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Epitaxial growth of the first five members of the Sr n¿1TinO3n¿1
Ruddlesden–Popper homologous series
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The first five members of the Srn11TinO3n11 Ruddlesden–Popper homologous series, i.e., Sr2TiO4,
Sr3Ti2O7, Sr4Ti3O10, Sr5Ti4O13, and Sr6Ti5O16, have been grown by reactive molecular beam
epitaxy. A combination of atomic absorption spectroscopy and reflection high-energy electron
diffraction intensity oscillations were used for the strict composition control necessary for the
synthesis of these phases. X-ray diffraction and high-resolution transmission electron microscope
images confirm that these films are epitaxially oriented and nearly free of intergrowths. Dielectric
measurements indicate that the dielectric constant tensor coefficiente33 increases from a minimum
of 4464 in then51~Sr2TiO4! film to a maximum of 26362 in then5`~SrTiO3! film. © 2001
American Institute of Physics.@DOI: 10.1063/1.1371788#
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The controlled synthesis of a wide variety of homol
gous oxide crystal systems offers tremendous potential
tailoring the superconducting, ferroelectric, and dielec
properties of materials. Although much progress has b
made in growing some superconducting homologous se
phases by molecular beam epitaxy~MBE!,1–3 intergrowths
continue to prohibit the phase-pure growth of many of th
systems.4,5 These intergrowths inhibit the identification o
the electrical properties of individual members of these
ries. Similarly, intergrowths are seen in many dielectric h
mologous series6 and prevent the investigation of dielectr
constant, dielectric loss, and dielectric tunability in t
higher order members.

The n5` member of the Srn11TinO3n11 Ruddlesden–
Popper homologous series,7 SrTiO3, exhibits a wide range o
electrical behavior: from a high dielectric constant tuna
paraelectric in its undoped form, to a metallic superco
ductor when doped with a variety of elements. It has be
studied as a substrate for perovskite oxides and for app
tion in tunable dielectric devices,8,9 dynamic random acces
memory, and as an alternative gate oxide in metal–oxid
semiconductor field effect transistors~MOSFETs!.10

This broad range of physical properties and applicati
of SrTiO3 make the investigation of the properties of oth
members of this homologous series~Fig. 1! an obvious step
in the search for new materials with improved properties.
example, polycrystalline samples of Sr2TiO4 (n51) and
Sr3Ti2O7 (n52) exhibit lower dielectric loss than
SrTiO3.

11–12 Unfortunately, the study of these phases h
been limited by several factors. First, SrTiO3 is the only
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member of the series that melts congruently.13 The single
crystal growth of Sr2TiO4 is complicated~if not prohibited!
by a phase transition at 1550 °C and a peritectic decomp
tion at 1860 °C.13 Sr3Ti2O7 has a peritectoid decompositio
at 1580 °C,13 which prohibits growth of single crystals of thi
phase from the melt.

Conventional solid state techniques have been succe
in making ~polycrystalline! samples of only then51 – 3
members.7,14 Previous attempts to synthesize intermedi
(3,n,`) members of this series have been unsuccess6

This has been explained by lattice energy calculations p
formed by several groups.15–17The results of the calculation
from all groups are in agreement that there is no driv
force to form single-phase samples with intermediaten.15–17

Due to the slight differences in calculated energies, howe
there is some disagreement as to which phases are stabl

g,

FIG. 1. Schematic of the crystal structure of a unit cell of then51
(Sr2TiO4), n52 (Sr3Ti2O7), n53 (Sr4Ti3O10), n54 (Sr5Ti4O13), n55
(Sr6Ti5O16), and n5` (SrTiO3) members of the Srn11TinO3n11

Ruddlesden–Popper homologous series. Circles represent Sr atoms,
Ti atoms are at the center of the octahedra~coordination polyhedra! with
oxygen atoms at each apex.
2 © 2001 American Institute of Physics
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which are metastable. For example, McCoyet al.16 con-
cluded that Sr3Ti2O7 and SrTiO3 are the only stable
Srn11TinO3n11 phases, whereas Noguera17 concluded that
Sr2TiO4, Sr3Ti2O7, and SrTiO3 are the only stable phases.

We have used MBE to overcome these challenging b
riers to the synthesis of these materials. Each of the unit c
of this series is made up of different sequences of SrO
TiO2 layers~Fig. 1!. SrTiO3 has the perovskite crystal struc
ture with alternating TiO2 and SrO layers; we refer to th
combination of these two layers as a perovskite sheet.
n51~Sr2TiO4! compound has an additional SrO layer~mak-
ing a double SrO layer! disrupting each perovskite she
along thec axis. Subsequent members of the series have
increasing number of perovskite sheets separated by
double SrO layers. By changing the shuttering sequenc
Sr and Ti ions to match the layering sequence of the des
phase, we have grown epitaxial films of these phases de
the fact that they melt incongruently, have structural tran
tions, and lack sufficient driving forces for formation.

FIG. 2. u–2u x-ray diffraction scans of the first five members of th
Srn11TinO3n11 Ruddlesden–Popper homologous series grown on SrT3

~001! substrates. Substrate peaks are labeled with a~* !, and the plots are
offset for clarity. The narrow peaks at the correct 2u positions indicate that
each of the films is single phase.
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The n51 – 5 members of this series were grow
using an oxide MBE system. Before growth, the su
strates were etched with a buffered HF solution to achi
a TiO2-terminated surface.18 Monolayer doses
(6.631014atoms/cm2! of Sr and Ti were deposited in
sequential manner on well oriented (60.1°) SrTiO3~001!
substrates. For the double-SrO layers in these structure
dose corresponding to twice the monolayer dose was de
ered. The average flux of both the Sr and Ti sources w
1.031014atoms/cm2

•s for all growths. During growth, the
substrate temperature was 750 °C as measured by an op
pyrometer. The substrate was immersed in a continuous
of molecular oxygen, yielding a background pressure
231027 Torr. The thicknesses of the films were 470, 41
565, 540, and 590 Å, for then51 – 5 films, respectively.

A combination of reflection high-energy electron diffra
tion ~RHEED! intensity oscillations and atomic absorptio
spectroscopy~AA ! was used to adjust the stoichiometry
the Sr and Ti molecular beams and ensure that a comp
monolayer of each cation was deposited in each shutte
cycle.19 A series of growths revealed that the phase-p
synthesis of these compounds required that both the sto
ometry and absolute monolayer doses not be off by m
than about 1%.

Films grown outside this narrow composition windo
~i.e., where the stoichiometry or absolute monolayer do
are off by more than 1%! show clear evidence of inter
growths within the desired phase when examined by x-
diffraction. A nonperiodic stacking sequence in thec direc-
tion ~intergrowths! causes certain x-ray peaks to spl
broaden, or shift in 2u.20,21 The monolayer-by-monolaye
deposition of films with the correct stoichiometry resulted
single-phase films whose x-ray peaks show narrow wid
and the correct 2u positions~Fig. 2!. The c-axis lattice con-
stant of these phases as determined by a Nelson–Ril22

analysis of the diffraction peak positions is 12.4660.02 Å,
20.3560.05 Å, 28.160.2 Å, 35.660.2 Å, and 43.561.0 Å
for the n51 – 5 phases, respectively. This compares to
bulk reported lattice constants of 12.601, 20.38, and 28.
for the n51 – 3 phases, respectively.7 X-ray f scans
of the 103, 105, 107, 109 and 1011 peaks of the
n51 – 5 films, respectively, indicated epitaxial,c-axis
films with orientation (001)Srn11TinO3n11i(001)SrTiO3

and @100#Srn11TinO3n11i@100#SrTiO3.
23 The in-plane lat-
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-
e

FIG. 3. Cross-sectional HRTEM im-
ages~from left to right! of the n51
(Sr2TiO4), n52 (Sr3Ti2O7), n53
(Sr4Ti3O10), n54 (Sr5Ti4O13), andn
55 (Sr6Ti5O16) films. A model of the
crystal structure of then51 and n
55 members are adjacent to the co
responding images showing the pos
tion of the SrO double layers and per
ovskite layers. The arrows mark th
position of the interface of the films
with the homoepitaxial SrTiO3 buffer
layer.
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tice constants determined from the x-ray measurem
ranged from 3.8360.05 Å to 3.9460.05 Å.23

A JEOL 4000EX high-resolution transmission electr
microscope~HRTEM! operated at 400 kV was used to e
amine the local nanostructure of these films.23 Figure 3 is a
cross-sectional HRTEM image showing the interface of e
of these phases with the SrTiO3 homoepitaxial buffer layer.
Equal spacing between the double SrO layers~light lines!
indicates a single-phase film. All of the imaged areas of
n51 – 3 films look similar to the region shown in Fig. 3 wit
no intergrown regions observed. However, some in
growths of highern phases were observed in localized r
gions of then54 and 5 films. In addition, defects consistin
of vertical SrO double layers~see Fig. 3! were commonly
seen adjacent to an intergrowth.23 Such vertically running
SrO double layers have also been seen in b
Srn11TinO3n11 samples and have been shown to have lo
energy interfaces.16 They have also been observed in oth
perovskite homologous series.20,24–26 The intergrowths in
these samples are most likely the result of slight monolay
to-monolayer composition fluctuations during the deposit
of the films. These~,1%! fluctuations are present in all o
the growths, but the highern phases seem to be more sen
tive to them, as manifested by the more frequent int
growths. We believe that theoretically there is no limit to t
n value of these Srn11TinO3n11 phases that can be synth
sized with MBE. In reality, we are limited by the compos
tion control limits of the AA system and RHEED techniqu
An attempt to synthesize then510 phase resulted in a
x-ray diffraction pattern with some diminished and broa
ened peaks, indicating significant intergrowths.21

The growth of epitaxial films allowed the«33 dielectric
constant tensor coefficient to be measured in these an
tropic materials. Previous measurements of polycrystal
Sr2TiO4 and Sr3Ti2O7 samples reported the average dielect
constant (« r) to be 38 and 50, respectively.11 Room tempera-
ture dielectric measurements were made on then51, 2, and
` members of this series with a scanning evanescent mi
wave microscope~SEMM!27,28 at 1 GHz and in a paralle
plate capacitor structure with an HP 4284A at 1 kHz. T
films measured with the SEMM were 1000 Å thick an
grown directly on a (001)LaAlO3– Sr2AlTaO6 ~LSAT! sub-
strate. LSAT~cubic, a57.737 Å!29 has an excellent lattice
match with these phases and was used instead of Sr3

because its low dielectric constant (« r522.5)30 did not in-
terfere with the measurement. The capacitor structures
sist of an MBE-grown 1000 Å Sr0.85La0.15TiO3 bottom elec-
trode, a 1000 Å Srn11TinO3n11 film, and 0.3 mm diamete
Cr/Au top electrodes.

Both of these techniques show excellent agreement
the values of«33. The first member of this series, Sr2TiO4,
has a dielectric constant tensor coefficient«33 of 4464,
while Sr3Ti2O7 has an«33 of 8666. The dielectric loss
(tand) of all films measured was lower than the detecti
limit of the SEMM ~i.e., less than 1.5%!. The magnitude of
«33 makes these lown Srn11TinO3n11 phases not only of
interest for tunable dielectric devices, but also for alternat
gate oxides in MOSFETs. Sr2TiO4 has several potential ad
ts
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vantages over SrTiO3 in this application including its 38%
better lattice match with Si, higher band gap17 ~to reduce
leakage!, lower thermodynamic driving force for reactio
with Si, and greater stability against reduction.
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