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Atomic layer deposition (ALD) of epitaxial c-axis oriented BaTiO3 (BTO) on Si(001) using a thin

(1.6 nm) buffer layer of SrTiO3 (STO) grown by molecular beam epitaxy is reported. The ALD

growth of crystalline BTO films at 225 �C used barium bis(triisopropylcyclopentadienyl), titanium

tetraisopropoxide, and water as co-reactants. X-ray diffraction (XRD) reveals a high degree of

crystallinity and c-axis orientation of as-deposited BTO films. Crystallinity is improved after vacuum

annealing at 600 �C. Two-dimensional XRD confirms the tetragonal structure and orientation of

7–20-nm thick films. The effect of the annealing process on the BTO structure is discussed. A clean

STO/Si interface is found using in-situ X-ray photoelectron spectroscopy and confirmed by

cross-sectional scanning transmission electron microscopy. The capacitance-voltage characteristics

of 7–20 nm-thick BTO films are examined and show an effective dielectric constant of �660 for the

heterostructure. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867469]

The ability to grow SrTiO3 (STO) epitaxially on

Sr-passivated Si(001) using molecular beam epitaxy (MBE)1

has opened up a pathway to integrate functional oxides onto

silicon for the next generation of photonic and electronic devi-

ces. Over the years, a variety of functional perovskite oxides

including BaTiO3 (BTO) have been integrated on Si through

this approach.2–9 Ferroelectric BTO has several advantages

for non-volatile ferroelectric memory applications compared

to other candidates (e.g., PbZrTiO3 and SrBi2Ta2O5) particu-

larly due to its non-toxic elements, better compatibility with

integrated circuit fabrication, and lower fatigue effects.6,9–13

Ferroelectricity is fundamentally associated with the BTO

structural phase transition at the Curie temperature (TC

¼ 120 �C); above TC, BTO is a paraelectric cubic perovskite

(aBTO(c)¼ 4.005 Å) and below TC, it is a tetragonal ferroelec-

tric (aBTO(t)¼ 3.992 Å and cBTO(t)¼ 4.036 Å) with a spontane-

ous polarization along the c-axis.6

The effort to integrate BTO directly on Si(001) is chal-

lenging due to the large lattice mismatch between BTO and

Si (4.0% and 4.4% below and above TC, respectively) and

the reaction of Si with oxygen to form an amorphous layer

that inhibits epitaxial growth. The idea of employing crystal-

line STO as a buffer layer to integrate BTO on Si has been

demonstrated by using MBE.6,9,11,14,15 However, MBE

growth is performed at relatively high temperatures and in

the presence of oxygen, leading to the formation of a signifi-

cant amorphous SiOx layer at the STO/Si interface.12,16 The

formation of this SiOx layer may be undesirable in applica-

tions because it is in series with the perovskite films.

Moreover, the mismatch between the thermal expansion

coefficients of BTO/STO and Si tends to favor a polar axis

lying in-plane rather than out-of-plane as the stacks are

cooled down.14,17

It has recently been proposed that the incorporation of a

ferroelectric as a gate oxide could decrease the subthreshold

slope below the intrinsic thermodynamic limit of 60 mV

dec�1 at room temperature in metal-oxide-semiconductor

field effect transistors,18 enabling even lower voltage opera-

tion of electronic devices. The moderate Curie temperature

of BTO may be an advantage in this case as reported by a

recent proof-of-concept demonstration of negative capaci-

tance in Pb(Zr0.2Ti0.8)O3/SrTiO3 metal-insulator-metal heter-

ostructures.19 The epitaxial growth of tetragonal BTO on Si

with out-of-plane polarization in a metal-ferroelectric-semi-

conductor stack has been reported by a limited number of

groups6,11,14,15 and without a metallic contact by our group.9

In this Letter, we report a low temperature chemical means

of growing c-axis oriented BTO films with thicknesses rang-

ing from 7–20 nm on thin (1.6 nm) STO-buffered Si(001)

substrates. By keeping the substrate temperature below

225 �C during the deposition process, we are able to (i) main-

tain a clean STO/Si interface, free from SiO2 and (ii) practi-

cally eliminate the effects of the difference of thermal

expansion coefficients on the polarization orientation.

Capacitance-voltage (C-V) measurements are also performed

to demonstrate the dielectric properties of atomic layer depo-

sition (ALD)-grown epitaxial BTO.

The 1.6-nm STO templates were grown on Si(001) by

MBE using the Motorola-derived process, as described in

more detail elsewhere.16,20 Reflection high energy electron

diffraction (RHEED) with an electron energy of 21 keV at a

glancing angle of �3� is used to monitor in real time the

crystallinity and surface morphology of the films. The STO-

buffered Si(001) substrates were then transferred in-situ to

the ALD chamber for chemical deposition of BTO. The

ALD system is a custom built, hot-wall stainless steel rectan-

gular 20-cm long chamber, with a reactor volume of 460

cm3.21 Ultrahigh purity argon was used as a purge/carriera)Electronic mail: ekerdt@che.utexas.edu
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gas. BTO films were grown using barium bis(triisopropylcy-

clopentadienyl), titanium tetraisopropoxide as metal sources

and water as the oxidant. The Ba and Ti precursors were

held at 135 and 34 �C, respectively. The substrate tempera-

ture was maintained at 225 �C, while the working pressure

was maintained at 1 Torr. In-situ X-ray photoelectron spec-

troscopy (XPS) using a VG Scienta R3000 analyzer was

used to determine the film composition within an error less

than 5%. A single-crystal BTO substrate from MTI, where

the Ba:Ti ratio was assumed to be 1:1, was used as a standard

for determining the Ba:Ti ratio of ALD-grown BTO films.

The Ba:Ti ratio was adjusted by changing the cycle ratio

xBa:yTi. The stoichiometry of the ALD-grown BTO films

reported herein was found to be 1.1:1 (Ba:Ti) using an x¼ 3,

y¼ 4 cycle ratio. Each Ba or Ti unit-cycle consisted of a 2 s

pulse of the Ba or Ti precursor, respectively, a 15 s purge of

Ar, a 1 s dose of water, and a 15 s purge of Ar (noted as

“2/15/1/15”). The BTO films were crystalline as-deposited.

Films with varying Ba:Ti ratio were grown by changing the

cycle ratio x:y. It was found that the Ba-rich BTO films (up

to 1.4:1 Ba:Ti) were also crystalline as-deposited, while the

Ti-rich BTO films (up to 0.85:1 Ba:Ti) were amorphous

even after vacuum annealing.

The film thickness and the growth rate were determined

by X-ray reflectivity (XRR). X-ray diffraction (XRD) was

used to determine the out-of-plane lattice constants and the

crystalline quality. Two dimensional XRD was also per-

formed to determine both the in-plane and out-of-plane lat-

tice constants of the films. XRR and XRD were performed

using an X’PERT diffractometer with a sealed-tube Cu Ka
radiation source. Scanning transmission electron microscopy

(STEM) was also performed to confirm the crystallinity and

the nature of the STO/Si interface after BTO growth. The

STEM observations were carried out using an FEI TITAN

instrument. The STEM samples were prepared by FIB using

standard in-situ lift out techniques; a capping layer of e-

beam deposited Pt followed by ion beam Pt is put down. The

sample is then cut using a 30 kV followed by a 5 kV Ga

beam. C-V characterization of capacitor structures was per-

formed using a Keithley 590 Analyzer interfaced to a

Keithley 4200 Semiconductor Characterization System.

Ti/Au top contacts (10–200 lm radius) were fabricated using

photolithography, metallization via e-beam evaporation, and

lift-off. For the bottom contact, the backside of Si substrates

was scraped with a scalpel and placed on a copper block

using a layer of In-Ga eutectic alloy in between. The bias

was applied to the gold electrode, while the copper block

was grounded.

The growth of BTO on Si with a native oxide was first

performed to determine the effect of varying the cycle ratio on

stoichiometry. Near stoichiometric 1.1:1 Ba:Ti composition

was established using ALD cycle conditions of {Ba: 2/15/1/15

� 1, Ti: 2/15/1/15� 1, Ba: 2/15/1/15� 1, Ti: 2/15/1/15� 1,

Ba: 2/15/1/15� 1, and Ti: 2/15/1/15� 2} � number of ALD

super-cycles. These BTO films were amorphous. The same

ALD cycle conditions were then used to grow BTO on

1.6-nm STO-buffered Si(001). The BTO samples were char-

acterized using in-situ RHEED after ALD growth and

throughout the annealing processes. RHEED patterns of a

7-nm BTO film as-deposited and after a 5-min vacuum anneal

at 600 �C taken along the [110] azimuth of STO are shown in

Figs. 1(a) and 1(b), respectively. Both images show well-

defined streaks indicating the high degree of crystalline order

in the ALD BTO films. Sharper streaks in Fig. 1(b) compared

to those of Fig. 1(a) indicate improvement in the crystallinity

of post-deposition annealed films. XRR measurements found

that the growth rate of amorphous BTO is 0.6 Å/unit-cycle,

while the growth rate of crystalline BTO is 0.9 Å/unit-cycle.

This indicates that the crystalline surface enhances the BTO

growth rate similar to what we observed with STO films

grown by ALD.22

A thinner (3 nm) BTO film was deposited on STO-

buffered Si(001) to study the STO/Si interface throughout

the ALD and annealing processes using in-situ XPS. With

the initial 1.6 nm MBE-grown STO on Si(001), a small

amount of Si-O (silicate) bonding at the STO/Si interface

can be observed prior to ALD growth, as shown by the red

color in Fig. 1(c) with a binding energy of 102 eV. There is a

negligible change in Si-O bonding after ALD growth and af-

ter vacuum annealing (Fig. 1(c)—blue and green colors),

demonstrating the ability of ALD to maintain a clean STO/Si

interface.

XRD was used to determine the crystalline structure of

ALD-grown BTO films on STO-buffered Si(001). Figure

2(a) shows h-2h scan of an as-deposited 20-nm thick BTO

on 1.6-nm STO-buffered Si(001). The (001) and (002) Bragg

peaks from BTO are present, confirming the c-axis orienta-

tion of the BTO layer. The (002) Bragg peak position at

2h¼ 45.10� corresponds to an out-of-plane lattice constant

of 4.018 Å 6 0.005, which is slightly bigger than the bulk

value of BTO cubic structure (4.005 Å). Figure 2(b) shows a

reciprocal space map around the (103) BTO Bragg peak. A

two-dimensional Gaussian fit was used to find the center of

the peak, which was found to be at 2h¼ 74.632� and

x¼ 18.472�. This corresponds to in-plane and out-of-plane

FIG. 1. (a) and (b) are RHEED patterns of a 7 nm BTO film on four-unit-

cell STO-buffered Si(001) as-deposited and after 5 min vacuum anneal at

600 �C, respectively. Both images are taken along h110i direction of STO.

(c) Si 2 p XP spectra of a typical four-unit-cell STO-buffered Si(001) film

(red), a 3 nm ALD BTO film on four-unit-cell STO-buffered Si(001) as-

deposited (blue), and the 3 nm BTO film after a 5 min vacuum anneal at

600 �C (green). Note there is a negligible change in Si-O bonding before and

after vacuum annealing and the blue and green lines are almost identical.
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lattice constants of a¼ 3.93 6 0.01 and c¼ 4.02 6 0.01 Å,

respectively. Different thicknesses of BTO films were grown

to study the dependence of the c lattice constant on thick-

ness. It is found that for film thickness ranging from 7 to

20 nm, the c lattice constant varies from 4.095 to

4.018 6 0.005 Å, consistent with BTO relaxation with

increasing thickness. An XRD rocking curve around the

(002) Bragg peak produced a full-width at half-maximum

(FWHM) of 0.91� indicating reasonable crystallinity of the

as-deposited BTO films. The u-scan indicates that there is an

in-plane 45� rotation of the BTO film with respect to Si sug-

gesting that the BTO [100] direction is parallel to the Si

[110] direction.

To study the effect of post-deposition annealing on the

BTO crystalline structure, the 20-nm BTO film was annealed

at 600 �C for 5 min with a ramping rate of 30 �C/min. The

sample was cooled below 80 �C before unloading. The (002)

Bragg peak of the annealed film shifted to a position

2h¼ 45.42�, corresponding to an out-of-plane lattice con-

stant of 3.990 6 0.005 Å. The (103) reciprocal space map

was re-examined and showed that the lattice constants were

now a¼ 4.01 and c¼ 4.00 6 0.01 Å. This indicates that the

c-axis orientation is lost under this post-deposition annealing

condition. The rocking curve around this (002) Bragg peak,

however, now has a smaller FWHM value (0.74�) indicating

improved crystallinity.

To study the effect caused by the difference in thermal

expansion coefficients between perovskites and Si on the

BTO crystalline structure, a 7-nm tetragonal BTO film

(c¼ 4.095 6 0.005 Å) was annealed at 600 �C for 5 min with

a ramping rate of 5�/min. An XRD h-2h scan found the out-

of-plane lattice constant to be 4.045 6 0.005 Å after anneal-

ing. This shows that by keeping ramping rate low (5�/min),

we can minimize the effects of thermal expansion mismatch

on the crystalline structure of tetragonal BTO.

Figure 3 shows a cross-sectional Z-contrast STEM

image of a 17 nm ALD-grown BTO film on 1.6-nm STO-

buffered Si(001) after 5 min vacuum anneal at 600 �C. The

high degree of crystallinity of the BTO and STO layers and

the abrupt STO/Si interface can be seen. No amorphous layer

is observable at the interface. The image also shows that the

BTO/STO interface is very sharp. The good crystalline order

and very clean STO/Si interface (no amorphous layer) are

consistent with RHEED, XRD, and XPS analyses.

C-V measurements at 100 kHz were performed on an

18-nm as-deposited BTO film, the results of which are

shown in Fig. 4. The forward voltage sweep (�1.7 to

þ1.7 V, 10 mV/step, and 0.5 V/s) and reverse sweep (þ1.7 to

�1.7 V, 10 mV/step, and 0.5 V/s) curves are approximately

identical, with no significant hysteresis observed. The ferro-

electric coercive field for BTO is commonly reported to be

very low with a typical value of 500 V/cm.23,24 Even if the

BTO film were ferroelectric, the low coercivity combined

with the film thickness is expected to result in a hysteresis

width of <10 mV. Therefore, the coercive field in the C-V

data is inconclusive concerning ferroelectricity of the BTO

film. The relative dielectric constant calculated from the

FIG. 2. (a) XRD and (b) 2D-XRD patterns of an as-deposited 20 nm ALD

BTO film on four-unit-cell MBE STO on Si(001). The lattice constants of

the BTO film calculated from XRD are a¼ 3.93 Å and c¼ 4.02 6 0.01 Å

demonstrating tetragonal structure of the as-deposited BTO film.

FIG. 3. STEM image of a 17 nm ALD-grown BTO film on four-unit-cell

MBE-grown STO-buffered Si(001) after a 5 min vacuum anneal at 600 �C.

FIG. 4. C-V(at 100 kHz) characteristics of an as-deposited 18 nm BTO film

on 1.6 nm STO-buffered Si(001).
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accumulation side of the C-V curve was found to be �660,

consistent with previous reports for BTO thin films.25,26

In conclusion, we have grown c-axis oriented epitaxial

BTO at 225 �C using ALD on 1.6-nm STO-buffered Si(001).

The BTO films have a good degree of crystallinity and no

amorphous layer was observed at the STO/Si interface. A 5-

min vacuum anneal at 600 �C significantly improved BTO

crystallinity. Annealing using a relatively high temperature

ramping rate (30 �C/min) could destroy the tetragonal struc-

ture, while annealing using a lower ramping rate (5 �C/min)

is able to maintain the c-axis orientated tetragonal structure.

The dielectric constant of the BTO/STO stack on Si was esti-

mated to be �660. We expect the ALD method of growing

c-axis oriented epitaxial BTO on STO-buffered Si(001) at

low temperature to be a potential way to fabricate the nega-

tive capacitance gate oxide structure on Si with no amor-

phous layer between STO and Si in the near future.
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