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The first five members of the $r; Ti,O3,,+1 Ruddlesden—Popper homologous series, i.¢T,iSy,
SiTi,04, SyTiz0q0, SKTi4Oq3 and SgTisOq6 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 coeffégigintreases from a minimum

of 44+4 in then=1(Sr,TiO,) film to a maximum of 263 2 in then=«<(SrTiO,) flm. © 2001
American Institute of Physics[DOI: 10.1063/1.1371788

The controlled synthesis of a wide variety of homolo- member of the series that melts congruefiflyThe single
gous oxide crystal systems offers tremendous potential focrystal growth of STiO, is complicated(if not prohibited
tailoring the superconducting, ferroelectric, and dielectricby a phase transition at 1550 °C and a peritectic decomposi-
properties of materials. Although much progress has beetion at 1860 °C:* SiTi,O; has a peritectoid decomposition
made in growing some superconducting homologous serieat 1580 °Ct3 which prohibits growth of single crystals of this
phases by molecular beam epita@yBE),!~2 intergrowths  phase from the melt.
continue to prohibit the phase-pure growth of many of these  Conventional solid state techniques have been successful
systemé:® These intergrowths inhibit the identification of in making (polycrystalline samples of only then=1-3
the electrical properties of individual members of these semembers:** Previous attempts to synthesize intermediate
ries. Similarly, intergrowths are seen in many dielectric ho-(3<n<«) members of this series have been unsucceSsful.
mologous seriésand prevent the investigation of dielectric This has been explained by lattice energy calculations per-
constant, dielectric loss, and dielectric tunability in theformed by several grougs:*'The results of the calculations
higher order members. from all groups are in agreement that there is no driving

The n=c member of the St ;Ti,Os,+, Ruddlesden— force to form single-phase samples with intermediate*’
Popper homologous serié§rTiOs;, exhibits a wide range of Due to the slight differences in calculated energies, however,
electrical behavior: from a high dielectric constant tunablethere is some disagreement as to which phases are stable and
paraelectric in its undoped form, to a metallic supercon-

ductor when doped with a variety of elements. It has been Sr,Ti 0,

studied as a substrate for perovskite oxides and for applica- St,Ti,05

tion in tunable dielectric devicés dynamic random access Sr,T1,0,

memory, and as an alternative gate oxide in metal—oxide— SLTLO,

semiconductor field effect transistaflOSFETS.° S 10, ﬁ :4 %s:‘ SITiO,
This broad range of physical properties and applications " }Fﬁ’ ' '*ig%v

of SrTiO; make the investigation of the properties of other 5 ; """", 44,,,, v

members of this homologous serigsg. 1) an obvious step t}’ Hr * “:" =

in the search for new materials with improved properties. For n= _5 \

example, polycrystalline samples of ,$10, (n=1) and "= n=3

SiTi,0; (n=2) exhibit lower dielectric loss than n=4

SrTi0,. 1112 Unfortunately, the study of these phases has
been limited by several factors. First, Srgi@ the only FIG. 1. Schematic of the crystal structure of a unit cell of the 1
(SKTiO,), Nn=2 (SKTi,O;), N=3 (SKTiz0;g), Nn=4 (SETiO0.3), N=5
(SrTisO1¢), and n=cw (SrTiO;) members of the {r,TiOzn41

¥Electronic mail: schlom@ems.psu.edu Ruddlesden—Popper homologous series. Circles represent Sr atoms, while
Ypresent address: Department of Materials and Nuclear Engineeringii atoms are at the center of the octahettraordination polyhedjawith
University of Maryland, College Park, MD 20742. oxygen atoms at each apex.
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The n=1-5 members of this series were grown
using an oxide MBE system. Before growth, the sub-
strates were etched with a buffered HF solution to achieve
a  TiO-terminated surfac®  Monolayer  doses
(6.6x 10"*atoms/cm) of Sr and Ti were deposited in a
sequential manner on well oriented-0.1°) SrTiGy(002)
substrates. For the double-SrO layers in these structures, a
dose corresponding to twice the monolayer dose was deliv-
ered. The average flux of both the Sr and Ti sources was
1.0x 10"*atoms/cm- s for all growths. During growth, the
substrate temperature was 750 °C as measured by an optical
pyrometer. The substrate was immersed in a continuous flux

~ of molecular oxygen, yielding a background pressure of
i g g 2% 10 " Torr. The thicknesses of the films were 470, 410,
: l 565, 540, and 590 A, for the=1-5 films, respectively.
N e et it ¥l = 1 A combination of reflection high-energy electron diffrac-

0 20 40 60 80 tion (RHEED) intensity oscillations and atomic absorption
20 (degrees) spectroscopyAA) was used to adjust the stoichiometry of
FIG. 2. 6-26 x-ray diffraction scans of the first five members of the the Sr and Ti mOIeCUIa,r beams and e,nsur,e that a complete
St 1TinOsn+1 Ruddlesden—Popper homologous series grown on $rTio Monolayer of each cation was deposited in each shuttered
(001) substrates. Substrate peaks are labeled with),aand the plots are cy(;le,19 A series of growths revealed that the phase-pure
offset for clar_ity. The narrow peaks at the correétpbsitions indicate that synthesis of these compounds required that both the stoichi-

each of the films is single phase.
ometry and absolute monolayer doses not be off by more
than about 1%.

Films grown outside this narrow composition window
(i.e., where the stoichiometry or absolute monolayer doses
are off by more than 1%show clear evidence of inter-

::n'ltil(-)r InOSSrn'Itil (;)haasnej,s\:'llt:(egrzar‘z t,;:ggourﬁ?ra:sctjgg:lejde:astzzt g_rovvthfs within the d_esi_red pha_se when examined _by X-ray
N y P " diffraction. A nonperiodic stacking sequence in théirec-

. We have used .MBE to overcome these challenging bargg, (intergrowth3 causes certain x-ray peaks to split,
riers to the synthesis of these materials. Each of the unit cell§.gaden. or shift in 22021 The monolayer-by-monolayer

of this series is made up of different sequences of SrO anfeposition of films with the correct stoichiometry resulted in
TiO, layers(Fig. 1). SrTiO; has the perovskite crystal struc- single-phase films whose x-ray peaks show narrow widths
ture with alternating TiQ and SrO layers; we refer to the ang the correct @ positions(Fig. 2). The c-axis lattice con-
combination of these two layers as a perovskite sheet. Theiant of these phases as determined by a Nelson-2Riley
n=1(S,TiO,) compound has an additional SrO layetak-  analysis of the diffraction peak positions is 12#46.02 A,

ing a double SrO laygrdisrupting each perovskite sheet 20.35+0.05A, 28.1-0.2A, 35.6-0.2A, and 43.51.0A
along thec axis. Subsequent members of the series have afyr the n=1-5 phases, respectively. This compares to the
increasing number of perovskite sheets separated by thsulk reported lattice constants of 12.601, 20.38, and 28.1 A
double SrO layers. By changing the shuttering sequence gbr the n=1-3 phases, respectivelyX-ray ¢ scans

Sr and Ti ions to match the layering sequence of the desiredf the 103, 105, 107, 109 and 1D peaks of the
phase, we have grown epitaxial films of these phases despite=1-5 films, respectively, indicated epitaxiat-axis

the fact that they melt incongruently, have structural transifilms with orientation (001)Sr, 1TiOs,41/1(001)SITiQ

0010

008

Intensity (arbitrary units)

which are metastable. For example, McCeyal® con-
cluded that $Ti,O; and SrTiQ are the only stable

tions, and lack sufficient driving forces for formation. and [100]Sr, ., 1 Ti,O3n+11[ 100]SrTi0,.2% The in-plane lat-
GRRCECCLoot ‘§ """ RRRRRRRRY
W 5 FIG. 3. Cross-sectional HRTEM im-
;«-c«c««-:-\ i - ages(from left to right of the n=1
SOOI wArtetyt e S it (SKTiOy), n=2 (SKTi,0;), n=3
m (SrTis0y0), N=4 (SETi,Or9), andn

f-j PN Y Y Y e =5 (SiTis0y6) films. A model of the

Er sy crystal structure of then=1 andn
b A A A A A A A =5 members are adjacent to the cor-
W A responding images showing the posi-

—> P A i o tion of the SrO double layers and per-
s o e ovskite layers. The arrows mark the
e, :.mi\ 7 position of the interface of the films
CooT TR with the homoepitaxial SrTiQbuffer

Sr,TiO, Sr,Ti,0,  Sr,Ti;0,,  Sr;Ti,0,,  SrTi0; layer.

n=1) (n=2) n=3) (n=4 (n=3)
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tice constants determined from the x-ray measurementgantages over SrTiDin this application including its 38%
ranged from 3.830.05A to 3.94-0.05A % better lattice match with Si, higher band dagto reduce

A JEOL 4000EX high-resolution transmission electronleakage, lower thermodynamic driving force for reaction
microscope(HRTEM) operated at 400 kV was used to ex- with Si, and greater stability against reduction.
amine the local nanostructure of these fifA&igure 3 is a
cross-sectional HRTEM image showing the interface of each "€ authors gratefully acknowledge the support of the
of these phases with the SrTjGomoepitaxial buffer layer. Department of Energy under Grant No. DE-FGO2-
Equal spacing between the double SrO laydight lines 97ER45638 for the development of the thin film growth

indicates a single-phase film. All of the imaged areas of thdechnique and structural characterization, and support by
n=1-3 films look similar to the region shown in Fig. 3 with DARPA through Contract No. DABT63-98-1-002 for the

no intergrown regions observed. However, some inter@nalysis of the dielectric properties of these materials.
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