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THIN-FILM STRUCTURE AND METHOD OF
MANUFACTURING THE SAME

BACKGROUND

1. Field

The present disclosure 1s directed to a method of embody-
ing a dielectric material having high permaittivity.

2. Description of Related Art

In recent years, along with the miniaturization and manu-
facture of high performance of electronic devices, there has
been a demand for minmaturization and high performance of
clectronic devices employed in various electronic circuits.
Such electronic circuits include a plurality of metal insulator
metal (MIM) capacitors and metal oxide semiconductor
(MOS) transistors. To realize miniaturization, large capacity
and high performance for MIM and MOS, there 1s a need to
develop dielectric materials having high permittivity, and
low leakage current characteristics even at a small thickness.

SUMMARY

Provided 1s a thin-film structure including a dielectric
material having high permittivity.

Provided i1s an electronic device including the thin-film
structure.

Provided 1s a method of manufacturing the thin-film
structure.

Additional aspects will be set forth 1 part in the descrip-
tion which follows and, in part, will be apparent from the
description, or may be learned by practice of the presented
embodiments of the disclosure.

According to an aspect of the present disclosure, a thin-
film structure includes a support layer including a material
having a lattice constant and a dielectric layer on the support

layer. The dielectric layer may include a compound having
a Ruddlesden-Popper phase (A _,B X, _,), where A and B
cach independently include a cation, X 1s an anion, and n 1s
a natural number, the lattice constant of the material of the
support layer being less than a lattice constant of the
compound.

In some embodiments, A may be an alkali metal, an
alkaline earth metal, or a rare earth metal, and B may be a
transition metal.

In some embodiments, a compressive strain may occur in
the dielectric layer at an interface between the dielectric
layer and the supporting layer. The compressive strain 1n the
dielectric layer may occur in an in-plane direction that is
in-plane with the interface between the dielectric layer and
the supporting layer. The compressive strain 1n the dielectric
layer may induce a tensile strain 1n the dielectric layer, and
the tensile strain occur 1n an out-of-plane direction that 1s
out-of-plane with the interface between the dielectric layer
and the supporting layer.

In some embodiments, the tensile strain in the dielectric
layer that occurs in the out-of-plane direction may vary with
the n value of the compound and the lattice constant of the
material of the support layer.

In some embodiments, the lattice constant of the maternal
included in the support layer may be capable of maximizing
the tensile strain in the dielectric layer that occurs 1n the
out-of-plane direction with respect to the compound.

In some embodiments, the material 1n the support layer

may include a compound having a perovskite structure.
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In some embodiments, A may include strontium (Sr) and
bartum (Ba) at a desired (and/or alternatively predeter-
mined) ratio.

In some embodiments, the compound may be represented
by (Sr, Ba), ,T1 O, ;.

In some embodiments, the compound may be represented
by (SrTi0,), _,(BaTiO,),SrO.

In some embodiments, a unit cell of the compound may
include a perovskite layer represented by (Sr, Ba)TiO, and
a rocksalt layer represented by SrO, and a ratio of Sr and Ba
may be determined such that Ba 1s not adjacent to the
rocksalt layer.

According to an aspect of the present disclosure, a thin-
film structure includes a lower electrode layer including a
conductive compound having a perovskite structure; and a
dielectric layer on the lower electrode layer. The dielectric
layer may include a compound with a lattice constant that 1s
greater than the lattice constant of the conductive com-
pound. The compound may have a Ruddlesden-Popper
phase (A _,B X. . J(A and B may each independently

i1

include a cation, X may be an anion, and n may be a natural
number).

In some embodiments, A may be an alkali metal, an
alkaline earth metal, or a rare earth metal; and B may be a
transition metal.

In some embodiments, a compressive strain may occur in
the dielectric layer at an interface between the dielectric
layer and the lower electrode layer. The compressive strain
in the dielectric layer may occur 1n an in-plane direction that
1s 1n-plane with the interface between the dielectric layer and
the lower electrode layer. The compressive strain in the
dielectric layer may induce a tensile strain in the dielectric
layer, and the tensile strain occur 1n an out-of-plane direction
that 1s out-of-plane with the interface between the dielectric
layer and the lower electrode layer.

In some embodiments, the tensile strain 1n the dielectric
layer that occurs in the out-of-plane direction may vary with
the n value of the compound and the lattice constant of the
material of the support layer.

In some embodiments, A may include two or more kinds
ol elements used together at a desired (and/or alternatively
predetermined) ratio.

In some embodiments, A may include strontium (Sr) and
bartum (Ba) at a desired (and/or alternatively predeter-
mined) ratio.

In some embodiments, the compound may be represented
by (Sr, Ba), ., T1 O, .

In some embodiments, the compound may be represented
by (SrTi0,), _,(BaTiO,),SrO.

In some embodiments, a unit cell of the compound may
include a perovskite layer represented by (Sr, Ba)TiO, and
a rocksalt layer represented by SrO, and a ratio of Sr and Ba
may be determined such that Ba 1s not adjacent to the
rocksalt layer.

In some embodiments, the lattice constant of the material
included 1n the support layer may be capable of maximizing
the tensile strain in the dielectric layer that occurs in the
out-of-plane direction with respect to the compound.

In some embodiments, the material in the support layer
may include a compound having a perovskite structure.

In some embodiments, A includes stronttum (Sr) and
bartum (Ba) at a desired (and/or alternatively predeter-
mined) ratio.

In some embodiments, the thin-film structure may further
include a silicon substrate and a bufler layer, and the builer
layer, the lower electrode layer, and the dielectric layer may
be sequentially located on the silicon substrate.
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In some embodiments, the bufler layer may include a
material having a perovskite structure.

In some embodiments, the lower electrode layer may
include SrRuQO;, and the bufler layer may include SrT10;.

In some embodiments, an aspect of the present disclosure 5
provides an integrated device including: the thin-film struc-
ture described above, and an upper electrode layer on the
lower electrode layer to face the lower electrode layer with
the dielectric layer therebetween on the thin-film structure.

According to example embodiments, a thin-film structure 10
includes a support layer including a material having a lattice
constant and a dielectric layer on the support layer. The
dielectric layer may include a compound having a lattice
constant that 1s greater than the lattice constant of the
material 1n the support layer such that compressive strain 15
occurs 1n the dielectric layer 1n an in-plane direction that 1s
in-plane with an interface between the dielectric layer and

the support layer. The compound of the dielectric layer may
have a Ruddlesden-Popper phase (A, B, X, . ), where A
includes two or more elements selected from the group 20
consisting ol alkali metals, alkaline earth metals, and rare
earth metals; B 1s a transition metal, X 1s an anion, and

n 1s a natural number.

In some embodiments, A may include strontium (Sr) and
bartum (Ba) at a ratio to each other, B may be titanium (11), 25
and X may be oxygen (O).

In some embodiments, a unit cell of the compound may
include a perovskite layer represented by (Sr, Ba)T10, and
a rocksalt layer represented by SrO. A ratio of Sr and Ba may
be determined such that Ba 1s not adjacent to the rocksalt 30
layer. The compressive strain in the dielectric layer may
induce a tensile strain 1n the dielectric layer, and the tensile
strain may occur 1n an out-of-plane direction that 1s out-oi-
plane with the interface between the dielectric layer and the
supporting layer. 35

In some embodiments, an upper electrode on the dielec-
tric layer of the above-described thin-film structure. The
support layer may include a lower electrode layer.

In some embodiments, an electronic device may include
the capacitor. 40
An aspect of the present disclosure provides a method of

manufacturing a thin-film structure, the method may include
forming a dielectric layer on a substrate. The substrate may
include a material having a lattice constant. The dielectric
layer may mclude a compound having a Ruddlesden-Popper 45
phase (A _,B X, .), where A and B each independently
include a cation, X 1s an anion, and n 1s a natural number,
and the lattice constant of the material of the substrate may
be less than a lattice constant of the compound of the
dielectric layer. 50

In some embodiments, the forming the dielectric layer
may include determining A, B, X, and n based on analyzing
a trend of an angular frequency of an in-plane motion and an
out-of-plane motion of phonons according to a strain in a
direction of the out-of-plane at an interface between the 55
substrate and the dielectric layer.

In some embodiments, the forming the dielectric layer on
the substrate may include growing the dielectric layer using
a growth method that maintains a crystallinity of the com-
pound of the dielectric layer. 60

In some embodiments, the forming the dielectric layer
may include growing a plurality of atomic layers constitut-
ing the compound 1n units of atomic layers.

In some embodiments, the forming the dielectric layer
may be performed using, 65

chemical vapor deposition (CVD), molecular beam epi-

taxy (MBE), or pulsed laser deposition (PLD).

4
BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects and features of certain
embodiments of the disclosure will be more apparent from
the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 shows a schematic view of a thin-film structure
according to an embodiment;

FIG. 2 shows a conceptual diagram for explaining the
interfacial strain of the thin-film structure of FIG. 1;

FIG. 3 shows a conceptual hysteresis graph for explaining,
terroelectricity;

FIG. 4 shows a major part of the crystal structure of a first
RP phase compound represented by (Sr, Ba) ., 11 O, _,
where n 1s 6;

FIG. 5 shows a graph of strain vs. phonon angular
frequency of the first RP phase compound of FIG. 4;

FIG. 6 shows a major part of the crystal structure of a
second RP phase compound represented by (Sr, Ba),
111, 04, ., where n 1s 6;

FIG. 7 shows a graph of strain vs. phonon angular
frequency of the second RP phase compound of FIG. 6;

FIG. 8 shows a graph of strain vs. in-plane phonon
angular frequency of various RP phase compounds having
different n values and different atomic arrangements;

FIG. 9 shows a graph of strain vs. out-of-plane phonon
angular frequency of various RP phase compounds having
different n values and diflerent atomic arrangements;

FIG. 10 shows examples of a unit cells of various RP
phase compounds that can be used 1n a dielectric layer of
FIG. 1;

FIG. 11 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure according to an
embodiment;

FIG. 12 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure according to an
embodiment;

FIG. 13 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure according to an
embodiment;

FIG. 14 shows a cross-sectional view showing a sche-
matic structure of an integrated device according to an
embodiment; and

FIG. 15 shows a schematic flowchart for explaining a
method of manufacturing a thin-film structure according to
the embodiment.

Fi+1

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated 1n the accompanying
drawings, wherein like reference numerals refer to like
clements throughout. In this regard, the present embodi-
ments may have different forms and should not be construed
as being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by
referring to the figures, to explain aspects. As used herein,
the term “and/or” includes any and all combinations of one
or more of the associated listed 1tems. Expressions such as
“at least one of,” when preceding a list of elements, modity
the entire list of elements and do not modity the individual
clements of the list.

Heremaiter, embodiments of the present disclosure waill
be described in detail with reference to the accompanying
drawings. In the following drawings, like reference numer-
als refer to like elements, and the size of each element 1n the
drawings may be exaggerated for clarity and convemence of
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explanation. Meanwhile, the embodiments described below
are merely illustrative, and various other modifications can
be made from these embodiments.

Hereinafter, when a first element 1s described as being
“above” or “on” a second element, embodiments using these
expressions may 1nclude the case in which the first element
may be directly on the second element and the case 1n which
the first element 1s located above the second element while
the first and second elements do not contact each other.

As used herein, the singular forms “a”, “an”, and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. When a portion
“includes” an element, unless otherwise described, another
clement may be further included, rather than the presence of
other elements being excluded.

Also, terms such as “portion,” “module,” etc. used herein
indicate a unit for processing at least one function or
operation, 1n which the unit and the block may be embodied
as hardware or software or may be embodied by a combi-
nation of hardware and software.

FIG. 1 shows a cross-sectional view showing a schematic
structure of a thin-film structure 100 according to an
embodiment. FIG. 2 shows a conceptual diagram {for
explaining interfacial strain of the thin-film structure of FIG.
1, and 1s an enlarged view of portion A of FIG. 1.

The thin-film structure 100 includes a support layer 110
and a dielectric layer 150 formed on the support layer 110.
In the thin-film structure 100, there 1s an interface 150a
between the support layer 110 and the dielectric layer 150.
The interfacial strain between the support layer 110 and the
dielectric layer 150 1s controlled to allow the dielectric layer
150 to have a high level of permittivity. Each of the support
layer 110 and the dielectric layer 150 has a crystal structure,
and the lattice constant of the support layer 110 1s smaller
than the lattice constant of the dielectric layer 150. When an
clectric field 1s applied to a dielectric material, a dielectric
polarization phenomenon occurs in which polar molecules
are aligned.

The degree of polarization 1s proportional to the electric
fiecld. The extent at which the degree of the dielectric
polarization 1s proportional to the applied electric field may
be expressed as permittivity. In general, the permittivity ()
of dielectric material may be expressed as a relative permit-
tivity (€,), which 1s a ratio with respect to the permittivity
(e5) of vacuum, and the relative permittivity may also be
called a dielectric constant. Since permittivity to be used
below does not deal with absolute values, these expressions
may be used together.

On the other hand, due to the molecular structure of the
dielectric material, the extent at which the degree of the
dielectric polarization 1s proportional to the applied electric
field may vary depending on the direction of the applied
clectric field. Since the dielectric layer 150 according to an
embodiment has a crystal structure, the permittivity of the
c-axis direction (Z direction in the drawing) 1s different from
the permittivity of a plane perpendicular thereto (in-plane,
an X-y plane in the drawing).

The permittivity of particular interest in embodiments 1s
the permittivity in the direction of out-of-plane. This 1s
because in an electronic device including the thin-film
structure 100, an electric field 1s applied in the direction of
out-of-plane and thus, the resulting behavior of the dielectric
layer 150 may be a major performance factor. To increase
the permittivity of the dielectric layer 150 in the direction of
out-of-plane, materials for the support layer 110 and the
dielectric layer 150 are determined such that, in the dielec-
tric layer 150, the compressive strain in the dielectric layer
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6

150 induces tensile strain in the direction of out-of-plane,
and polarization in the direction of out-of-plane 1s generated.

As 1llustrated 1n FIG. 2, the support layer 110 may have
a crystal structure having a lattice constant C1 and the
dielectric layer 150 may have a crystal structure having a
lattice constant C2. The lattice constant C2 of the dielectric
layer 150 1s greater than the lattice constant C1 of the
support layer 110. Accordingly, when the dielectric layer
150 1s epitaxially grown on the support layer 110, a strain
may occur due to a lattice mismatch. The atoms forming the
crystal structure of the dielectric layer 150 are forced to be
closer between adjacent atoms due to a small lattice constant
of the support layer 110, and 1n-plane compressive strain CS
may occur on an interfacial surface between the dielectric
layer 150 and the support layer 110 or a region adjacent
thereto. A material that constitutes the dielectric layer 150
may include a plurality of atomic layers, and the compres-
sive strain CS 1n the direction of 1n-plane 1llustrated in FIG.
2 1s gradually rotated i each atomic layer toward the
direction of out-of-plane, ultimately inducing tensile strain
in the direction of out-of-plane inside the dielectric layer
150.

A model which treats the quantized vibrations of the
crystal lattice as phonon motion can be used for the analysis
of various properties of solids. By analyzing the motion of
the phonon, the relationship between the applied tensile
strain and permittivity may be derived. In the thin-film
structure 100 according to embodiments, the detailed struc-
ture of the compound that constitutes the dielectric layer 150
may be determined i such a way that the out-of-plane
tensile strain acting on the dielectric layer 150 derives a high
level of permittivity in the direction of out-of-plane.

The dielectric layer 150 may include a compound having

Ruddlesden-Popper phase (A, _,B, X, _,)(A and B are each
a cation, X 1s an anion, and n 1s a natural number)(herein-
alter referred to as ‘RP phase”). A may be an alkali metal, an
alkaline earth metal, or a rare earth metal. B may be a
transition metal. In some embodiments, A may include only
one kind of atoms. In other embodiments, A may include two
or more kinds of atoms mixed at a certain ratio. The ratio of
two or more kinds of atoms may be set 1n such a manner that
the out-of-plane tensile strain effectively results 1n out-oi-
plane permittivity. For example, the ratio of two or more
kinds of atoms used as A may be set to obtain an optimal
atomic arrangement for achieving high out-of-plane permat-
tivity 1n the crystal structure of the RP phase compound. For
example, a RP phase compound 1s expressed as a combina-
tion structure of e-compound perovskite layer (ABO,) and a
rocksalt layer (AO). In this regard, the ratio of atoms
constituting A may be set to obtain the optimal out-of-plane
tensile strain according to the relative atomic arrangement of
the perovskite layer and the rocksalt layer, leading to high
out-of-plane permittivity. For use as A, Sr and Ba may be
used together at a certain ratio, but embodiments are not
limited thereto.

The RP phase compound may include a (Ba, Sr) TiO,
structure. (Ba, Sr) represents Ba Sr,(j+k=1, O<j, and k=1).
Sr110; 1s known to have ferroelectric properties under
strains. That 1s, the paraeclectric property of SrTi0; 1s
changed into the ferroelectric property due to strains.

FIG. 3 shows a conceptual hysteresis graph illustrating
terroelectric properties. Permittivity 1s related to the rate at
which a dielectric polarization occurs 1n the direction of the
applied electric field (E). The illustrated graph 1s of dielec-
tric polarization phenomenon (P___ . ) in the direction of
out-of-plane with respect to the electric field in the direction

of out-of-plane, and the slope of the graph 1s associated with
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the permittivity in the direction of out-of-plane. A material
showing a paraelectric property experiences dielectric polar-
ization along the line indicated as para 1n proportion to the
clectric field (E). In the case of the ferroelectric property,
once the dielectric polarization 1s formed by the applied
clectric field (E), even when the applied electric field dis-
appears, the dielectric polarization does not become 0 and a
certain level of residual polarization exists. That 1s, the
polarization characteristics depend on the history of the
clectric field (E) applied to a material having the ferroelec-
tric property, and may have, for example, a polarization
characteristic conforming to a hysteresis graph expressed as
terro. As shown 1n the graph, the ferroelectric property has
a higher permittivity than the paraelectric property, and even
when the applied electric field disappears, the ferroelectric
property shows the residual polarization characteristic. In
this aspect, the ferroelectric property provides the applica-
bility to a memory device.

Meanwhile, even a material having the ferroelectric prop-
erty transitions into a paraelectric property at a transition
temperature defined as a Curie temperature (1) or higher,
since (Ba, Sr)T10, has the ferroelectric-paraelectric transi-
tion temperature being higher than room temperature, (Ba,
Sr)T10, may maintain the ferroelectric property well.

The out-of-plane tensile strain acting on the dielectric
layer 150 may vary depending on the lattice constant of the
support layer 110 and the n value of the compound, and a
maternial that has a lattice constant providing the maximum
or optimal out-of-plane strain with respect to the compound
may be used for the support layer 110. The support layer 110
may 1nclude a perovskite structure compound. The lattice
constant of support layer 110 may be smaller than the lattice
constant of the RP phase compound which constitutes the
dielectric layer 150 formed on the support layer 110.

The RP phase compound which constitutes the dielectric
layer 150 may be (Sr, Ba)__,T1 O, . ,. That 1s, the com-
pound 1s obtained by using (Sr, Ba) as A, T1 as B, and O as

X. The atomic arrangement and the tendency of permittivity
with respect to strain may vary depending on the n value of
(Sr, Ba), ,, 11,04, ., and the ratio of Sr and Ba.

FIG. 4 shows the image of the first RP phase compound,
in particular, the major portion of the crystal structure of (Sr,
Ba) ., 11 O, ., wherenis 6, and FIG. 5 shows the graph of
phonon angular frequency vs. strain of the compound of
FIG. 4.

A unit cell of (Sr, Ba), _T1 O, _, includes a perovskite
layer represented by (Sr, Ba) TiO, and a rocksalt layer
represented by (Sr, Ba)O, and FIG. 4 shows only the
perovskite layer. The structure (BaTiO;) in which Ba 1s
surrounded by four octahedra 1s repeated five times along
the c-axis, according to the ratio of Sr and Ba. This structure
will be referred to as (BBBBB) for convenience.

Referring to FIG. 5, the angular frequency w of phonon in
the direction of in-plane increases when the tensile strain
increases, and the angular frequency of phonon in the
direction of out-of-plane decreases when the tensile strain
increases. The permittivity 1s known to increase in propor-
tion to w™~. Accordingly, since the angular frequency (w) of
the phonon in the direction of out-of-plane decreases as the
tensile strain in the direction of out-of-plane increases, the
permittivity 1n the direction of out-of-plane increases.

In the graph, the spot indicated by an arrow represents the
magnitude of a strain that 1s required when the ferroelectric
polarization rotates from in-plane to out-of-plane. That 1s,
such a magnitude of strain may induce out-of-plane polar-
1zation.
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FIG. 6 shows the image of the second RP phase com-
pound, 1n particular, the major portion of the crystal struc-
ture of (Sr, Ba), _T1, O, _, where n1s 6, and FIG. 7 shows the
graph ol phonon angular frequency vs. strain of the com-
pound of FIG. 6.

The second RP phase compound 1s diflerent from the first
RP phase compound 1n the ratio of Sr and Ba, and has a
three-layered structure of BaT10, with SrT10, at facing ends
thereof 1n a c-axis direction. This structure will be referred

to as (SBBBS) for convenience. Compared with the
(BBBBB) structure illustrated in FIG. 4, the (SBBBS)

structure has the structure of the perovskite layer of BaTiO,
and the rocksalt layer with Sr110, bufler layer therebetween.

Referring to FIG. 7, the tendency of the angular frequency
of phonon with respect to tensile strain 1n the direction of
in-plane 1s similar to as shown 1n FIG. §, and the tendency
of the angular frequency of phonon with respect to tensile
strain 1n the direction of out-of-plane has a smaller slope
than as shown in FIG. §.

When the graph of the out-of-plane angular frequency
with respect to the tensile strain of FIG. 5 1s compared with
the graph of the out-of-plane angular frequency with respect
to the tensile strain of FIG. 7, 1t can be seen that, at the same
magnitude of tensile strain, the structure of FIG. 4, that 1s,
the (BBBBB) structure has higher out-of-plane permittivity.
Like the graph of FIG. 5, the spot indicated as an arrow
shows the magnitude of strain that 1s required when the
terroelectric polarization rotates from in-plane to out-oi-
plane. That 1s, such a magnitude of strain may induce
out-of-plane polarization.

As the angular frequency of phonon with respect to the
structures of FIGS. 4 and 6 has been described 1n connection
with FIGS. 5 and 7, both structures all show a decrease 1n the
angular frequency of phonon, that 1s, an increase 1n permit-
tivity according to the increase in the tensile strain in the
direction of out-of-plane. Thus, the structures are useful for
the embodiment of a higher permittivity. Both structures are
common 1n that the ratio of Sr and Ba 1s set to provide an
atomic arrangement 1n which Ba 1s not immediately adjacent
to the rocksalt layer, and also this atomic arrangement seems
to act as a major factor to provide high permittivity.

Also, as described above, regarding the RP phase com-
pound represented by (Sr, Ba), 11,0, ., where n 1s 6,
when Sr and Ba are present at such a ratio to be represented
as the (BBBBB) structure, a higher permittivity may be
obtained 1n the direction of out-of-plane, compared to when
Sr and Ba are present at such a ratio to be represented as the
(SBBBS) structure.

FIGS. 8 and 9 are graphs of strain-to-phonon angular
frequency of the RP phase compound according to the n
value and the atomic arrangement. FIG. 8 shows the graph
of the phonon angular frequency with respect to strain 1n the
direction of in-plane, and FIG. 9 shows the graph of the
phonon angular frequency with respect to strain in the
direction of out-of-plane.

These RP-phase compounds used herein have an atomic
arrangement which includes Sr110, for a buller layer, like
the structure of FIG. 6, and have difterent n values. The
crystal structures corresponding to n=4 (SBS), n=6

(SBBBS), n=8 (SBBBBBS), n=10 (SBBBBBBBS) shown

in the graph may be deduced with reference to the descrip-
tion of FIGS. 4 and 6.

Referring to the graph of FIG. 8, the tendency of angular
frequency of phonon on the direction of in-plane does not
significantly change according to the n value and the amount

of Ba.
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Referring to the graph of FI1G. 9, the graph of the angular
frequency of phonon 1n the direction of out-of-plane with
respect to the tensile strain has a greater slope as the n value
increases. The rate of the decrease 1n the angular frequency
of phonon with respect to the increase in the tensile strain,
that 1s, the rate of the increase in the rate of permittivity in
the direction of out-of-plane 1s rapidly increased as the n
value increases. When n 1s 4, the rate of the decrease 1n the
angular frequency of phonon with respect to the increase 1n
the tensile strain 1s small, and when n 1s at least 6, or at least
8, the rate of the increase of permittivity in the direction of
out-of-plane 1s eflectively increased with respect to the
increase in the tensile strain. This result shows that 1n a
crystal structure having a 5-layered Ba'Ti0,, the permittivity
in the direction of out-of-plane 1s eflectively increased.

Referring to FIGS. 4 to 9, main factors which determine
the detailed structure of the RP phase compound that con-
stitutes the dielectric layer 150 are the n value, atoms
constituting the RP phase, the atomic arrangement, and a
relative arrangement and proportion of a plurality of atoms,
for example, Sr and Ba. By controlling these factors, a
tensile strain which may eflectively contribute to the
increase in the permittivity in the direction of out-of-plane
may be determined, and in consideration of the determined
tensile strain, the materials of the support layer 110 and the
dielectric layer 150 may be set.

FIG. 10 shows examples of a unit cell of a RP phase
compound including the dielectric layer 1llustrated 1n FIG. 1.

Example structures illustrated in FIG. 10 are RP phase
compounds represented by (SrT10,), _,(BaTi0,),SrO where
the ratio of Sr to Ba 1s n:1, and have the atomic arrangement
in which Ba does not contact a SrO rocksalt layer.

As described above, by inducing the polarization 1n the
direction of out-of-plane caused by interfacial engineering,
the dielectric layer 150 may obtain high permittivity in the
direction of out-of-plane. This dielectric layer 150 may be
applied to various thin-film structures and electronic devices
that require high permittivity, ferroelectric properties, and
low leakage current at small thickness.

FIG. 11 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure 101 according to an
embodiment.

The thin-film structure 101 includes a lower electrode
layer 121 and a dielectric layer 151. The lattice constant of
lower electrode layer 121 may be smaller than the lattice
constant of the dielectric layer 151. The lower electrode
layer 121 may include a conductive compound.

Like the dielectric layer 150 of the thin-film structure 100
of FIG. 1, the dielectric layer 151 may include a compound
of which tensile strain 1n the direction of out-of-plane is
induced by compressive strain in the direction of n-plane
due to the lattice constant relationship with the lower
clectrode layer 121.

The dielectric layer 151 may include a compound having,

a Ruddlesden-Popper phase(A, B X, .,) (A and B are
cach a cation, X 1s an anion, and n 1s a natural number)
(hereinafter referred to as ‘RP phase’). A may be an alkal
metal, an alkaline earth metal, or a rare earth metal, and B
may be a transition metal. The RP phase compound which
constitutes the dielectric layer 150 may be (Sr, Ba) _

111, O That 1s, the compound 1s obtained by using (Sr,

¥ 3nr+1

Ba) as A, T1 as B, and O as X. The n value of (Sr,
Ba), ., T1 O, .., and the ratio of Sr and Ba Sr and a relative
atomic arrangement thereof, may be, as described above,
controlled to eflectively obtain an increase in permittivity in
the direction of out-of-plane according to the increase 1n the
tensile strain in the direction of out-of-plane.
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For example, as described above, the unit cell of (S,
Ba), ., T1, O, _, may include an atomic arrangement which
includes the perovskite layer represented by (Sr, Ba)TiO,
and the rocksalt layer represented by (Sr, Ba)O, wherein Ba
does not directly contact the SrO rocksalt layer. This struc-
ture can be expressed by the structure of (BB ..., BB) or
(SB . . ., BS), and the repeat number of BaTi10, repeatedly
arranged along the crystal axis (¢ axis) direction may be 5 or
more. The compound may be represented by (Sr110,), _,
(BaT10,)SrO.

The lower electrode layer 121 may include a conductive
compound having a perovskite structure. The lower elec-
trode layer 121 may have the chemical formula of, for
example, ABO,, wherein A may be Sr, Ba, or Ca and B may
be Ru, Ti, Ta, or Nb. The lower electrode layer 121 may be
represented by SrRuQO,, but 1s not limited thereto. Due to
such a structure, an eflective compressive strain in the
direction of in-plane and resulting tensile strain in the
direction of out-of-plane may be induced in relation to the
RP-phase compound placed on the lower electrode layer
121.

FIG. 12 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure 102 according to an
embodiment.

The thin-film structure 102 includes a lower electrode
layer 122, a dielectric layer 152, and an upper electrode layer
172. Unlike the thin-film structure 101, the thin-film struc-
ture 102 further includes the upper electrode layer 172, and
the lower electrode layer 122 and the dielectric layer 152 are
substantially the same as the lower electrode layer 121 and
the dielectric layer 151 of FI1G. 11. The upper electrode layer
172 may include a conductive material which 1s not par-
ticularly limited. The matenial for the upper electrode layer
172 may be the same as or diflerent from that of the lower
clectrode layer 122. The thin-film structure 102 may func-
tion as a capacitor or a memory element. The dielectric layer
152 may have high permittivity in the direction of out-oi-
plane, and has the hysteresis property as described 1n FIG.
3. Due to these properties, the dielectric layer 152 can
function as a capacitor or a memory device manufactured 1n
small sizes and have high performance.

FIG. 13 shows a cross-sectional view showing a sche-
matic structure of a thin-film structure 103 according to an
embodiment;

The thin-film structure 103 may include a silicon substrate
113, a bufler layer 133, a lower electrode layer 123, and a
dielectric layer 153. The thin-film structure 103 according to
the present embodiment differs from the thin-film structure
102 of FIG. 12 1n that the silicon substrate 113 and the butler
layer 133 are further provided. The lower electrode layer
123 and the dielectric layer 153 may be substantially the
same as the lower electrode layer 122 and the dielectric layer
152 of the thin-film structure 102 of FIG. 12.

The bufler layer 133 may be provided to bufler defects
due to lattice mismatch between the silicon substrate 113
and the lower electrode layer 123. Like the lower electrode
layer 123, the bufler layer 133 may have the perovskite
structure. The butler layer 133 may include SrT10;, but the
material therefor 1s not limited thereto.

FIG. 14 1s a cross-sectional view showing a schematic
structure of an integrated device 104 according to an
embodiment.

The integrated device 104 includes a silicon substrate 114,
a bufler layer 134, a lower electrode layer 124, a dielectric
layer 154, and an upper electrode layer 174.

The integrated device 104 may be part of an integrated
circuit which includes a silicon substrate 114 as a basis. Such
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an integrated circuit may include a plurality of capacitors,
transistors, memory devices, and the like, and these devices
may embody high performance and mimiaturization by
including the dielectric layer 154 having a high permittivity.
The integrated device 104 may include many electronic
devices which are manufactured based on a template 1n
which the bufler layer 134 1s formed on the silicon substrate
114. Embodiments are not limited to the 1llustrated structure.

While FIGS. 13-14 illustrate non-limiting examples
where the substrates 113 and 114 are silicon substrate, the
substrates 113 and 114 1n other embodiments may be other
semiconductor materials.

FIG. 15 1s a schematic flowchart 1llustrating a method of
manufacturing a thin-film structure according to an embodi-
ment.

The method of manufacturing the thin-film structure, as
described above, aims at forming a dielectric layer that
obtains high permittivity by inducing a tensile strain 1n the
direction of out-of-plane from the compressive strain in the
direction of in-plane acting on the interface of the dielectric
layer.

The method of manufacturing the thin-film structure
includes determining a substrate and a RP phase compound

to be formed on the substrate (A, B X, .,) (A and B are

¥i+1""#

cach a cation, X 1s anion, and n 1s a natural number)(5210)
and growing the RP phase compound on the substrate
(S230).

When the substrate and RP phase compound are deter-
mined, the strain acting on the compound versus phonon
angular frequency can be analyzed. Details of the RP phase
compound may be determined to effectively embody high
permittivity based on the analysis of the angular frequency
tendency of in-plane motion and out-of-plane motion of
phonon. At this time, not only A, B, and X, but also n value,
atomic arrangement, and the ratio of a plurality of atoms
used as A, for example, the ratio of Sr and Ba may be
considered as main factors. In addition, substrates with
lattice constants suitable for the target tensile strain may be
selected. The substrate may be an electrode layer including
a conductive compound.

When the RP phase compound 1s grown (S230), a growth
method 1 which the crystallinity of the RP phase compound
1s maintained may be used. For example, a growth method
in which a plurality of atomic layers constituting the com-
pound may be sequentially grown 1n the unit of atomic layer,
and the growth method may be chemical vapor deposition
(CVD), molecular beam epitaxy (MBE), or pulsed laser
deposition (PLD).

The above-described thin-film structure and the method of
manufacturing the same may embody a dielectric matenal
having high permittivity through interfacial engineering
which induces out-of-plane polarization.

The thin-film structure described above can be applied to
an electronic device such as a capacitor, a memory device,
or the like, and to various integrated devices for an inte-
grated circuit including a silicon substrate as a basis.

It should be understood that example embodiments
described herein should be considered 1n a descriptive sense
only and not for purposes of limitation. While some example
embodiments have been particularly shown and described, 1t
will be understood by one of ordinary skill in the art that
variations 1n form and detail may be made therein without
departing from the spirit and scope of the claims.

What 1s claimed 1s:

1. A thin-film structure comprising:

a support layer including a material having a lattice

constant; and

10

15

20

25

30

35

40

45

50

55

60

65

12

a dielectric layer on the support layer,
the dielectric layer including a compound having a

Ruddlesden-Popper phase (A, B, X, . ), where A

i1

and B each independently include a cation, X 1s an
anion, and n 1s a natural number, the lattice constant
of the material of the support layer being less than a
lattice constant of the compound, wherein
A 1ncludes strontium (Sr) and barium (Ba) at a ratio to
each other,
the compound 1s represented by (Sr, Ba), ., 11 O, |,
a umt cell of the compound includes a perovskite layer
represented by (Sr, Ba)T10; and a rocksalt layer rep-
resented by SrO, and
a ratio of Sr and Ba 1s determined such that Ba 1s not
adjacent to the rocksalt layer.
2. The thin-film structure of claim 1, wherein
a compressive strain occurs 1n the dielectric layer at an
interface between the dielectric layer and the support-
ing layer,
the compressive strain 1n the dielectric layer occurs 1n an
in-plane direction that i1s in-plane with the interface
between the dielectric layer and the supporting layer,
the compressive strain in the dielectric layer induces a
tensile strain in the dielectric layer, and
the tensile strain occurs 1n an out-oi-plane direction that
1s out-of-plane with the interface between the dielectric
layer and the supporting layer.
3. The thin-film structure of claim 2, wherein
the tensile strain 1n the dielectric layer that occurs 1n the
out-of-plane direction varies with the n value of the
compound and the lattice constant of the material of the
support layer.
4. The thin-film structure of claim 3, wherein
the lattice constant of the material included in the support
layer 1s capable of maximizing the tensile strain 1n the
dielectric layer that occurs 1n the out-of-plane direction
with respect to the compound.
5. The thin-film structure of claim 1, wherein
the material included 1n the support layer has a perovskite
structure.
6. A thin-film structure comprising:
a lower electrode layer including a conductive compound
having a perovskite structure and a lattice constant; and
a dielectric layer on the lower electrode laver,
the dielectric layer including a compound with a lattice
constant that 1s greater than the lattice constant of the
conductive compound,

the compound having a Ruddlesden-Popper phase (A, |
1B X, ), where A and B each independently
include a cation, X 1s an anion, and n 1s a natural
number, wherein

A 1ncludes strontium (Sr) and baritum (Ba) at a ratio to
each other,

the compound 1s represented by (Sr, Ba) _,T1 O, .,

a unit cell of the compound includes a perovskite layer
represented by (Sr, Ba)T10, and a rocksalt layer rep-
resented by SrO, and

a ratio of Sr and Ba 1s determined such that Ba 1s not
adjacent to the rocksalt layer.

7. The thin-film structure of claim 6, wherein

a compressive strain occurs 1n the dielectric layer at an
interface between the dielectric layer and the lower
clectrode layer,

the compressive strain 1n the dielectric layer occurs 1n an
in-plane direction that i1s in-plane with the interface
between the dielectric layer and the lower electrode
layer,
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the compressive strain in the dielectric layer induces a
tensile strain in the dielectric layer, and
the tensile strain occurs 1n an out-oi-plane direction that
1s out-oi-plane with the interface between the dielectric
layer and the lower electrode layer.
8. The thin-film structure of claim 7, wherein
the tensile strain 1n the dielectric layer that occurs 1n the
out-of-plane direction varies with the n value of the
compound and the lattice constant of the conductive
compound 1n the lower electrode layer.
9. The thin-film structure of claim 6, further comprising
a silicon substrate; and
a buller layer on the silicon substrate, wherein
the bufler layer, the lower electrode layer, and the dielec-
tric layer are sequentially located on the silicon sub-
strate.
10. The thin-film structure of claim 9, wherein
the bufler layer includes a material having a perovskite
structure.
11. The thin-film structure of claim 9, wherein
the lower electrode layer includes SrRuQO,, and
the bufler layer includes Sr110,.
12. An mtegrated device comprising:
the thin-film structure according to claim 6, and
an upper electrode layer on the thin-film structure to face
the lower electrode layer with the dielectric layer
therebetween.
13. A thin-film structure comprising:;
a support layer including a material having a lattice
constant; and
a dielectric layer on the support layer,
the dielectric layer including a compound having a
lattice constant that 1s greater than the lattice con-
stant of the maternial i the support layer such that
compressive strain occurs 1n the dielectric layer in an
in-plane direction that 1s m-plane with an interface
between the dielectric layer and the support layer,
the compound of the dielectric layer having a Ruddles-
den-Popper phase (A, B, X;, . ), where
A 1ncludes two or more elements selected from the
group consisting of alkali metals, alkaline earth
metals, and rare earth metals,
B 1s a transition metal,
X 1s an anion, and
n 1s a natural number, wherein
A 1ncludes strontium (Sr) and barium (Ba) at a ratio to
each other,
the compound 1s represented by (Sr, Ba) _,T1 O,, .,
a unit cell of the compound includes a perovskite layer
represented by (Sr, Ba)T10; and a rocksalt layer rep-
resented by SrO, and
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a ratio of Sr and Ba 1s determined such that Ba 1s not
adjacent to the rocksalt layer.

14. A capacitor comprising;:

the thin-film structure of claim 13; and

an upper electrode on the dielectric layer, wherein

the support layer includes a lower electrode layer.

15. An electronic device comprising:

the capacitor of claim 14.

16. A method of manufacturing a thin-film structure, the

method comprising:

forming a dielectric layer on a substrate,
the substrate including a material having a lattice
constant,
the dielectric layer including a compound having a

Ruddlesden-Popper phase (A, B, X;, . ), where A

i1 3rz+1

and B each independently include a cation, X 1s an
anion, and n 1s a natural number, and

the lattice constant of the matenial of the substrate 1s
less than a lattice constant of the compound of the
dielectric layer, wherein

A 1ncludes stronttum (Sr) and barium (Ba) at a ratio to
each other,

the compound 1s represented by (Sr, Ba) _,T1 O, _ .,

a umt cell of the compound includes a perovskite layer
represented by (Sr, Ba)T10O, and a rocksalt layer rep-
resented by SrO, and

a ratio of Sr and Ba 1s determined such that Ba 1s not
adjacent to the rocksalt layer.

17. The method of claim 16, wherein

the forming the dielectric layer includes determining A, B,
X, and n based on

analyzing a trend of an angular frequency of an in-plane
motion and an out-of-plane motion of phonons accord-
ing to a strain in a direction of the out-of-plane at an
interface between the substrate and the dielectric layer.

18. The method of claim 16, wherein

the forming the dielectric layer on the substrate includes
growing the dielectric layer using a growth method that
maintains a crystallinity of the compound of the dielec-
tric layer.

19. The method of claim 18, wherein

the forming the dielectric layer includes growing

a plurality of atomic layers constituting the compound 1n
units of atomic layers.

20. The method of claim 18, wherein

the forming the dielectric layer 1s performed using

chemical vapor deposition (CVD), molecular beam epi-
taxy (MBE), or pulsed laser deposition (PLD).
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