is similar to that of the

SrTiO3 buffer layer: they both have a full width at half maximum (FWHM) of

0.02◦ of their rocking curve, which shows a high degree of crystalline perfection

for both the SrTiO3 buffer layer and the BaSnO3 film. This can be attributed to the

carefully designed stepped growth for the SrTiO3 buffer layer (Chapter 2) and

the adsorption-controlled growth of the BaSnO3 film to maintain its stoichiom-

etry [188]. Figure 5.2(d) shows the RSM of the BaSnO3 and SrTiO3 103 peaks.

The red line in Fig. 5.2(d) shows the in-plane reciprocal space position were the

SrTiO3 and BaSnO3 films strained to the silicon substrate. Both the in-plane and

out-of-plane lattice parameters of the SrTiO3 buffer layer and the BaSnO3 film

are found to be relaxed to their bulk values.

The in-plane epitaxial orientation relationship of the heterostructure was

confirmed to be cube on cube with a 45◦ in-plane rotation via a φ scan: (001)

BaSnO3 ‖ (001) SrTiO3 ‖ (001) Si, and [100] BaSnO3 ‖ [100] SrTiO3 ‖ [110] Si, as is

shown in Fig. 5.2(e). The FWHM of the film φ scan is 0.9◦ for both the SrTiO3

101 peak and the BaSnO3 101 peak.

The microstructure of the same sample including the abruptness of the in-

terfaces were examined by STEM, using a probe aberration corrected Titan elec-

tron microscope operating at 300 keV. Figure 5.3 is a high-angle annular dark

field (HAADF) STEM image that shows the film microstructure in cross section.

Threading dislocations in the BaSnO3 film are illustrated from the stripe contrast

in the low-angle annular dark field (LAADF) STEM image shown in Fig. 5.7.
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The density of the threading dislocation is estimated to be ∼ 1.3 × 1011 cm−2,

which is similar to the La-doped BaSnO3 films grown on single-crystal oxide

substrates with large lattice mismatch [188]. The threading dislocations come

from both the large lattice mismatch between (001) BaSnO3 and (001) SrTiO3, as

well as the threading dislocations from the 18 nm thick SrTiO3 buffer layer on

silicon. The microstructure of the SrTiO3/Si and the BaSnO3/SrTiO3 interfaces

are shown in Fig. 5.3(b) and (c), respectively. There is a ∼4 nm thick amorphous

SiO2 layer between the SrTiO3 buffer layer and the silicon substrate, which origi-

nates from oxygen diffusion through the SrTiO3 buffer layer during film growth.

The extent of interdiffusion across the SrTiO3/Si and BaSnO3/SrTiO3 interfaces

was investigated by electron energy loss spectroscopy (EELS). As is shown in

Fig. 5.8, there is no observable titanium interdiffusion into the SiO2 layer. Line

profiles of the elemental intensity of silicon, oxygen, and titanium across the

SrTiO3/Si interface are shown in Fig. 5.8(f). The HAADF image in Fig. 5.3(c)

shows that the BaSnO3/SrTiO3 interface is abrupt and contains mismatch dis-

locations. The interface between the BaSnO3 film and the SrTiO3 buffer layer

is fully relaxed, with an average spacing between edge dislocations of 22 unit

cells of SrTiO3 vs. 21 unit cells of BaSnO3, which is consistent with the calculated

ratio based on relaxed lattice parameters (∼5.4%). EELS mappings of titanium

and barium across the BaSnO3/SrTiO3 interface is shown in Fig. 5.9 and the cor-

responding line profiles shown in Fig. 5.9(e) also indicate a clean interface that

is free of perceptible interdiffusion.

Transport properties of the same sample was measured in van der Pauw ge-

ometry with wire-bonded contacts made using aluminum wire in a Quantum

Design physical property measurement system (PPMS). Figure 5.4(a) shows

the temperature-dependent resistivity of the same sample. At room temper-
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Figure 5.3: STEM images showing the microstructure of the same sample.
(a) HAADF-STEM image with a low magnification showing
the overall uniformity of the sample. (b) Interface between the
SrTiO3 buffer layer and the silicon substrate shows that there is
an amorphous SiO2 layer between the SrTiO3 buffer layer and
the silicon substrate. (c) Interface between the BaSnO3 film and
the SrTiO3 buffer layer is atomically sharp. Due to the large lat-
tice mismatch between (001) BaSnO3 and (001) SrTiO3, there are
misfit dislocations observed in the interface, two examples are
marked by white “T” shape on (c).

ature, the resistivity of the sample is 3.6 × 10−4 Ω cm (corresponding to a con-

ductivity of 2.8 × 103 S cm−1). From 300 K to 10 K, the sample shows a weak

metallic behavior with no upturn of the resistivity at low temperature. The

room temperature mobility of the sample is 128 cm2 V−1 S−1, which is compa-

rable to most La-doped BaSnO3 films grown on single-crystal oxide substrates

[187, 188, 191, 192, 193, 200, 208, 209, 210, 211, 212, 213, 214, 215, 220, 221, 222]. A

comparison of room temperature mobility of our La-doped BaSnO3 film on sili-
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con with that of representative La-doped BaSnO3 films grown on single-crystal

oxide substrates is shown in Fig. 5.4(d). We attribute the high mobility of the La-

doped BaSnO3 film on silicon to its high degree of crystalline perfection [197].

As temperature decreases, the mobility increases, as is shown in Fig. 5.4(b). At

room temperature, the carrier concentration is 1.4 × 1020 cm−3. From the flux of

lanthanum at its growth temperature, the lanthanum doping level in the film

is (1.6 ± 0.6)%. Comparing the lanthanum doping level to the measured carrier

concentration (1.4 × 1020 cm−3), the dopant activation percentage is (64 ± 25)%.

Figure 5.4(c) shows that the carrier concentration of the La-doped BaSnO3 film

is almost temperature independent. The temperature-dependent resistivity, mo-

bility, and carrier concentration resemble those of La-doped BaSnO3 films grown

on single-crystal oxide substrates, indicating the excellent electrical characteris-

tics of the La-doped BaSnO3 films on silicon.

5.4 Summary

In summary, we have integrated high quality La-doped BaSnO3 films on silicon

using an SrTiO3 buffer layer via MBE. The surface morphology, structural per-

fection, and electrical properties of the sample are similar to those of La-doped

BaSnO3 films grown on single-crystal oxide substrates. Our results motivate

the integration of functional oxide devices utilizing the exceptional properties

of BaSnO3-based heterostructures (e.g., the possibility of ferroelectric field effect

transistors) with the backbone of today’s semiconductor industry, silicon.
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Figure 5.4: Temperature-dependent (a) resistivity (ρ), (b) mobility (µ), and
(c) carrier concentration (n) of the same sample. They all re-
semble those of La-doped BaSnO3 films grown on single-crystal
oxide substrates. (d) Comparison of room temperature mobil-
ity of our La-doped BaSnO3 film on silicon with that of rep-
resentative films grown on single-crystal oxide substrates in
the literature. µ is the mobility and n is the carrier density
of the La-doped BaSnO3 films. The La-BaSnO3/DyScO3 data
point is from Ref. [188]; the La-BaSnO3/PrScO3 and the yel-
low La-BaSnO3/SrTO3 data points are from Ref. [210]; the
brown La-BaSnO3/SrTO3 data point is from Ref. [193]; the
La-BaSnO3/BaSnO3 data point is from Ref. [214]; the La-
BaSnO3/MgO data point is from Ref. [222]. The red star data
point represents this work.
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Figure 5.5: RHEED codeposition oscillations of the BaSnO3 film during its
initial growth stage on top of the 18 nm thick SrTiO3 buffer
layer on silicon.

Figure 5.6: Surface morphology of the same sample measured by AFM.
The rms roughness is ∼4 Å.
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Figure 5.7: LAADF-STEM image of the same sample showing threading
dislocations of the sample. The estimated dislocation density
is 1.3 × 1011 cm−2.
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Figure 5.8: EELS elemental maps for (a) Ti − L2,3, (b) O −K, and (c) Si − L2,3

edges of the SrTiO3/Si interfacial region. (d) A color-coded ele-
mental map showing that there is no interdiffusion of titanium
into the SiO2 layer. (e) The HAADF-STEM image of the same
interfacial region. (f) Line profiles of the elemental intensity of
the same region. The zero point of the line profile in (f) corre-
sponds to the bottom side of the arrow shown in (a).
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Figure 5.9: EELS elemental mapping of (a) Ti-L2,3, and (b) Ba-M4,5 edges
of the BaSnO3/SrTiO3 interfacial region. (c) A color-coded ele-
mental mapping showing that there is almost no interdiffusion
of barium into the SrTiO3 film. (d) The HAADF-STEM image
of the same BaSnO3/SrTiO3 interfacial region. (e) Line profiles
of the elemental intensity of the same region. The zero point
of the line profile in (e) corresponds to the bottom side of the
arrow shown in (a).
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Chapter 6

Summary and future work

To summarize, with the meticulously controlled growth recipe that has multiple

steps, we have made progresses towards improving the out-of-plane crystalline

quality of SrTiO3 on silicon and growing SrTiO3 of relatively high quality on

silicon systematically. Record FWHMs of the rocking curve of the SrTiO3 002

peak have been achieved for SrTiO3 films of thickness ranging from 2 to 300 nm,

but this is because the rocking curve of the 002 SrTiO3 peak is insensitive to

edge dislocations observed in the SrTiO3 films by STEM. To better assess the

crystalline quality of SrTiO3 on silicon, we need to measure rocking curves of

not only the SrTiO3 002 peak, but also the SrTiO3 103 peak.

To improve the in-plane registry, a growth method is developed for SrTiO3

on silicon that not only works at record low growth temperatures, but also pro-

vides the highest in-plane and out-of-plane structural perfection ever achieved.

Specifically, the in-plane FWHM of the 101 SrTiO3 peak in φ is under 0.1◦, which

is far narrower than the previous record of 0.5◦.
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Using these SrTiO3 films on silicon, we have further grown perovskite ox-

ides on top. On a 5 unit-cell-thick SrTiO3 on silicon, we have grown a 10 nm

thick LaAlO3 of low out-of-plane mosaic spread on silicon. The FWHM of the

LaAlO3 002 peak is ∼0.02◦. On a 14 nm thick SrTiO3 on silicon, we have grown

14 nm thick SrRuO3 with a record RRR value of ∼11 for SrRuO3 films on silicon.

On a 18 nm thick SrTiO3 on silicon, we have for the first time integrated La-

doped BaSnO3 with a room temperature mobility of 128 cm2 V−1 s−1 at a carrier

concentration of 1.4 × 1020 cm−3.

To further exploit the possibilities of hybrid all-oxide devices on silicon, tun-

able dielectrics such as BaxSr1−xTiO3 can be grown on top of SrTiO3 on silicon.

This hyperfunctional material can potentially be used in the next-generation

communication devices.

In terms of making use of the high mobility La-doped BaSnO3 on SrTiO3 on

silicon, one would expect to integrate Pb(Zr,Ti)O3 with BaSnO3. Pb(Zr,Ti)O3 is

one of the most widely used ferroelectrics. Besides, it has perfect lattice match

with BaSnO3. Bulk PbZrO3 has a pseudocubic lattice parameter of 4.14 Å [144],

which has a ∼0.6% lattice mismatch with bulk BaSnO3. The integration of ferro-

electrics on high-mobility La-doped BaSnO3 has the potential of realizing fer-

roelectric field effect transistors and low-power transistors that can beat the

60 mV/decade subthreshold slope limit of conventional semiconductors.
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