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We use SrTiO;/Si as a model system to elucidate the effect of the interface on ferroelectric behavior in
epitaxial oxide films on silicon. Using both first-principles computations and synchrotron x-ray diffraction
measurements, we show that structurally imposed boundary conditions at the interface stabilize a fixed
(pinned) polarization in the film but inhibit ferroelectric switching. We demonstrate that the interface
chemistry responsible for these phenomena is general to epitaxial silicon-oxide interfaces, impacting on
the design of silicon-based functional oxide devices.
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The direct coupling of material properties across a nano-
scale interface is a promising route to achieving new types
of functionality unavailable in bulk materials. The success-
ful epitaxial growth of perovskite oxides on silicon [1,2] is
a promising avenue for realizing such coupling between
ferroelectric and semiconducting layers. For example, high
quality epitaxial SrTiOj5 thin films can be grown directly on
silicon substrates. Furthermore, a room-temperature ferro-
electric transition has been predicted for SrTiO; when
strained to the Si lattice constant [3]. However, the pres-
ence and structure of the epitaxial interface can strongly
influence the behavior of the adjacent materials relative to
their bulk properties. The epitaxial SrTiO;/Si system is a
useful model to study these interface effects in order to
establish the degree to which the interface modifies or
controls the behavior of such nanoscale oxide structures.

Because of strain relaxation [4], the possibility for
strain-induced ferroelectric SrTiO/Si is limited to very
thin SrTiO; films. In such thin films, depolarizing fields
reduce or eliminate polarization [5-7]. Interestingly, ex-
periments indicate that ultrathin SrTiO; films on Si are
nevertheless polar [4] and possibly ferroelectric [8], sug-
gesting that interface and/or surface phenomena [9-12]
play an important role in the system. While the atomic
structure and electronic properties of the SrTiOs/Si inter-
face are well studied [13-21], the relationship between the
interface and the potential ferroelectric properties has not
been examined. More generally, the effects of interface
structure and chemistry on the properties of complex oxide
films on semiconductors are unknown.

In the following, we apply both theory and experiment to
demonstrate the crucial role of the interface in governing
the properties of the SrTiOs/Si system. Using density func-
tional theory (DFT), we show that the chemical interactions
at the interface impose both mechanical and electrostatic
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boundary conditions on the oxide polarization, inducing a
significant positive polarization in the oxide film despite
large depolarizing field effects. Furthermore, we show that
the interface interactions, which are general to Si-oxide
interfaces, prevent ferroelectricity since they prevent the
metastable interface structure associated with negative film
polarization. Finally, we present synchrotron x-ray diffrac-
tion (XRD) data confirming our theoretical predictions of
an interface-driven polarization and a lack of ferroelectric-
ity in epitaxial SrTiOs/Si.

To understand the role of the interface, we perform DFT
calculations to determine the minimum energy atomic struc-
tures for 56 different SrTiO;/Si interface compositions with
varying amounts of Sr, O, Ti, and Si in the interface region
[22]. For each composition, we search for metastable states
with positive, negative, and zero polarization [22]. We also
determine the thermodynamic stability of the different
SrTiO5/Si interface compositions, which includes all com-
positions and structures published to date [22]; under the
experimentally verified constraints that neither SiO, nor
TiSi, forms at the interface, we predict the most stable
interface composition and geometry, illustrated in Fig. 1.

The predicted structure is in excellent agreement with
scanning transmission electron microscopy (STEM) data,
as shown by the superposition along both in-plane direc-
tions in Fig. 1. The structure also agrees with previous
TEM studies [23] and synchrotron XRD measurements
[22]. Furthermore, it is the only structure that matches
four key observed STEM characteristics: (i) (1 X 1) in-
plane symmetry, (ii) lack of Si dimers, (iii) a full mono-
layer of Sr at the interface, and (iv) alignment of the
interfacial Si with the Ti-O columns. In the following,
we focus on this structure as our primary example. We
note that it is possible that differences in the growth may
result in other interfacial structures, a number of which
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FIG. 1 (color online). STEM images of the SrTiO;/Si inter-
face structure along the Si [110] (a) and [ — 110] (b) directions.
The overlaid DFT structures are uniformly scaled. (c) 3D view of
the computed atomic structure of the predicted interface. Si, Sr,
Ti, O, and Au are grey, cyan, blue, red, and gold, respectively.

have been previously proposed [13,14,16-20]; however,
we show below that our main conclusions are insensitive
to the details of the interface structure and can in fact be
extended to epitaxial Si-oxide interfaces in general.

Our DFT calculations demonstrate that SrTiO5/Si has a
net positive polarization in the SrTiO; film in each of the
56 interface compositions studied. (Positive polarization is
directed away from the Si substrate.) The polarization in
the oxide layer adjacent to the interface (characterized by
the cation-oxygen displacement, 6z;,,) [24] is greater than
or comparable to the polarization in bulk strained SrTiO;
(6zpuik)» as Table I shows for representative interface com-
positions. Away from the interface, the polarization de-
creases, asymptoting to a finite positive value or zero,
depending on the presence of external screening charges.
The resulting net positive polarization, indicated by the
average cation-oxygen displacement throughout the film,
is given for films with a variety of interface compositions in
Table 1.

Figure 2(a) shows the energy versus 6z;,, for the pre-
dicted interface, demonstrating the stability of the posi-
tively poled ground state and the absence of a metastable
negatively poled state. It is evident from the figure that the
interface energetics completely dominate the system, over-
whelming any tendency for ferroelectricity in the oxide
film. This phenomenon is not unique to the predicted
structure: we find no evidence for a metastable negatively
poled state for any interface composition.

TABLE I. DFT computed 6z, and 8z,, for Au/SrTiO5/Si
films with different interface compositions; 8z,,, values are for
3-unit-cell-thick films. Columns 1 and 2 show the composition of
the atomic layer directly above the Si (the interface layer) and
the oxide plane adjacent to the interface layer, respectively. The
relaxed structures are shown in the supplement [22]. Because of
the large interface effect, all thin films have a net positive
polarization (positive §z,,,) despite depolarizing and thin film
effects. For reference, the computed Berry phase polarization for
bulk SrTiO; under 1.7% compressive strain is 0.35 C/m?, and
8zpue = 0.17 A. ML = monolayer.

Interface layer 1st oxide layer 8 Zint (A) 0Zavg (A)
1 ML Sr 1 ML TiO, 0.35 0.29
1 ML Sr, 1 ML O 1 ML TiO, 0.25 0.23
1ML Sr 1 ML TiO, 0.24 0.21
IML Sr, 1 ML O 1 ML TiO, 0.10 0.09
$ML Sr, 2 ML O 1 ML TiO, 0.10 0.09
1 ML Sr 1 ML SrO 0.47 0.24
I ML Sr, 1 ML O 1 ML SrO 0.60 0.31
3 ML Sr 1 ML SrO 0.26 0.12
1ML Sr, 1 ML O 1 ML SrO 0.18 0.05
1ML Sr, 2 ML O 1 ML SrO 0.15 0.04

The absence of a metastable negatively poled state is
largely due to the fact that 6z, is a fixed structural
property of the interface. We demonstrate this point for
the predicted structure by modifying the boundary condi-
tions at the top oxide/electrode interface. Changing the
electrode work function via different electrode materials
modifies the screening charge, resulting in a change in the
net polarization as illustrated in Fig. 2(b). However, the
interface polarization (8z;,,) remains constant regardless of
the strength of the perturbation to the system. Even replac-
ing the top electrode by a full monolayer of surface oxygen
vacancies, which induces a large, monodomain negative
polarization in thin film ferroelectrics [25], does not alter
O7;ni» despite inducing a small net negative film polariza-
tion. While of a different origin, the interface-dominated
behavior illustrated in Fig. 2(b) is analogous to the surface/
interface effects observed in several ferroelectric thin film
systems [9-11,26].

The origin and universality of the observed boundary
condition at the interface are both consequences of the
interface chemistry, which leads to an electronic dipole
across the interface for all compositions. (This interface
electronic dipole is distinct from the interface polarization,
which arises from ionic displacements in the SrTiOj5 layer,
67in-) The dipole formation is driven by the interfacial O
anions, which lower their (Madelung) potential energy by
forming ionic bonds with the Sr cations in the interface
buffer layer. As a result, the oxygens become more attrac-
tive to electrons, and the center of the electron distribution
shifts closer to the first oxide plane. The redistribution of
electrons from the hybrid Si/Sr states [27] (pink) into the
lower energy O p-derived bonding states (blue) is apparent
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FIG. 2 (color online).

(a) Computed energy versus 6%y = Zeation — 20 for a 3-unit-cell-thick film with the predicted interface

composition (circles). The bulk polarization contribution (the energy of 3 unit cells of bulk strained SrTiOs) is shown for comparison
(triangles). (b) Average and interface &z for 3-unit-cell-thick films as a function of electrode material (indicated by labels next to each
data point). (c) Computed electron rearrangement perpendicular to the interface due to interface formation. The arrow indicates the net
shift of electron density from the Si/Sr region into the first oxide layer. Si, Sr, Ti, O, and Au atoms are grey, cyan, blue, red, and gold,

respectively.

in Fig. 2(c), which shows the computed change in electron
density due to interface formation for the predicted inter-
face structure. The same phenomenon is observed for all
interface compositions in our study; in fact, any atomically
abrupt interface between Si and an oxide is expected to
have a dipole in the same direction, as electrons will shift
across the interface towards the oxygen, the most electro-
negative element in the system.

The large, positive values of &z, reported in Table I
arise directly from the interfacial electron rearrangement:
the cations (anions) are repelled (attracted) by the posi-
tively charged Si/Sr interface region, driving them to dis-
place away from (towards) the Si substrate. The interface
displacement couples to the soft mode in the SrTiOj; so that
the interface polarization propagates into the film; a similar
phenomenon is observed in the epitaxial BaO/Si interface
system [28]. Aside from this mechanical coupling, the
interface dipole creates a potential drop across the interface
region that results in an electrical bias: the polarization
profile in the SrTiO; film adjusts to compensate this
voltage drop (a net positive polarization is needed).
Hence, the chemically enforced electronic interface dipole
creates both a mechanical and an electrical bias that work
in tandem to ensure that the ground state is characterized
by a net positive polarization in the SrTiOj5. This clarifies
the difficulty of stabilizing a negative polarization: doing
so requires formation of an interface dipole opposite to the
intrinsic one and an interface structure in which oxygen
acts as the electro-positive element—an unphysical
possibility.

The interface features described above have important
implications for the potential ferroelectric behavior of the
SrTiO;/Si system: By pinning the polarization, the inter-
face prevents ferroelectric switching between monodo-
main polarization states. The single energy minimum
nature of the interface also inhibits domain formation,
which often occurs to alleviate depolarizing fields in thin
ferroelectric films: as Fig. 2(a) shows, a negatively poled

domain is mechanically unstable and has a prohibitive
energy cost compared to the energy that can be gained by
the ferroelectric distortion—i.e., there is no driving force
for domain formation in the SrTiO3/Si system [29].

The intrinsic, chemomechanical origin of the interface
phenomena strongly suggests that the behavior of the
SrTiO;/Si system is generalizable to nonpolar oxide-
semiconductor interfaces. Indeed, substituting the SrTiO5
in our calculations with PbTiO; or BaTiO; results in a
similar interfacial electron rearrangement and a large,
positive 0z;,, demonstrating that our results can be ex-
tended to other systems. This generality has important
consequences for device design, as the fundamental inter-
face properties inhibit the desired functionality.

Because of its origin, the polarization in the SrTiO;/Si
system is not only unswitchable, but also temperature-
independent (i.e., the system will not exhibit a ferroelectric
phase transition). We confirm this prediction experimen-
tally using temperature-dependent anomalous XRD mea-
surements to determine the displacement of the Ti from
centrosymmetry [30]. The data shown in Fig. 3 demon-
strate a temperature-independent polarization directed
away from the Si. In addition, both the direction and
magnitude of the displacement are in good agreement
with our DFT results (dashed lines): our first-principles
and experimental results are quantitatively consistent in
finding an unswitchable interface-stabilized polarization.

The microscopic description of the SrTiO5/Si interface
presented here leads to the conclusion that neither epitaxial
SrTiO5/Si nor other similar perovskite/Si thin films can
exhibit strain-induced ferroelectricity. This conclusion is
seemingly in contrast with the recent observation of piezo-
force microscopy (PFM) contrast in SrTiOs/Si structures
[8], since PFM contrast is routinely observed in canonical
ferroelectric films. However, careful examination of the
PFM time dependence of SrTiO5 films [31] finds a behav-
ior unlike that of normal ferroelectric materials: instead of
exhibiting the stable PFM signal seen for ferroelectric

217601-3



PRL 105, 217601 (2010)

PHYSICAL REVIEW LETTERS

week ending
19 NOVEMBER 2010

0.04
g
S ppp-c---eeccccccccccnaa 1
= ? o7, - 1 -1
] o0 o @ |
=S S R %% 4% _ ]
g 0.02f i
5 )
G i
@ 0.01}
©
=
0.00 — SU—
50 100 150 200 250 300 350 400

Temperature (K)

FIG. 3 (color online). Synchrotron XRD measurements of the
Ti displacement versus T for a 5-unit-cell-thick SrTiO3/Si film.
The blue dots are the experimental data; the black (red) dashed
lines indicate the computed GGA (LDA) average displacement
in films of the same thickness.

films, the signal from SrTiO; is found to decay. These
results, which we have also confirmed on our samples,
suggest that PFM measurements of SrTiO; are dominated
by defect-related effects rather than intrinsic ferroelectric
behavior. Further experiments, such as PFM measurements
of epitaxial BaTiO; or PbTiO; thin films on Si, may help
distinguish between strain- and defect-induced ferroelec-
tricity, since these materials do not exhibit the type of
defect-induced ferroelectricity that has been postulated in
SrTiO5 [12,31].

In summary, we demonstrate how interfacial chemistry
and electrostatics create an interface-induced polarized
ground state in ultrathin SrTiO; films grown epitaxially
on Si, yielding a pedagogical example of how interfacial
effects can dominate the behavior of nanoscale heterosys-
tems and place limitations on direct coupling between the
properties of functional oxides and semiconductors. Our
conclusion that intrinsic SrTiO;/Si systems have a fixed
polarization agrees with the existing experimental data,
with significant implications for the design of oxide elec-
tronic devices: a strain mechanism alone will not provide
the basis for novel ferroelectric behavior in this system.
Looking forward, thoroughly understanding these interfa-
cial effects is the first necessary step in designing new
possibilities for chemical or mechanical modifications of
the interface that allow direct coupling and lead to novel
physics and interface-based functionalities.
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