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The quality and crystallinity of ultrathin dielectric layers depend crucially on the details of interface
formation and chemical stability. Using a combination of photoelectron (XPS) and electron-energy-loss
spectroscopy, low-energy electron-diffraction, and transmission electron microscopy (TEM), we show that
crystalline epitaxial layers of Ba2SiO4 can be grown on Si(100) substrates from evaporated Ba in oxygen
background atmosphere at 650 °C. Since the silicate is chemically by far more stable than the oxides of Si
and Ba, an atomically sharp interface with no interface oxide is formed, as confirmed by XPS and TEM.
However, the interface is rough on the atomic scale. dc and frequency-dependent electrical measurements
reveal a relative dielectric constant of 22.8, low hysteresis in CV measurements, and low leakage currents
but still fairly high interface trap densities.
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I. INTRODUCTION

The CMOS transistor based on silicon is still by far the
most important switching element in electronic circuits. The
progressive miniaturization following Moore’s law is only
possible by implementation of alternative gate oxides with
higher dielectric constants ϵr than SiO2. These alternative
gate oxides have to fulfill a number of specific physical and
technological requirements regarding ϵr, thermodynamic
and kinetic stability, interface and bulk defects [1], and
several others. Although the focus of application and
research in recent years has been on HfO2 [2], there is still
an intense search for other alternatives to SiO2 that avoid the
nonidealities of HfO2 [1,2], in particular, the tendency to
form SiO2 at the interface.
Our study of ultrathin crystalline Ba-silicate layers on

Si(100) is partly motivated by this context, presenting a route
to a gate dielectric that guarantees the absence of any traces
of SiO2 at the interface for thermodynamic reasons, in
contrast to other silicates that have been considered for the
use as high-κ materials such as the silicates of Y [3,4], Hf, Zr,
or La [5–7]. These materials typically exhibit a miscibility
gap so that they tend to decompose into the respective
oxides, which results in a comparatively low ϵr [1].
On the other hand, the system investigated here repre-

sents an interesting study object of epitaxy, interface
physics, and interface chemistry, as well as of electronic
transport along and through semiconductor-insulator

interfaces. The interfaces between insulating ultrathin films
provide a wealth of new physical properties compared with
the individual single components with many aspects of
functionalization and applications. While in tunnel junc-
tions and field-effect transistors in strongly correlated
electron systems [8,9], e.g., the interface is responsible
for band alignment and, thus, for the effective barrier
height, interface scattering is important for the efficiency of
spin filters yielding large tunneling magnetoresistances
[10]. On the other hand, magnetic ordering happens at
the interface of materials that are nonmagnetic in the bulk
[11]. Because of strong polarization and charge transfer,
such interfaces can even be conducting [12] and super-
conducting [13]. This shows that ultrathin films and the
interfaces of these materials are of ever-increasing interest.
The interface between silicon surfaces and dielectric

layers has been investigated for a long time but still is of
high scientific and, of course, also of technological interest
for constructing field-effect transistors. The search for most
suitable gate dielectric materials has been concentrating on
oxides over the last 20 years [1,14–20]. Also, ternary
compounds such as titanates or aluminates have been
discussed (see, e.g., Refs. [21–25]). The mechanisms of
chemical bond formation between the semiconductor and
the dielectric material and their stability determine impor-
tant quantities like the sharpness of the interface, trap
densities, or band alignment [16]. Indeed, there is an
intriguing interplay between chemical, structural, and
kinetic properties at the interface that determine the growth
modes of the dielectric layers [26,27].*pfnuer@fkp.uni‑hannover.de
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High chemical reactivity and insufficient thermal stabil-
ity are general problems. As an example, epitaxial films of
mixed Ba and Sr oxide layers on Si, which we investigated
previously [28–33], were shown to grow with perfect lattice
match to Si(100). They grow in crystalline form only after
introduction of an intermediate Sr layer [28], thus, dem-
onstrating again the importance of interface formation [27].
The importance of details of the interface is also demon-
strated by the large difference in interface trap densities
between amorphous and crystalline oxides. Whereas for the
crystalline material, the interface trap density at midgap is
found to be as low as 6 × 1010 cm−2 eV−1, the amorphous
oxide grown without Sr interface layer has values above
1012 cm−2 eV−1 [30]. The excellent electrical properties
contrast with its limited thermal stability. By thermal
treatment in vacuo at temperatures above 400 °C, it irre-
versibly transforms into silicates [32]. Si turns out to be the
most mobile component, so that the chemical reaction takes
place by diffusion from the Si bulk into the oxide layer. No
SiO2 is formed during silicate formation. This, in fact, is to
be expected for thermodynamical reasons [34]: Silicates of
alkaline earth metals are chemically significantly more
stable than a mixture of the oxides of Si and of alkaline
earth metals. Silicates are, therefore, spontaneously gen-
erated at elevated temperatures from the oxides [35,36].
These silicate layers are found to be stable up to a
desorption temperature above 750 °C [32]. The thermal
stability is, thus, comparable to SiO2.
In our study presented here, we combine structural

investigations of bulk and interface between Si and Ba
silicate carried out with low-energy electron-diffraction
(LEED) and transmission electron microscopy (TEM) with
photoelectron spectroscopy (XPS) in order to determine
chemical properties and band offsets, and electrical
measurements on metal-insulator-semiconductor diodes
(frequency-dependent CV and I-V), which allow determi-
nation of ϵr, bulk and interface trap density, as well as
leakage currents. We find that the identification of improved
growth conditions to achieve crystalline growth is important
for a physical understanding of the electrical properties of
ultrathin crystalline Ba-silicate films. As we will show, this
class of material fulfills already now many of the require-
ments mentioned above. In particular, it combines a high
value of band gap (5.7 eV) with a large value of the dielectric
constant ϵr ¼ 22.8) and high thermal stability. Therefore, it
may be well suited as an alternative gate dielectric.

II. EXPERIMENT

Ba2SiO4 layer of thicknesses between 2 and 12.5 nm
are prepared under UHV conditions (base pressure
2 × 10−10 mbar) on Si(100) samples (size 15 × 15 mm2,
p-type, B doped with NA ¼ 3.5 × 1015 cm−3). Flat
unstructured Si is cleaned ex situ by oxidation and
reduction cycles. In vacuum, it is carefully degassed for

many hours at temperatures up to 550 °C, and the oxide film
is finally removed by flash annealing to 1150 °C. Ba2SiO4

films are generated by evaporation of Ba from a crucible by
electron-beam heating in an ambient oxygen pressure of
3 × 10−7 mbar, keeping the Si sample at 650 °C. The Ba
flux is controlled by quartz microbalances close to the
evaporator and at sample position. The oxygen background
pressure is adjusted so that a well-defined chemical species
with sharp diffraction spots is generated, as judged by
photoelectron spectroscopy (XPS), by spot profile analysis
in low-energy electron (SPALEED), and finally verified by
TEM. TEM cross-sectional images also serve for final
precise calibration of silicate thickness.
Unstructured samples are investigated using XPS,

SPALEED, electron-loss spectroscopy (EELS), and
TEM, partly at high resolution (HRTEM). The TEM and
HRTEM investigations are carried out in a field-emission
transmission electron microscope (FE TEM) from JEOL
(JEM-2100F), which is also equipped with an energy-
dispersive x-ray spectrometer. TEM images and HRTEM
dark-field images are taken in cross-sectional views to
observe the silicate structure, its thickness, nature of
growth, and crystallinity.
MOS test capacitors are fabricated on 4-in wafers of the

same Si material. The wafer surface is covered with a
thermally grown 200-nm-thick field oxide (SiO2), which is
subsequently structured by optical lithography and wet
etching to obtain active windows of various sizes between
A ¼ 6.4 × 10−7 m2 and 4.0 × 10−8 m2. Ohmic back con-
tacts are produced by implantation of Ta (5 × 1015 cm−2,
40 keV), thermal annealing, and by sputtering of tantalum
nitride. After extremely careful chemical removal of the
resist in several steps of dilution, the cleaning of the bottom
surface within the windows is done by oxidation and
reduction cycles. Finally, a hydrogen-terminated Si surface
is produced by dipping into HF with 1% concentration. The
sample is then immediately put into UHV with a mask
mounted on top for the definition of the electrically
separated metal gates covering the windows. After a first
heating step to 850 °C, which removes the hydrogen, the
silicate is now grown without any wetting layer at elevated
temperatures of 650 °C and with further annealing up to
700 °C for 30 to 45 min after deposition. The grown silicate
films are covered with a 150-nm-thick Au capping layer
evaporated as an overlapping metal gate. This capping layer
also serves as a seal for ambient moisture. In order to
improve adhesion, we use one monolayer (ML) of Al
between silicate and gate in our MOS diode. This layer
turns out to be crucial for the wetting of Au on oxide [33].

III. RESULTS AND DISCUSSION

A. Reactive growth

As a first step, we adjust the flux of Ba relative to the
oxygen pressure and optimize it with respect to
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stoichiometry and crystalline order. For this purpose, we
compare the XP spectra of the Ba2SiO4 layers with those
obtained earlier [32]. O1s, Ba3d, and Si2p signals are
measured and optimized for chemical uniformity. Sample
spectra of the Si2p signals are shown in Fig. 1. Compared
with the spectrum of the clean Si(100) surface, the peak
appearing at a binding energy of 101.6 eV is attributed to
the formation of the silicate. Because of the increasing
silicate thickness, the Si peak at 99.2 eV of the underlying
Si sample is damped accordingly. The spectrum obtained
with 3 ML BaO not shows only the damped contribution of
the Si substrate, it also contains a contribution from the
bonding between BaO and Si through oxygen at 100.4 eV,
visible here as Si-O formation at the interface. This
contribution saturates within the first layer, as has been
analyzed in detail previously [28]. After transformation into
silicate upon annealing at 650 °C, the silicate peak at
101.6 V appears as the only new peak. This situation is
unchanged when the silicate layer is grown directly at a
substrate temperature of 650 °C, demonstrating chemical
stability of this layer.
We also note again that no traces of silicon dioxide can

be detected, as expected, since even for the reaction of BaO
and SiO2 the Gibbs free energy is strongly negative [34].

B. Epitaxy and crystalline properties

The Ba-silicate layers formed at 650 °C are then inves-
tigated with LEED and with TEM. We first concentrate on
the LEED results, which are shown in Fig. 2. Here we show
as an example a 2.5-nm-thick Ba-silicate film, together with
a schematic of the LEED image for better orientation. The

film thickness is calibrated using TEM; see below. As seen
there, two ordered rectangular crystalline domains can be
discriminated, which are aligned along the ½110� and ½11̄0�
directions of the Si(100) surface. The shorter axis in
reciprocal space coincides within error margins with the
×2 spots of the (2 × 1) reconstruction of the clean Si(100)
surface, while the other one is longer by one-third.
Precise evaluation and transformation to real space of
these diffraction spots yields lattice constants of j~aj ¼
5.77� 0.05 Å and j~bj ¼ 7.61� 0.05 Å. These values
compare well with two axes of the orthorhombic bulk
Ba2SiO4 crystal (a ¼ 5.81 Å, b ¼ 7.51 Å, c ¼ 10.21 Å)
[37]. This demonstrates strong preference for epitaxial
growth with the a and b axes aligned along the [110]
and ½11̄0� directions of Si(100), respectively, and with the c
axis normal to the interface. Crystalline growth and similar
values of lattice parameters (a ¼ 5.77 Å, b ¼ 7.44 Å,
c ¼ 10.20 Å) for Ba silicate are also reported in a previous
combined RHEED and x-ray diffraction study on Sr- and
Ba-silicate films grown at comparable temperatures [35].
While the lattice constant a agrees with the bulk lattice
constant within error bars, the lattice constant b deviates
from the bulk value in opposite direction to our result,
possibly because growth of Ba silicate in Ref. [35] was
started on a SiSr2-terminated Si surface, which may result
in the admixture of Sr for very thin layers.
Slight deviations from the exact stoichiometry within the

films are to be expected, since during silicate formation the
Si species has to diffuse into and through the silicate films
already present [32]. For this process to be effective, a finite
gradient of Si concentration within the film is required, and,
thus, a deviation from exact stoichiometry. This finding is
in agreement with the observation of reduced crystalline
quality with increasing film thickness (see, also, below).
In order to get more insight into the details of the growth

mechanism and into the interface properties on the atomic
scale, we perform cross-sectional TEM investigations. The

FIG. 1. XP spectra of the Si2p level during silicate formation.
From bottom to top: Clean Si(100) surface, after deposition of
3 ML of BaO grown at room temperature, after annealing this
layer for 30 min at 650 °C. Top: 4 nm of Ba silicate grown at a
substrate temperature of 650 °C.

FIG. 2. Left: LEED image of a 2.5-nm-thick Ba-silicate
structure at a primary energy of 70 eV. For clarification, a
schematic of the LEED pattern is shown on the right. This
schematic illustrates that the spots of the two domains of the Si
pð2 × 1Þ (dark spots), in fact, partly coincide with those of the
two rectangular unit cells of the Ba2SiO4 domains, which,
however, produce additional spots (red).
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TEM results are shown in Figs. 3 and 4. We start with an
elemental analysis carried out with scanning TEM and
EDX analysis at the Kα1 edges of oxygen and Si, and the
Lα1 edge of Ba, respectively, for a nominally 10-nm-thick
silicate film. Within the resolution of this method of about
2 nm, we can directly observe the homogeneous concen-
trations of Ba and oxygen within the layer, while the Si
signal fades out at the edge to the epoxy layer, as expected
from the arguments given above.
As a consequence of this concentration gradient of Si, the

10-nm-thick film is only crystalline close to the Si-silicate

interface but lacks crystallinity in about half of the thickness,
as seen in the lower left part of Fig. 3. In accordancewith the
LEED results shown above, the main crystallographic
orientations of Ba-silicate are along the [110] directions
of Si and crystallites of both types of orientations,
½100�Ba2SO4

∥½110�Sið100Þ, and ½010�Ba2SO4
∥½110�Sið100Þ (darker

sections) can be identified. At some locations, also an
intensity modulation normal to the interface with a period
of 1.0 nm can be observed, which corresponds to lattice
constant c of the crystallites.
The average lateral extension of the crystallites is about

15 nm, which agrees well with that deduced from the spot
profile widths in LEED. If the thickness of the Ba-silicate
film is reduced to 5 nm, as shown on the bottom right of
Fig. 3, the overall crystallinity of the film is improved
considerably, since crystalline regions now extend up to the
full layer thickness. Apart from extended crystallites with
the same orientation and also a similar average size as just
described for the 10-nm film, a minority of much smaller
nanocrystallites with other orientations is visible. This
species may even still be amorphous, since no signal above
the diffuse background is detectable with LEED. The
relative amount of crystalline and amorphous silicate will
depend on the detailed growth conditions, which, however,
are not varied systematically enough in this study to draw
any quantitative conclusions.
These findings show that no silicide, metallic, or oxidic

monolayers are necessary for crystalline growth of Ba2SiO4

on Si(100). The reaction to silicate is clearly activated,
since close to room temperature a preference for oxide
formation exists, when Ba or Sr are evaporated in
oxygen atmosphere [27,28,35,36]. This activation must
be mainly necessary for the formation of SiO4−

4 tetraeders,
which are linked by the Ba ions in between. Since
SiO4−

4 is formed only in presence of Ba or Sr, a crystalline
layer must already be formed within the first silicate layer.
This short-range interaction and the good fit to the Si
substrate lattice favors the orientation of the lattice con-
stants a and b along the Si close-packed directions, whereas
lattice constant c is determined only by layer stacking. On
the other hand, local silicate formation reduces coupling to
the substrate sufficiently in order to make diffusion
sufficiently fast for perfect alignment and further crystalline
growth.
Since Ba silicate is formed under reactive growth

conditions here, with Si diffusion being the most crucial
step, it is not surprising that the interface between Si and
silicate is rough, also on the atomic scale, as demonstrated
in Fig. 4 for 5- and 10-nm-thick silicate films. Nevertheless,
as judged from XPS, there are no signs of formation of
other chemical species, neither in XPS nor in TEM. An
enhanced concentration of structural defects at the interface
has consequences for the electrical properties (see below),
since they may also be coupled with local compositional
fluctuations on the atomic scale.

FIG. 3. Top: Cross-sectional EDX microspectroscopy using the
Lα emission of Ba (left) and the Kα emissions of Si and oxygen.
Bottom: Cross-sectional views in TEM of the Si-Ba-silicate
interface. The Si wafer is oriented along ½110�. Left: 10 nm of
silicate. Here, only about half of the layer thickness is crystalline
with different crystal orientations of the silicate. Right: 5 nm of
silicate. Here, at many locations the whole silicate layer is
crystalline. For more details, see Fig. 4.

FIG. 4. Enlarged view of the characteristic Si-silicate interface
for 10-nm- (left) and 5-nm-thick silicate layers. The interface
contains some roughness on the atomic scale, and the silicate is
crystalline at the interface. Several azimuthal orientations can be
identified. In the left picture, the crystalline structure above the Si
substrate can be identified mostly on the shortest silicate axis
(5.80 Å) parallel to the ½110� interface direction of Si. It is partly
modulated with a -nm periodicity normal to the interface
corresponding to the c axis of the silicate (10.22 Å). Right
picture: The center part shows crystallites with the b
axis (7.45 Å) ∥ ½110�.

ISLAM, HOFMANN, FELDHOFF, and PFNÜR PHYS. REV. APPLIED 5, 054006 (2016)

054006-4



C. Characterization of electronic properties

In the following, we concentrate on 6.25-nm-thick
Ba-silicate layers. In order to determine the width of the
band gap, we perform EELS measurements on these
samples using a standard electron gun as the electron
source, yielding an energy resolution of about 0.5 eV. As
seen from the typical EELS spectrum shown in Fig. 5, these
silicate films have a clear band gap with a small excitation
background of about 10−2 of the elastically scattered peak
intensity. A gradual increase is seen for loss energies above
4 eV, which we ascribe to the excitation of Frenkel
excitons. Since the series of excitations cannot be resolved,
only single peaks is used in the fit for the excitons, together
with further Gaussian peaks for bulk silicate excitations.
The steep increase close to 7-eV loss energy indicates the
dominance of bulk excitations at higher loss energies. An
estimate for the bulk band gap of Ba silicate is obtained
from the linear extrapolation of this steep increase back to
zero loss intensity to be 5.7� 0.2 eV. This value coincides
with the first abrupt change of slope of the loss intensity,
which can be taken as a further indication of the onset of
bulk excitations. It also agrees within error bars with that
found for annealed mixed SrBa-oxide layers grown at room
temperature [32].
With this information, we now determine the band

offsets and the band alignment of Ba silicate with respect
to p-doped Si(100) by XPS using the method of Waldrop
et al. [38]. The method is based on a comparison of the
energetic distance of arbitrary core lines from the valence-
band edges of bulk materials of the silicon substrate and of
the insulator adsorbate, with the energetic distance of the
same core lines but now for the silicon or insulator
heterojunction. Core levels of Si2p, Ba3d, and O1s are
used. Instead of bulk material for the silicate, we use the
values for the 6.25-nm-thick film and compare it with the
3-ML-thick silicate film. More details of the data evaluation
are described in Ref. [28]. The result shown in Fig. 6
reveals fairly symmetric band offsets of valence and

conduction bands, indicating a small concentration of
polarization charges at the interface between Si and silicate.
This finding is in agreement with the small core-level shift
observed in Fig. 1 of the Si2p emission upon formation of
silicate. The bulk Si peak is shifted by less than 0.1 eV,
which is within the error bar of our determination of band
alignments.
MOS diodes are fabricated completely in UHV with

oxide thicknesses between 6.25 and 13 nm grown at a
sample temperature of 650 °C under a constant flux of Ba in
oxygen background pressure. These layers are capped with
a monolayer of Al and 150 nm of Au, as mentioned above.
These samples turn out to be stable in air so that CV and
I-V measurements can be carried ex situ. A typical CV
curve is shown in the left part of Fig. 7. As seen there,
hysteresis turns out to be below 1 mVat the steepest slope,
which on the scale shown in this figure, is not visible. This
demonstrates that the density of rechargeable traps near the
interface is extremely low. On the other hand, a large
positive flatband voltage of þ0.8 V is measured as com-
pared to an estimated value close to zero (between þ0.07
and −0.13 V) derived from the Si doping, electron affinity,
and the Au work function. This shift of flat band voltage is
an indication of the presence of dipole (polarization)
charges either at the Si silicate or at the silicate-gold
interface or of trapped negative charges within the insulator.
The majority of charges, however, cannot be located at the
Si-silicate interface: As seen from Fig. 6, the band

FIG. 5. Electron-energy-loss spectrum on a 6.25-nm-thick
Ba-silicate layer. The band gap is determined by linear extrapo-
lation of the loss intensity on the right side, not considering the
excitonic loss (black curve).

FIG. 6. Band offset as determined with XPS between p-Si and
Ba2SiO4.

FIG. 7. Left: CV curve measured for a 6.25-nm-thick
Ba2SiO4 layer on Si(001). Right: I-V curve for a 9.4-nm-thick
Ba-silicate film.
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alignment at this interface is close to the value expected
when no charge transfer occurs when the Si-silicate inter-
face is formed. The Fermi level of p-doped Si at room
temperature and at the given doping concentration is close
to 0.24 eV above the valence-band edge. Assuming no
charge transfer and midgap location of EF within the
insulator, band offsets for the valence bands of 2.61 eV
and of 2.09 for the conduction bands result. This
assumption agrees with the small shift of the Si2p peak
during formation of the first few Ba-silicate layers of 0.1 eV
(see Fig. 1). When growing thicker layers, this shift again
remains within error bars of �0.05 eV so that the accu-
mulation of charges within the silicate layers, at least
during growth, can be excluded. Therefore, it is likely that
dipole formation at the silicate-gold interface and here, in
particular, at the Al interface layer, is responsible for the
observed shift. Interestingly, the polarity of the correspond-
ing interface dipole that has been observed recently for
mixed BaSr oxide layers [33] and has also been predicted
theoretically [39] is reversed compared to the oxide layers.
However, no systematic study of Al layer thickness is
carried our here to explore its origin in more detail.
The leakage current through the silicate is measured

taking I-V curves. An I-V curve at dc for a 9.4-nm-thick
film is shown in the right part of Fig. 7, yielding a leakage
current of 3 mA=cm2 at −1 V. The equivalent oxide
thickness [capacitance-equivalent thickness (CET)] for this
layer is 1.6 nm (see below) and, thus, still fulfills the critical
limits of leakage currents for practical applications [16].
From frequency-dependent small-signal admittance

measurements, we determine quantitatively the capaci-
tances in strong accumulation using a frequency-dependent
three-element model in order to account for leakage
currents and series resistances. The series resistance is
separately measured on a sample with only back contacts.
The CET to SiO2 is calculated from the capacitance value
measured in the accumulation region without considering
the quantum-mechanical effects. Here, all the electrical
measurements are taken with the same size of windows

(area of 4 × 10−4 cm2). The gate metal or field oxide
overlap capacitances are carefully subtracted. We plot in
Fig. 8 the averages of the CET values for each silicate layer
thickness tested. The error bars are determined from the
scatter of the values for all probe windows. Within these
error limits, the data fall on a straight line. From the slope, a
relative dielectric constant of ϵ ¼ 22.8� 0.2 is determined.
Taking the empirical correlation between the band gap and
the value of ϵ [1], our values obtained here support this
correlation fully. Since silicate layers with a thickness down
to at least 3 nm can be produced without problems, CETs of
0.5 nm and less are feasible with this material. Also
expected is the positive intercept with the CET axis at
0.18 nm due to the finite semiconductor capacitance in
strong accumulation that has not been considered so far.
Frequency-dependent measurements are also used to

determine the density of interface traps Dit under flatband
conditions (−0.32 eV below midgap at the doping
level of our samples) using the conductance method
[40].Dit is determined from the peak values of conductance
Git=ω and the width in the frequency domain. From these
curves and the known area of our windows, we calculate
values for the interface trap density Dit to be around
1� 0.5 × 1013 eV−1 cm−2. While these values scatter
between samples, there is no clear tendency as a function
of silicate thickness. At midgap, they may be a factor of
3 to 5 lower.
There are several possible reasons for these high values of

Dit. Two of them are, as already mentioned, the need for
reactive formation of the Ba silicate and the diffusive
transport of Si atoms into the silicate and to the silicate
surface for further silicate formation. Especially, the latter
process causes a rough interface on the atomic scale between
Si and the silicate, as seen in Figs. 3 and 4. Furthermore, the
lattices of Si and silicate have quite different symmetries
(cubic vs tetragonal) and imperfect recrystallization, par-
ticularly, at the interface, can be a source for local defects.
The roughness may cause local strain fields that are efficient
in electron scattering. This finding underlines again the
importance of control of the interface properties on the
atomic scale, which is difficult by direct means of spec-
troscopy and microscopy. However, indirect methods like
the variation of the growth modes may give access.

IV. SUMMARY AND CONCLUSIONS

We characterize in this study the formation of crystalline
Ba2SiO4 on Si(100) using a combination of diffraction,
microscopy, electron spectroscopy, and frequency-
dependent electrical measurements. To our surprise, crys-
talline growth at a surface temperature of 650 °C works on
the bare Si surface; i.e., it does not need any surface
passivation or interface layer because of self-passivation.
Lattice match to the substrate, at least for one crystal axis,
however, still is important for epitaxial and crystalline
growth, since with Sr silicate, which has the same crystal

FIG. 8. CET as obtained by variation of silicate thickness. The
nonzero intersection at zero thickness corresponds to the Si
accumulation capacitance.
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structure and stoichiometry but lattice constants that are
about 4% smaller than in Ba silicate [37], no crystalline
growth is achieved so far, in agreement with Ref. [36].
Because of reactive growth, which requires Si atoms to

diffuse through existing silicate layers, thickness-
dependent deviations from exact stoichiometry are
expected. This concentration gradient is most likely the
reason for only partial crystallinity for layers above 6 nm
thickness (under our growth conditions). The local defi-
ciency or surplus of Si atoms causes variable concentra-
tions of defects, which may be a source for leakage currents
through the dielectric. This gradient is not larger than 0.5%
per nm, as estimated from preliminary secondary ion mass
spectrometry (SIMS) measurements.
Taking into account its high thermal stability (desorption

from the Si surface above 750 °C under UHV conditions)
and the relatively small tendency for uptake of crystal
water, the material with a relative dielectric constant of
ϵ ¼ 22.8 seems to be well suited as high-k dielectric.
Interestingly, and despite the obvious deficiency of Si in
thicker layers, it has low concentrations of rechargeable
bulk traps as well as acceptable ranges of leakage currents.
The still high concentration of interface traps is most likely
due to the relatively rough interface generated under the
present growth conditions and indicates that better control
of the interface properties is needed.
Summarizing, our investigations of the structural, chemi-

cal, and electrical properties of crystalline ultrathin
Ba-silicate films on Si(100) and their interface open the
route to a new class of insulating material that is free of
oxide at the interface. While the material fulfills many
requirements that are technically interesting (dielectric
constant, thermal stability, band alignment), this material
may greatly facilitate the manufacturing process due to the
lack of an interface oxide. On the other hand, crystallinity
of the films allows detailed control of interface properties
on the atomic scale that are important for gate dielectrics
and are not easily achievable with other materials.
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