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We have characterized thin films of LaScO3 and LaAlO3 which were grown by molecular beam
deposition on Si substrates. Samples of LaScO3 were also grown by pulsed laser deposition on MgO
substrates. Using transmission studies between 1.5 and 6 eV, we have established that low
temperature deposition leads to a reduced band gap with respect to the bulk crystal. Furthermore,
using spectroscopic ellipsometry from 5 to 9 eV we observe substantial differences in near-band
gap absorption between thin and thicker films for both materials. We obtain a band gap of 5.84 eV
for the thinner film of LaAlO3, whereas we find a band gap of 6.33 eV for the thicker film of
LaAlO3. Similarly we find band gaps of 5.5 and 5.96 eV, respectively, for thin and thick films of
LaScO3. © 2005 American Vacuum Society. 关DOI: 10.1116/1.2056555兴

I. INTRODUCTION
As SiO2 approaches its limits as an effective gate dielectric in metal-oxide-semiconductor field-effect transistors,1–5
there is a wide range of research being conducted on alternative materials.6–12 Replacement materials must have a high
dielectric constant, must be thermally stable with Si, have a
large band gap, and have at least one 1 eV band offsets with
Si for both holes and electrons.13–18 We have found some
rare earth perovskites that may offer the desired
properties.19–22 These materials have high dielectric
constants,23,24 and we expect them to be thermodynamically
stable with silicon.25 In this work thin films of two contending materials, LaScO3 and LaAlO3, were grown by molecular beam deposition 共MBD兲 on Si substrates. Also, thin films
of LaScO3 were grown by pulsed laser deposition 共PLD兲 on
MgO substrates. We studied these materials using spectroscopic ellipsometry in the far ultraviolet 共UV兲 共5 – 9 eV兲 and
the UV/visible 共1.5– 5 eV兲, as well as transmission studies
between 1.5 and 6 eV.
II. EXPERIMENT
Films of LaScO3 were deposited by MBD on Si 共100兲
substrate. The amorphous LaScO3 films were grown by
MBD in an EPI 930 molecular-beam epitaxy chamber modified for the growth of oxides.26 The films were grown on nand p-type Si 共001兲 wafers. The native SiO2 on the silicon
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wafer was thermally removed in ultrahigh-vacuum 共UHV兲 at
a temperature of 900 ° C, measured with an optical pyrometer. Two films had nominal thicknesses of 30 and 100 nm.
The thicknesses were determined by calibrating the fluxes
using a quartz crystal microbalance and assuming the films
had the bulk density of single crystal LaScO3.
Also studied were epitaxial and amorphous films of
LaScO3 grown by PLD, using a KrF excimer laser 共wavelength 248 nm, pulse width 20 ns, and a fluence of
2.5 J / cm2兲.27 Rotating cylindrical targets, made from sintered powder of stoichiometric composition, have been used
as starting materials.28 For the on-axis geometry, the substrate is placed into the center of the PLD plasma plume.
This allows a high deposition rate with a limited area of
uniformity 共in this case 1 ⫻ 1 cm2兲. The substrates are positioned directly onto a SiC resistive heater and an oxygen gas
partial pressure of 2 ⫻ 10−3 mbar is maintained during the
deposition process.29 The epitaxial and amorphous films of
LaScO3 were grown in this on-axis geometry onto
MgO共100兲 1 ⫻ 1 cm2 substrates with a 10 nm thin BaTiO3
interlayer 共necessary for epitaxial growth on MgO兲 also
grown with PLD. For the epitaxial LaScO3 sample on MgO,
a substrate temperature of 750 ° C was used.
The amorphous LaAlO3 films were grown by MBD in an
EPI 930 molecular-beam epitaxy chamber modified for the
growth of oxides. The films were grown on n- and p-type Si
共001兲 wafers. The native SiO2 on the silicon wafer was thermally removed in UHV at a temperature of 900 ° C, measured with an optical pyrometer. The films were grown using
elemental sources. Lanthanum, aluminum, and molecular
oxygen 共99.994% purity兲 at a background pressure of 6
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TABLE I. Results of Sellmeir fit to two films of LaScO3 / Si.
Film
Thin
Thick

Thickness 共nm兲

An

Bn

Cn 共nm兲

39.6± 0.2
141.3± 2

3.42
3.26

0.32
0.48

245.58
229.76

⫻ 10−8 Torr were codeposited at a thermocouple temperature
of ⬃100 ° C onto the clean 2 ⫻ 1 Si surface. The lanthanum
and aluminum fluxes were each 2 ⫻ 1013 atoms/ cm2 s.30 As
with the LaScO3, the thicknesses of the LaAlO3 films were
calibrated assuming the films had the density of bulk single
crystal material, in this case, single crystal LaAlO3.
Ellipsometry data from the samples were measured in two
systems. One was a commercial system, the Rudolph S2000,
and the other was a custom-fabricated system. The Rudolph
system uses a fixed polarizer-rotating polarizer-sample共compensator兲-fixed polarizer approach and has a nominal
range of 250– 850 nm.
For higher photon energy measurements we used a
custom-fabricated system, which was installed in a glove box
under nitrogen ambient. This is a conventional fixed
polarizer-sample-rotating polarizer design. It uses far UV optical components, including MgF2 Rochon prisms, and a sodium salicylate coating to permit high energy photon detection with a conventional quartz-window photomultiplier tube
detector.31 Because of the nitrogen ambient, we are able to
measure above the oxygen absorption edge. The measurements were run from 4 to 9 eV 共310– 138 nm兲. Because the
deuterium lamp has a strong maximum around 170 nm, we
were concerned that our low energy results might be affected
by scattered light from the strong high energy peak, so we
have repeated many of these measurements using various
combinations of bandpass and low pass filters. However, we
discovered that our concerns were unnecessary; our results
showed that these filters had little or no effect on the
measurements.

FIG. 1. Calculated 共solid兲 and measured 共symbols兲 ellipsometric parameters
for the nominally 100-nm-thick LaScO3 / Si film using a Sellmeir fit for the
refractive index.

III. RESULTS AND DISCUSSION OF MBD LaScO3

sured data at N wavelengths, we calculate 2N parameters 共n
and k兲 from our 2N data points 关tan 共兲 and cos ⌬共兲兴. Note
that we must fix thickness to avoid having more unknowns
than data points. This was done under various assumptions,
including a single layer of amorphous LaScO3 on Si, a mixed
interface between the amorphous LaScO3 and the Si substrate, a SiO2 interlayer between the amorphous LaScO3 and
the Si substrate, and a reduced density surface layer on the
amorphous LaScO3. By assuming a single layer of amorphous LaScO3 the comparison between data and simulation
is fairly good as seen in Fig. 3. With every point calculated
independently, accurate results are shown as a smooth and
continuous dielectric constant. An incorrect thickness will
result in a discontinuous inferred dielectric response and/or
the imposition of critical points of the substrate upon the
dielectric response inferred for the overlayer.32,33 Such an
approach does not force Kramers-Kronig consistent results,
however, as would be the case for fitting to some model
dielectric function. For the thinner films, this approach
worked very well, and we calculated a thickness that is 5 nm
less than was inferred by the Sellmeir fit.

Within the UV/visible wavelength range, the films are
transparent. A Sellmeir model was used for the fit with film
thickness as the other parameter. The Sellmeir fit is defined
by: n2 = An + 关Bn2 / 共2 − C2n兲兴, k = 0; the values we obtain for
these parameters are shown in Table I. The index parameter
values agree within error bars. For an example of the fit, a
comparison of theory and experiment is shown in Fig. 1 for
the thick sample. Figure 2 shows the index of refraction for
both films.
By extending our energy range we saw both the transparent and absorbing behavior of the MBD LaScO3 films on Si,
and therefore a Sellmeir fit would no longer give an accurate
account of the dielectric response. We instead fit the data
point-by-point. For the initial analysis, the dielectric response was assumed to be identical to that of singlecrystalline LaAlO3.31 The next step was to fix the thickness
and let n and k vary from the single-crystalline values to
better fit the experimental values. In this way, since we mea-

FIG. 2. Best fit refractive index for the nominally 30 nm 共䉮兲 and the nominally 100 nm 共쎲兲 LaScO3 / Si films using a Sellmeir fit.
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FIG. 3. Measured 共solid兲 and calculated 共symbols兲 ellipsometric angles for
the nominally 30 nm LaScO3 film assuming 34 nm thickness.

The thick film required more than just a single layer
model in our analysis of the high photon energy data. To get
an adequate result a surface layer of reduced density was
added. The layer model was: Si substrate, then an
85-nm-thick full material density layer, and top layer was
40.58 nm thick with a void fraction of 18%. Therefore the
total thickness came to 125.6 nm. This differs significantly
from the value of 141 nm that the visible spectrum alone
gave us.
These two analyses resulted in discrepancies in the thickness for both the thin and thick films. For the thin film there
was an 11% difference and for the thick film there was a 13%
difference. This may be explained by the fact that the visible
spectrum method failed to recognize the second, lower density layer. As defined by its bulk, crystalline density the thin
film had a nominal thickness of 30 nm, which is 15% less
than what was found. The thick film was predicted by its
bulk crystalline density to have a thickness of 100 nm which
was again 18% less than what was found.
The next step in our analysis was to determine the band
gap. We use the results of these fits to obtain k as a function
of wavelength, and then calculate alpha 共␣ = 4k / 兲. In Fig.

FIG. 4. Absorption coefficient for the nominally 30 nm 共쎲兲 and the nominally 100 nm 共䊊兲 thick films of LaScO3 films on Si.
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FIG. 5. ␣2 共쎲兲 vs photon energy for the nominally 30 nm LaScO3 film. Also
plotted is the least squares fit line 共solid兲 leading to EG = 5.50 eV.

4 alpha for both the thin and thick films is shown; notice that
for energies under 6 eV the values for the thin film are larger
than those for the thick film.
With a direct band gap material, a plot of ␣2 vs photon
energy should give us a line that intercepts the energy axis at
the value of the band gap. The results from the thin film
indicate that there are two linear ranges that lead to band
gaps of 5.5 and 5.99 eV. With the thick film we only observe
a linear region leading to the higher band gap of 5.96 eV.
These results imply that the thinner film has the lower band
gap of 5.5 eV, and that both the thin and thick films have a
strong absorption band gap at around 6 eV. In Fig. 5, ␣2 and
the linear fit to ␣2 for the lower band gap of the thin film is
shown. In Fig. 6, the higher band gap for the thin film and
the band gap for the thick film are shown.
IV. RESULTS AND DISCUSSION OF PLD LaScO3
In addition to the films on Si substrates, we also studied
both epitaxial and amorphous LaScO3 films deposited on
MgO by pulsed laser deposition.34 Both films were 1.5 m
thick; epitaxial films were deposited on substrates at elevated

FIG. 6. ␣2 vs photon energy for both the nominally 30 nm 共쎲兲 and the
nominally 100 nm 共䊏兲 LaScO3 films. Also plotted are the least squares fit
lines 共solid兲 leading to EG ⬇ 6 eV for both films.
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FIG. 7. Transmission spectra of nominally 1.5-m-thick films of epitaxial
共solid兲 and amorphous 共dotted兲 LaScO3 deposited upon MgO substrates by
pulsed laser deposition.

temperature whereas the amorphous films were deposited on
substrates held at room temperature. Transmission of these
films was measured from 2 to 6.2 eV. As shown in Fig. 7,
the transmission measurements show that the two films have
different band gaps. The onset of transmission for the epitaxial film is over 5.8 eV, as compared to the amorphous film
that has an onset around 5.5 eV. At this thickness a transmission of 20% implies an absorption coefficient ␣ ⬇ 104 cm−1,
which means the onset of visible transmission occurs in the
region of 104 ⬍ ␣ ⬍ 105 cm−1.
V. RESULTS AND DISCUSSION OF MBD LaAlO3
We will now discuss thin films of amorphous LaAlO3,
which were grown by molecular beam deposition30 on a silicon substrate. The first sample we studied was nominally a
300-nm-thick film of amorphous LaAlO3 on silicon. The
sample was measured on the custom fabricated spectroscopic
ellipsometer system described previously.31 For the initial
analysis, we fit the data point-by-point as described previously in the Sec. IV. The comparison between data and simulation is fairly good as seen in Fig. 8. Using this fit we can
again determine the band gap. In Fig. 9 we show a plot of ␣2
vs photon energy which indicates a direct band gap of
6.33 eV. This value is in reasonable agreement with Lu
et al.,31 who found a band gap of 6.55 eV for amorphous
LaAlO3 on fused silica.
The final sample we discuss is a 30 nm amorphous
LaAlO3 film on Si. The comparison between model and experiment was fairly good. Again we calculate alpha 共␣
= 4k / 兲 to determine the band gap, and attempt to fit ␣2 to
a straight line. Using the lower energy points, we attempt to
fit a band gap value close to those of bulk LaAlO3 which is
5.8 eV. We find a good linear fit for a band gap of 5.84 eV.
This is substantially less than we found for the thick film.
We investigated further, and added tests for indirect band
gaps to our studies. In this case, we sought linear regions for
a plot of ␣1/2 vs photon energy. We found a region with a
good fit to ␣1/2 for this thin film leading to an inferred indi-
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FIG. 8. Comparison between model 共쎲兲 and data 共solid兲 for the nominally
300-nm-thick LaAlO3 / Si sample.

rect band gap of 5.4 eV. We also found a fit for an indirect
band gap of 5.7 eV for the thick film although the standard
deviation was twice as great in this case. The absorption
coefficient magnitude 共in the photon energy range in which
we are fitting兲 is typically over 10 000 cm−1; this magnitude
is similar to that observed for GaAs at 1.5 eV.35,36 We note
that Kwok and Aita37 observed an indirect band gap in ZrO2
with similar levels of absorption. Their data were taken by
transmission and reflectance spectroscopy.
As shown in Fig. 10, we see differences in ␣ between thin
and thick films that are quite similar to those discussed earlier for the LaScO3 films and illustrated in Fig. 4; in both
cases the thinner film exhibits higher absorption at the lowest
energies, whereas the thicker films become more absorbing
at higher photon energies. We must conclude that the optical
response of these films also depends significantly upon the
thickness. We note that the scandate films did NOT exhibit
indirect band gaps.

FIG. 9. Least squares fit 共solid兲 to data 共쎲兲 for the nominally 300-nm-thick
LaAlO3 / Si assuming a band gap of 6.33 eV.
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9

FIG. 10. Absorption coefficient for the nominally 30 nm 共solid兲 and 300 nm
共䉱兲 thick films of LaAlO3 films of Si.
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